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Experiments measuring the parameters of active neutrino oscillations can also search for the sterile
neutrinos in part of the sterile neutrino parameter space. We analyze the prospects for the sterile neutrino
search in the upcoming experiment DUNE for the sterile neutrinos with masses at GeV scale. As the
experiment relies on the still-undecided design of the Near Detector, we provide the expected number of
sterile neutrino decays in the Near Detector volume. Our most optimistic predictions show that the
corresponding limit on mixing can be approximately of the same order as the previous estimates made for
the LBNE project. We present our results as separate plots for the sterile neutrino mixing with electron,
muon, and tau neutrinos. Generally, DUNE has good prospects for probing a large region of a previously
unavailable part of the parameter space before new projects (like the SHiP one) join the search.
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I. INTRODUCTION

Physics beyond the Standard Model (SM) of particle
physics is one of the most rapidly developing fields in
theoretical physics. It stems from the discrepancies between
SM predictions and some of the experimental data obtained
in recent decades. For example, neutrino oscillation phe-
nomena show that the SM is not complete. One way to
address this problem is to introduce additional leptons,
sterile with respect to the SM gauge interactions SU(3), x
SU(2)y xU(1)y [1]. They are usually called sterile
neutrinos and are introduced in the following way:

_ 1 _ .
E:iN[yﬂaﬂN]— <§M]N?N]+Ya1LaHN]+H.C.>; (1)

here N; are sterile neutrinos, M; are their Majorana
masses, and Y, stand for their Yukawa couplings
with lepton doublets L,, a=e, p,  and SM Higgs doublet
(H, = e, H 5)- One needs at least two sterile neutrinos to
explain active neutrino oscillations, and at least three in the
case where all active neutrinos have nonzero masses. It was
shown that heavy sterile neutrinos may also provide an
explanation for leptogenesis (see, for example, Ref. [2]) or
serve as a dark matter candidate [3].
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The strategy of the search for such particles depends
heavily on their masses. If sterile neutrinos have masses at
GeV scale, they can appear in heavy hadron decays. Such
sterile neutrinos can be searched for in various collider
experiments. Experiments measuring the parameters of
neutrino oscillations are capable of detecting sterile neu-
trino decay events as well. Beam energies, as well as
specifics of measurement processes, geometry, and the
relative position of the detector, determine the region of
sterile neutrino parameter space that can be tested in a given
experiment. Experiments such as CHARM [4], NuTeV [5],
PS191 [6], DELPHI [7], OKA [8], LHCb [9,10], Belle
[10], and E949 [11] provide limits on active-sterile neutrino
mixing. Many developing projects and upcoming experi-
ments, such as NA62 [12,13], SHiP [14], MATHUSLA
[15], T2K [16], and DUNE [17-20] declare the search for
heavy neutral leptons to be one of their goals.

The search for the sterile neutrinos in beam-dump experi-
ments was considered, for example, in Refs. [21,22]. The
process behind the search can be described as follows: the
proton beam strikes the target and produces a great number
of heavy secondary mesons. Because of active-sterile
neutrino mixing, a part of these mesons would produce
sterile neutrinos in their decays. A part of these sterile
neutrinos flies toward the detector and decays inside its
volume. Such decays can be observed.

The LBNE project provided its estimate of active-sterile
neutrino mixing by rescaling the results of existing exper-
imental data using the new experiment specifics in their
design report [23]. The DUNE project inherited this
estimate as their own predicted sensitivity to active-sterile
neutrino mixing without updating the specifics of the
experiment, such as the Near Detector length. To date,
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there has been no update made on the proposed DUNE
Near Detector design [17-20].

The aim of this paper is to calculate the sensitivity of
DUNE to the active-sterile neutrino mixing for sterile
neutrinos of masses at GeV scale. As it relies on the yet
to be decided design of the Near Detector, it is impossible
to provide a proper estimation of the number of background
events. In this paper, we present the isocontours for the
number of expected heavy neutrino decays inside the
detector volume, in the plane My — |U|?, thus avoiding
the issue of dealing with the experimental detection
efficiencies and reconstruction effects. We also propose
some ideas as to how it might be possible to enhance the
signal to background ratio. This paper could be useful for
the consideration of the DUNE Near Detector design or its
possible additional upgrades.

The paper is organized as follows. In Sec. II, we present
the overall layout of DUNE Near Detector facilities and the
relevant proton beam properties. After that, in Sec. III we
list the experimental features of the search, such as different
meson production rates and their momentum distribution.
We present in more detail the analysis of sterile neutrino
detection specifics and our way to account for it in Sec. I'V.
We present our estimates in Sec. V, and some possible
issues in Sec. VI. We conclude in Sec. VII. We also present
the various relevant experimental data in Appendix A and
the sterile neutrino-related formulas in Appendix B.

II. DUNE

The main goal of DUNE is to measure active neutrino
parameters with high precision [17-20]. This will be
achieved by creating very intensive high-energy neutrino
flux. A high-energy proton beam (up to 120 GeV) strikes a
target, producing a high number of secondary particles
(mainly pions and kaons) which can produce sterile
neutrinos during their decay. To provide enough space
for the secondary particles to decay, a 221 m long and 4 m
wide decay pipe is planned to be installed behind the target
area. At the end of the pipe, the absorber is placed to reduce
the background from muons. Additionally, natural rock fills
the area between the decay pipe and the detector. The
resulting neutrino beam is directed toward the Near
Detector at 574 m from the target and the Far Detector
at 1300 km, which allows for better prospects for active
neutrino parameter measurement.

Important properties of a reference proton beam are
listed in Table I. Geometrical sizes are listed in Table II.

As the Near Detector is located considerably far from the
target, one can notice that the heavy sterile neutrino would
reach the detector later than the active neutrinos produced
at the same time. But that shift in arrival time is generally
less than the active neutrino travel time from the target to
the detector, 7, & s 35"~ = 1.91 ps. And the latter time is
considerably less than the spill duration of 7 = 10 us. We
can use a timing cut only if the sterile neutrino arrives at the

TABLE I. Proton beam properties [19].

Proton beam energy 120 GeV
Spill duration 1.0x 1075 s
Protons on target per year 1.1 x 10?!
Cycle time 1.2's
TABLE II. Geometrical sizes [19].

Distance from the target to the near detector L 574 m
Decay pipe length lyecay pipe 194 m

Decay pipe radius rgecay pipe 2m
Near Detector reference size 6.4x35%x35m
Al x Ah x Ah [20]

detector after the last of the active neutrinos, produced
during the spill, has passed through it. There are two
random elements in this. First, if we start the time count at
the beginning of the spill, the moment of the possible sterile
neutrino production f, is evenly distributed between 0 and
7. The other random element is the value of the sterile
neutrino momentum. We present the way we construct the
sterile neutrino momentum distribution in Sec. IV. The
timing cut criterion for the sterile neutrino with velocity vy
can be expressed as follows: ¢, + % > 74 % Therefore the

application of the timing cut is more probable for the sterile
neutrinos produced at the end of the spill, but it also can be
applied to the sterile neutrinos that were produced
early if their momentum is sufficiently small. The timing
cut can be used for all sterile neutrinos with mass M and
momentum p < L =M . The probability P for the

v (L+c7)>~L

timing cut to apply to the produced sterile neutrino with
mass My and fixed momentum p > L =My reads

v/ (L+c1)’~L

p==L (, /1 + ]Z—Z%’ - 1). Taking into account the sterile

neutrino momentum distribution (see Sec. IV), we obtain
the result that less than 0.1% of the sterile neutrinos that fly
in the direction of the detector satisfy the timing cut
criterion. This means that, for the most part, the active
neutrino spill would overlap with the sterile neutrino
arrival, serving as the background for the sterile neutrino
search. We note that the active neutrinos are generally
produced in the decays of pions or kaons. These mesons
have considerable mass, and this means that their travel
time before their decay, compared to our estimate, contains
an additional delay in the active neutrino arrival time. The
same reasoning applies to the sterile neutrinos produced in
the kaon decays, which results in the additional delay in the
sterile neutrino arrival time for these sterile neutrinos,
although that delay is shorter than the delay for the active
neutrinos produced in pion decays. Therefore our estimate
is conservative. Summing up, timing does not help one to
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get rid of the background from active neutrino interactions
in the Near Detector. However, a special run with much
shorter spill duration and lower beam energy can be
considered a solution to this problem.

The Far Detector is simply too far to provide a sufficient
number of sterile neutrino decays in the detector volume.
We discuss geometrical restrictions in Sec. IV.

III. EXPERIMENTAL FEATURES

We assume that the primary 120 GeV proton beam
strikes a target and produces mesons that may decay into
the sterile neutrinos and SM particles. Sterile neutrino
momentum p, and energy E, spectra are very important
for further analysis. They are closely related to the
momentum py and energy Ey spectra of secondary
mesons. Each momentum has longitudinal p; and trans-
versal py components. The longitudinal component is the
one directed along the axis of the active neutrino beam, and
the transversal component is orthogonal to the longi-
tudinal one.

It is shown in Ref. [21] that the number dNy of heavy
hadrons is proportional to the differential cross section of
the relevant hadron direct production doy:

dNy
X .
dpp, dP%JT dpy, dP%JT

dGH

)

The distribution of the longitudinal momentum of
secondary mesons can be fitted from experimental data,
with fit parameters varying with beam energy. The usual
approximation for the longitudinal momentum py;, ~distri-
bution of the differential cross section doy reads [24,25]

d
D o (1=xp)e,  xp =Lt (3)

~ ,max’
dxp Pu,

with ¢ = 3 being the phenomenological factor-of-2 esti-
mate for the relevant energy E = 120 GeV (see [21]).

The distribution of the transversal momentum of
secondary mesons depends heavily on the details of
hadronization [21]. They are usually approximated with
fragmentation function D(z). We take PYTHIA distributions,
i.e., the Lund fragmentation function [26]:

(1-2)

ZH»rQbmé

D) = e (<206 0h)). @)

where z represents a part of hadron momentum py carried
by heavy quark p,. The default parameter values (the ones
that we take) are a = 0.68, b =098 GeV~2, r, =0,
r. =132, r, =0.855 [26]. Heavy quark masses are
m. = 1.275 GeV, m;, =4.18 GeV [27]. The resulting
transversal momentum distribution of secondary mesons
reads

dUH
dpy,

L= b
dz~——"~exp | —— (M3 + p? ) 5
« [lae e (<2004 0)). 9

Different mesons have different chances to be pro-
duced in a specific experiment. This is determined by two
factors: how many quarks of the corresponding type y,
are generated by interactions of the primary beam with
the target and the weight of a specific channel in quark
hadronization Br(q — H...). Basically, after the number
of simplifications Eq. (2) is transformed into the follow-
ing form [21]:

Ny = Npor XxM,, X y, xBr(q — H), (6)

where Ny is the number of secondary hadrons and Npor is
the total number of “protons on target” (we identify it with
the total number of proton interactions in the thin target).
M,, is the multiplicity of reaction, i.e., the number
of the hadrons produced in the interaction of primary protons
with the target. It is already taken into account for all
considered mesons except K mesons in the value of y,. We
take M, = 1 for these mesons; for K-mesons, the value
M,, > 1 depends on the primary beam energy: M, ,(K) =
11 for E = 120 GeV [21]. We take the following values of
Xq [28]:

o 1 o ,
— _pPp=Ss — _pp=c —4
x‘\' = - ?3 X(; = — ]0 5
oppmlal Gppmlal
o
_Ypp=b  1n-10
yp = 2220 = 10710, (7)
O-pploml

For s-quark production fractions, we take [21]

Br(s > K~) =Br(s » K?) =Br(s » K%) =1/3.  (8)
For c-quark production fractions, we take [14]

Br(c — D) = 0.207, Br(c — D°) = 0.632,

Br(c¢ — D) = 0.088. 9)
For b-quark production fractions, we take [27]

Br(b — B") = Br(b — B%) = 0.405,

Br(b — B?) = 0.101. (10)
The production fraction Br(b — B{) has been measured
only at LHC energies, where it reaches a few x 1073 [29]. At
lower energies, it is not known. We take

Br(b — B}) = 1073, (11)
Sterile neutrino production fractions from various mes-

ons as well as sterile neutrino decay modes are listed in
Appendix B.
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IV. ALGORITHM

We want the detector to detect the sterile neutrino decay
signals and distinguish them from the background. The
main question is: how small can the value of |U?| be to still
allow it? The answer to the question depends heavily on the
detector configuration, its efficiency, and the methods used
to reduce the background. As none of the above can be
clarified yet, we provide only the isocontours for the
number of expected heavy neutrino decays N joiecior 10SIdE
the detector volume, in the plane My — |U|* (we plan to
provide the proper estimation of the number of background
events in another paper after the Near Detector design is
fixed). We simply scan the values of My with a 20 MeV
step, starting from My = 140 MeV. As we increase the
value of My, we eventually reach the value for which the
predicted number of expected heavy neutrino decays
becomes less than the specified value N yoior fOr @ specific
isocontour. We abort our scan at this mass value.

First, we calculate the energy distribution function in
each process according to Egs. (B8) and (B9) in
Appendix B 2. Note that this is an energy in the rest frame
of the decaying meson H. We also calculate the sterile

neutrino mean lifetime 7y = ———— according to
N ZF(N—»..A) g

Egs. (B1)-(B7) in Appendix B 1.

After that, we randomly choose one of the processes,
using the corresponding weight y, x Br(¢g — H) x
Br(H — N...) according to formulas (B8), (B9), (B15),
and (B17)-(B19) from Appendix B 2, and values (7)—(11).
The following decays are significant: K9 — 7" "N,
K™ - 2°I*N, D°— K'I"N, D" — K°'N, D°-
a"I"N, D' = 2°I*N, D} - y°I*N, BT — DYI"N,
B > DtI"N, D° - K™I"N, Dt - K%I*N, B° >
D**I"N, B* - D»I*N, B - D{I"N, BY - D:*I"N.
The indirect production of the mesons from the decays
of heavier mesons can be neglected, as their number is
several orders of magnitude smaller than the number of the
mesons produced in proton collisions in the target, as can
be seen in Egs. (6) and (7). We randomly choose Ey from
the previously calculated distribution that corresponds to
the chosen process. From the distributions described
by Egs. (2) and (3), we randomly choose pHL,pHT,p%,:
Ph, +Ph,-

There is no preference for the direction of sterile neutrino
momentum p = {p,, py. p.} in the rest frame of H, so this
direction is also chosen randomly. Its absolute value is

= /E% — M%,. Then we make a Lorentz boost to this
momentum to calculate the resulting sterile neutrino
momentum py in the laboratory frame. We choose the
target as the point of origin; the z axis is directed toward the
detector, and the x, y axes are chosen so that py, = py,
PH, = Pu,» Pu, = 0. For convenience, we plot the scheme
of the process geometry in Fig. 1. The resulting longi-
tudinal and transversal components of sterile neutrino
momentum in the laboratory frame read

decay pipe

LSS LSS detector

T ‘)N‘KM 7
targety ya b
Yy 4 4
\ NNNNNNNNN .\

H ldecay pipe H‘
< L

1
1
Tdecay pipe H
1

<—>
Al

SR

FIG. 1. Schematic illustration of the detector geometry.

Eyn PH PH Pu
—_N 1 r Lo(12
PN, a,, +—= 2 p + Py . (12)
PN, = Py (13)
Ey PH PH
=N 1 L r— 14
Pu. MHPHL+pz +M . + Py =rw, (14)

Note that, according to Eq. (14), if the decaying meson
velocity in the laboratory frame vy, , = g—: is smaller than
the sterile neutrino longitudinal velocity in the meson rest
frame Un,, :g—;, VHyy < VN> then it is possible that
py. <0, ie., the sterile neutrino flies in the direction
opposite that of the detector. Obviously, such a sterile
neutrino will not be detected.

After the proton beam strikes the target, the produced
secondary particles travel some distance away from the
target before decaying. The distance that the H meson
travel down the pipe before decaying at the moment 7y is

Iy = %tH (t = 0 corresponds to the moment when the
proton beam strikes the target). Its shift from the axis at this

. P .
moment is xp = ML;tH. For short-lived mesons ty ~ 0,

zy ~ 0, xy ~ 0. If the meson produces sterile neutrino, its
initial ~coordinates are xy(ty) = xy, yy(ty) =0,
zy(ty) = zy. One of the criteria for the sterile neutrino
to decay in the detector volume is for it to decay when
L < zy(ty + At) < L + Al. Here L is the distance from
the target to the detector, Al is the effective length of the

detector, and At = ;’WTN (L — zy) is the time it takes for the
L
sterile neutrino to travel the distance L — z5. As Al < L,

we simply can take zy(fy + At) = L. The other sterile
neutrino coordinates xy, yy can be expressed as

pHT pN pHL
= t L—-—"tt, ), 15
w MHH+pN( My H) (15)
PN, Pu
=—2(L-——L¢ 16
W PNZ< My ) ( )
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For the on-axis detector, we take the number of sterile
neutrinos flying in the direction of the detector N gypyarg tO
be the number of sterile neutrinos for which the following

statement is true:
Ah
VAN <5 (17)

Here A#h is the transversal size (height and width) of the
detector. Equation (17) means that the sterile neutrino will
not fly toward the detector if it deviates too much from axis
z. For short-lived mesons ¢y ~ 0, z; ~ 0, Eq. (17) turns into

PNy Ah
—L < —
pNL 2L

where py, = \/py, + py, is the sterile neutrino trans-

versal momentum.

Another random variable is the moment of decay of the
meson H. Probability for meson H to decay before the
moment 74 in the meson rest frame is

(18)

PU@-l—ap(—@>, (19)

TH

where 745 is the meson mean lifetime. We choose g
according to this law (19).

For long-lived mesons (kaons), we have an additional
consideration: if the kaon longitudinal travel distance zy
exceeds the decay pipe length ljecay pipes 20 > ldecay pipes
then the kaon reaches the absorber. In pretty much the same
way, if the kaon transversal travel distance xy = %IH

exceeds the decay pipe radius ryecay pipes XH > Tdecay pipes
then it collides into the decay pipe walls. When either case
happens, the kaon usually rapidly loses energy. At the
moment of its decay, it practically stops. From Egs. (15)—
(18), it is obvious that sterile neutrinos from such kaons are
not very relativistic and have a very small probability of
reaching the detector hundreds of meters away. For that
reason, we consider the contribution of such kaons neg-
ligible and remove them from our estimates at the moment
they reach the absorber or the walls.

We repeat this process many times (we take N, = 107
iterations) and take into account only those events that
satisfy criterion (17) and obtain the number of sterile
neutrinos N gywara that fly in the direction of the detector.
The portion of sterile neutrinos { that flies toward the
detector reads

o iN forward
9

T total

oY (20)

where coefficient % represents the fact that the frontal
surface of the detector is a square and not a circle, as
implied in Eq. (17).

We also obtain the resulting distribution f;(py, ) of the
longitudinal momentum py, of the sterile neutrinos that fly
in the direction of the detector, [ f(py,)dpy, =1. We
note that, for the sterile neutrino mixing with a tau neutrino,
a “three stage” processes become important where heavy
meson decays produce tauons, and the sterile neutrino is
produced in tauon decays. We discuss this case in more
detail in Appendix B 2.

The last distribution we need is the distribution
f2(zm. pn,) of the kaon longitudinal travel distance zj,
I f2(za. Py, )dzy = 1, which has to be taken into consid-
eration for the sterile neutrinos produced in the kaon
decays.

In the experiment, the total number of produced sterile
neutrinos Ny depends on the number of mesons of
each type Ny [see Eq. (6)] produced at the target and
the probability of their producing the sterile neutrino
Br(H — N...) (see Appendix B 2). It can be written as

Ny =Nporx Y _M,,(H)yz,Br(q— H)Br(H—>N...).
q.H
(21)

The probability of sterile neutrino decay during the time
ty after its production in the sterile neutrino rest frame is
described by the usual law (19), where the meson H is
replaced by sterile neutrino N:

N

Pty) = 1 —exp (— I—N) (22)

_ 1 . . . . .
here 7y = STv=) is the sterile neutrino lifetime

[see Egs. (B1)-(B7) in Appendix B 1]. If one wants to
use any additional cuts that consider only specific channels,
one would have to take into account only these channels.
We list some remarks on this possibility in Sec. V.

In the laboratory frame, the sterile neutrino with mass
M) and longitudinal momentum py travels the distance

Iy = % ty along the beam line before decaying. We note
that for the kaons we also have to take into account the
distance z = %tﬂ they travel in the decay pipe before

decaying. The probability of the sterile neutrino decaying
into the visible modes in the interval L < zy + [y < L +
Al is

P(L < zy+ 1y <L+ Al

L—zyM Al M
= exp (— ZHN) <1 — exp <—/N)>. (23)
TN PN, TN PN,

Here (7y)~! is the sum of all detectable (visible) sterile
neutrino decay modes (B1)—(B7), i.e., all modes besides the
three neutrino decay channel (B5). If one needs to take into
account only some specific decay modes—for example, to
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apply some background cut—one has to consider only
these modes in (7).

To account for the distribution of the sterile neutrino
momentum py, and the distribution of the kaon longitudinal
travel distance zg, the resulting value of the sterile neutrino
probability of decaying in the detector volume reads

pmux
P:A . deLfl (PNL)

leca' ipe
X/d " dzpfr(zu, Py, )P(L <zy+Iy <L+ Al).
0
(24)

The number of sterile neutrinos N g that decay with
the probability P inside the detector of the length A/ can be
expressed as

Ndetector = NN : CN - P, (25)

where N is the total number of produced sterile neutrinos
and )y is the portion that flies toward the detector. For a
sterile neutrino with fixed mass and mixing, Eq. (26) gives
us the total number of sterile neutrino decays inside the
detector volume. Sterile neutrino lifetime depends on the
mixing as 7y = Ty|U|™2, where the numerical coefficient
Ty does not depend on |U|*> [see Egs. (B1)-(B7) in
Appendix B1]. In the same way one obtains
oy = T\|U|™%, and the numerical coefficient T, does
not depend on |U|?. For the number of produced sterile
neutrinos, we have Ny = Ny|U|?, where the numerical
coefficient A/ does not depend on |U|? [see Eq. (21) and
Egs. (B8), (B9), (B15), and (B17)—-(B19) in Appendix B 2].
Therefore the isocontour for a specific value Ngeector
consists of the values My, |U|* obeying the equation

max

PN
Ndetector:|U|2NN¢NA ‘ deLfl(pNL)

l(ecu ipe L_Z M
X/ e dZHfZ(ZvaNL)eXp <_ H—N|U|2>
0 Ty py,

AlM
X <l—exp (—T—,—N|U|2>) (26)
NPN,

When the value of the sterile neutrino lifetime satisfies
v > (L —zp) ,AfTZ Eq. (23) has a simple limit:

Al M
PI(L<zH+lN<L+Al)zT—,p—N|U|2. (27)
N PNy

In that case, almost none of the produced sterile
neutrinos decay before they reach the detector, and
only a small portion of them decay in the detector volume.
From Eq. (26), we obtain Nyeecor = I X |U[*, where the

numerical coefficient I does not depend on |U|?. Therefore,

. . T D
for an isocontour for a value Ngeecrors if |U> < I ML;

Eq. (26) can be rewritten in a simple form:

|U|2 _ /Nde;eclor‘ (28)

The second important approximation of Eq. (23) is

obtained for 7j, < Al
PNp

L—zyM
Py(L<zy+1ly<L+Al)~exp <— ZH—N>. (29)
TN PN,

In that case, almost all produced sterile neutrinos decay
before they reach the detector, and almost all of the sterile
neutrinos that reached the detector decay inside the detector
volume. Therefore the isocontour for N jgecior CONSists of
the values My, |UJ?> that satisfy the somewhat easier
equation

max

p
Ngetector = |U|2NN§N[) . deLfl (pNL)
Idecay pipe
X A dZHfQ(ZH’pNL)

L—zyM
xexp | — H TN U |. (30)
Ty PN,

For a fixed value of M, the resulting isocontours consist
of two values of |U|*> which, for most of the considered
mass range, satisfy the conditions of these two approx-
imations. Starting with some value of M, they are no more
viable, and one has to use Eq. (26) as it is.

V. RESULTS

In this section, we present our isocontours and analysis.
We take the beam properties and geometrical sizes as they
are described in Refs. [17-20]: Npor = 1.1 x 102
(this corresponds to the total expected number of protons
on target over ten years), Ah=35m, L =574 m,
Liecay pipe = 194 M, Fgecay pipe = 2 M; see Tables I and II.

For simplicity, in our analysis we vary only two
parameters: the detector effective length A/ and the number
N getector Of the sterile neutrino decays inside the detector
volume. In the ideal situation in which there is absolutely
no background, according to the Poisson distribution,
Nyeiector = 3 should be enough to place the limit at
95% C.L. to announce the discovery of the heavy sterile
neutrinos. Unfortunately, the absence of an active neutrino
event background is not a realistic assumption for the
DUNE Near Detector. The main goal of the Near Detector
is to characterize the beam of active neutrinos. Therefore it
will be designed in such a way as to increase the probability
of neutrino interactions inside the detector. From the point
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0.01

e, 1=6.4m, N getector =3
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FIG. 2. The number of expected sterile neutrino decays in the detector volume in the plane My — |U|? for the case of mixing with the
electron neutrino. The LBNE (steel blue) line is a previous sensitivity estimate [23]. The red line is our estimate for A/ = 6.4 m and
Ngetector = 3, the blue line is for Al = 1.0 m and Ngeecor = 3, and the green line is for Al = 6.4 m and Ngeecor = 300.

of view of a sterile neutrino search, such interactions would We present our results for mixing with the electron,
serve as a background. We avoid all of the issues of the =~ muon, and tau neutrino in Figs. 2—4, respectively. For the
experimental detection efficiencies and reconstruction  red lines, we take Ngeeeior = 3, and for the green lines, we
effects by presenting only the isocontours for the number  take Njeecior = 300. For these lines, we take the currently
of expected heavy neutrino decays into visible modes  considered detector length A/ = 6.4 m from Ref. [20]. All
inside the detector volume, in the plane My — |U|*. isocontours are calculated in accordance with Eq. (26).
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FIG. 3. The number of expected sterile neutrino decays in the detector volume in the plane My — |U|? for the case of mixing with the

muon neutrino. The LBNE (steel blue) line is a previous sensitivity estimate [23]. The red line is our estimate for A/ = 6.4 m and
Ngetector = 3, the blue line is for Al = 1.0 m and N ggecor = 3, and the green line is for Al = 6.4 m and N geiecior = 300.
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FIG. 4. The number of expected sterile neutrino decays in the detector volume in the plane My — |U|? for the case of mixing with the
tauon neutrino. The red line is our estimate for Al = 6.4 m and N yyeeior = 3, the blue line is for Al = 1.0 m and N jeiecor = 3, and the
green line is for Al = 6.4 m and N geeior = 300. The small feature at M = 1.63 GeV is due to the disappearance of the channel

7 — zN, which is dominating up to that point.

There is another possibility that we point out. If we had
additional free space in front of the main detector, we could
place there a small additional detector, sensitive to sterile
neutrino decays. To reduce the active neutrino event
background, as well as to minimize the effect of the
additional detector on active neutrino study, the additional
detector should be almost empty inside. That would allow
for detecting of the sterile neutrino decays in this empty
space, where there are few active neutrino interactions.
Depending on the design, it could provide better sensitivity
to mixing with active neutrinos than the main detector. In
Figs. 2—4, we show that case with blue lines, for which we
take Al =1 m and N geeeror = 3- From these figures, one
can see that, depending on its configuration, a small
additional detector with good efficiency could provide
better limits than the main detector, which is overburdened
with the active neutrino background.

For reference, we present in Figs. 2 and 3 the estimate
from the LBNE design report [23]. That estimate was made
simply by rescaling the CHARM [4] and CERN PS191 [6]
results, taking into account the relevant proton beam and
detector geometry parameters of LBNE and CHARM and
PS191 experiments. The length of the LBNE Near Detector
was taken to be A/ = 30 m. These lines were calculated for
the case in which a sterile neutrino mixes with every type of
active neutrino, while we present the mixing with a specific
type. This results in a difference in the shape of the curve.
Because of the difference in mass between the electron and
muon, decays of kaons into the sterile neutrino stop at
lower masses of the sterile neutrino M for a mixing with a

muon neutrino than for a mixing with an electron neutrino.
In Figs. 2 and 3, one can see these steps at My ~ Mg — m,
and My ~ Mg —m,, respectively. For the LBNE line,
this shift occurs in two steps, as the muon part of the
mixing disappears at a lower sterile neutrino mass than the
electron part. We did not find estimates for LBNE limits on
a mixing with a tau neutrino, so in Fig. 4 we present only
our estimates.

One can find current limits on the mixing (and some
predictions) in Refs. [13—-15,30,31].

VI. THE VALIDITY OF THE RESULTS

In this section, we estimate the active neutrino flux as a
validation of our results and present some ideas on the scale
of the signal to background ratio in the sterile neutrino
search and how it can be improved.

We have performed a special simulation of the flux of
My = 0.01 eV sterile neutrinos through the Far Detector
with Npor = 10%s to check our assumptions of the meson
production and decay and compare them with the results
from Ref. [18]. We compute the number of “neutrinos”
reaching the Far Detector for Npoy = 10%° and divide by
the detectors’ frontal area and the energy of the neutrino.
The basic idea is that the obtained results should more or
less correspond to active neutrino fluxes from pion and
kaon decays. For that purpose, we consider for the “muon

neutrino” N, the following processes: z* — u*N,,

K" - u™N,, K" > 2% "N,, K° - z7u*N, as well as
the decay pu™ — e"N,N, for muons produced in these
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processes; for the number of “electron neutrinos” N, we
have the same muon decays and the processes K~ —
1%e™N,, K — zte™N,. Pion decays and the subsequent
muon decays are the most significant contributors to the
active neutrino production. In fact, according to our
calculations, most of the electronic neutrinos are produced
in muon decays.

Note that, for the secondary pions and kaons produced in
the target, there exists a nonzero chance to interact with the
matter of the target and, effectively, to lose energy in that
interaction. The longer the target is, the more significant
that possibility becomes. Yet, for short-lived heavy mesons,
this effect is insignificant. As sterile neutrinos are mainly
produced in the decays of heavy mesons, we do not study
the effects of the length of the target at all.

The fluxes of the neutrino and antineutrino are consid-
ered to be the same because we do not account for the
presence of the horn focusing systems. Horn focusing
systems affect all charged particles, but particularly the
charged pions and kaons, as they are relatively long-lived.
As the name implies, horns would focus these particles,
causing more of them to fly in the direction of the detector.
Usually, horns are specialized to focus pions, as their flux is
much higher than the flux of kaons. The usage of horns in
other experiments increased the resulting flux of neutrinos
by several times. Recall that, for the sterile neutrino search,
active neutrino events serve as a background. It should be
compensated for a little because of the focusing of kaons
that produce sterile neutrinos, but the overall effect of horns
is considered to be negative for the sterile neutrino search.

We present our results, as well as the neutrino fluxes
adopted from Ref. [18] in Figs. 5 and 6. As we do not
account for the presence of the horn focusing systems, our
results should lie between the neutrino and antineutrino
curves. In neutrino (antineutrino) mode, the focusing
system increases the flux of neutrinos (antineutrinos) but
decreases the flux of the antineutrinos (neutrinos). This
behavior can be seen in Figs. 5 and 6. Note that neutrinos
with higher energy are less affected by horn systems, and
results from Ref. [18] for this part of the spectrum are,
overall, in good correlation with our estimate. We note that
the shape of the resulting energy-flux curve is somewhat
different from Ref. [18]. Aside from the presence of the
horns the difference can also originate from the more rare
processes which are not accounted for in our estimate. The
slight discrepancy in the high-energy part should originate
from the secondary pion interactions with the target, as
mentioned above. Overall, we find these results satisfactory
given the crudeness of the estimate and the factor of the
presence of the horns.

In the sterile neutrino search, there are several methods
that can be used to improve the signal to background ratio
that we want to briefly overview here. One such way is to
take into consideration only certain decay modes. Among
various sterile neutrino decay modes, the most promising
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FIG.5. Neutrino fluxes adopted from Ref. [18] (the black, blue,
red, and violet lines) for the neutrino mode, generated with a
120 GeV primary proton beam and our corresponding estimate
without the horns (steel blue and green lines).
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FIG. 6. Neutrino fluxes adopted from Ref. [18] (the black, blue,
red, and violet lines) for the antineutrino mode, generated with a
120 GeV primary proton beam and our corresponding estimate
without the horns (steel blue and green lines).

ones are the two-body decays. The products of two-body
decays have a fixed momentum in the decaying particle rest
frame. Its value depends only on the decaying particle
mass. This fact allows for a more precise reconstruction of
the mass of the decaying particle than in the case of three-
or-more-body decays.

Let us consider a specific example: the decay N — zt ™.
The Monte Carlo simulation results for Npor = 10%°
presented in Ref. [18] suggest 44 000 events of the v, X —
#tu~X type, where X is the atom of the target. Hence for
Npor = 1.1 x 10?2, adopted in this paper, the number of
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background events integrated over the energy easily
reaches 4.8 x 10°. For the sterile neutrino two-body decay,
however, not all of these events serve as a background. If one
reconstructs the energy distribution of the detected y, z, the
products of the sterile neutrino decays would form character-
istic peaks. Only events for y, 7 with the same energy as
these peaks would serve as a background for the sterile
neutrino signal. Obviously, similar considerations apply to
other decay modes as well. Unfortunately, the simulation/
reconstruction of such an energy distribution depends
heavily on the detector specifics and is rather hard to perform.

An additional possibility is to account for the fact that
sterile neutrinos that reach the detector have very small
transversal momentum. Therefore the sum of the resulting
particles transversal momentum should also be close to
zero. If one cuts all events for which this is not true, one
would reduce the amount of background.

Overall, a detailed study of the detector efficiency will be
possible only after the final decision on the design of the
Near Detector is made.

VII. CONCLUSIONS

In this paper, we calculated the prospects for the sterile
neutrino search in the upcoming experiment DUNE. We
present the isocontours for the number of expected heavy
neutrino decays inside the detector volume, in the plane
My — |U)*. Our more optimistic predictions are approx-
imately of the same order as the previous estimates, while
more conservative ones lie higher than it, but still lower
than the current limits. We point out that, for the search of
sterile neutrinos, an additional small detector that is almost
empty inside could provide better sensitivity than the main
detector. Another possibility to enhance the signal to
background ratio can be a special run with a really short
proton spill duration and a lower proton beam energy.
Overall, our estimates show that while DUNE’s main
scientific goal is the measurement of active neutrino
parameters, it would still be able to probe a currently
unrestricted part of the sterile neutrino parameter space.
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APPENDIX A: PARAMETERS

In this section, we list the experimental values of the
parameters used in our work.

Lepton masses: [ € {e,,u,r}: M, =0.5109989461 MeV,
M, = 105.6583745 MeV, M, = 1.77686 GeV [27].

Tauon average lifetime: 7, = 2.903 x 107* ns [27].

Fermi constant: GF = 1.16637877 x 107> GeV~2 [27].

Weinberg angle: sin? 6y, = 0.23122 [27].

TABLE III. Cabibbo-Kobayashi-Maskawa (CKM) matrix ele-

ments [27].

Vud Vus Vcd Vcs Vub Vcb

0.97420 0.2243 0.218 0.997 0.00394 0.0422
p-meson decay constant: g, =0.162 GeV? [29].

Cabibbo-Kobayashi-Maskawa (CKM) matrix elements
are presented in Table III [27], and some other relevant
meson decay parameters are presented in Table IV [27,29].

1. Form factors
The basic formula [29] is

1
f(qz) 5
1- / pole
= n
S a[e@r - @] o
n=0
where
o) = YL =V T (A2)
Ji + \/—
with
ty = (my +my)?, (A3)
to = (my + mp ) (\/my = /mp)*. (A4)
TABLE IV. Relevant meson decay parameters [27,29].
H My, MeV [27] . 1s [27] fu, MeV [29]
zt 139.57061 26.033 130.2
a° 134.977 8.52e-8 130.2
K* 493.677 12.38 155.6
KY 497.611 51.16
KY 497.611 0.089564
n 547.862 81.7
p 775.26
7 957.78 -94.7
D+ 1869.65 1.04e-3 212
D° 1864.83 4.101e-4
Dy 1968.34 5.04e-4 249
B* 5279.32 1.638e-3 187
B0 5279.63 1.52e-3
BY 5366.89 1.509e-3
B} 6274.9 5.07e-4 434
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TABLE V. Best fit parameters [29] for the form factors of the
K — 7 transition.

TABLE VII. Best fit parameters [29] for the form factors of the
B — D, r transition.

H, H f+0(0) Ay Ao f Myge GeV ag aj ap
KO, nt 0.970 0.0267 0.0117 meD(\) 0 0.909 ~711 66
K+, n° 0.970 0.0277 0.0183 +
fg("')D("') 0o 0.794 —-2.45 33
ﬁK 5.325 0.360 —0.828 1.1
a. K-meson form factors BK 5.65 0.233 0.197 0.18
Form factors of the K — 7 transition are well described /5" 5.325 0.404 —0.68 —0.86
by the linear approximation Vi 5.65 0.490 -1.61 0.93

2
K1 (q?) = 157%(0) (1 + 240 m"—) (A5)

2

Best fit parameters are presented in Table V [29].

b. D-meson form factors

The form factors of D — K,  are

F(0) = e(2(q?) = 2(0))(1 + HLLEO)

A
1—Pq2 (A6)

The form factors of D — 7 are

Dn o fﬁxn«)) (A7)

2
2Nq?) = ,
(=) (=)

D;

where f27(0) = 0.495, Mp, = 2.112, a"*" = 0.198 [29],

£5°"(0)

D ¢

DS
fo n(qz) =
l—ay 55
Dy

; (A8)

fOD "1(g?) is not well constrained by the experimental data,
so we take f5"(0) = f2(0) and a"" = 0 [29].
Best fit parameters are presented in Table VI [29].

c. B-meson form factors

Form factors of B — D,z are described by the basic
formula (Al). Best fit parameters are presented in
Table VII [29].

TABLE VI. Best fit parameters [29] for the form factors of the

D — K, r transition.

f f(0) C P(GeV~2)
2’( 0.7647 0.066 0.224
ODK 0.7647 2.084 0
Q” 0.6117 1.985 0.1314
Dz 0.6117 1.188 0.0342

0

d. Meson form factors for decay into vector meson

Standard axial form factors Ay(g?),A,(q?),A(q?) and
vector form factor V(g?) can be parametrized as

) i
74 = , A9
(q°) (1_ qzz) (l—ahh/quo—é’hh/q—t) (A9)
M Viour: PV oml
I8
Ao(q?) = 0 . (A10
o(2”) (1_q_z>(1_6hh'4_2_ hh’i) (A10)
Mﬁz Ao M?/z Ao th4
I8
2\ 12
Maq) = e (AT
App M(?/Z Aia M(I/“

Best fit parameters are presented in Table VIII [29]

TABLE VIII. Best fit parameters [29] of the meson form factors
of the decays into the vector meson.
hh' DK* BD* Bp B,D* B.K
f{‘/" 1.03 0.76 0.295 0.95 0.291
ff\’;’ 0.76 0.69 0.231 0.67 0.289
fzfl" 0.66 0.66 0.269 0.70 0.287
fﬁ’;' 0.49 0.62 0.282 0.75 0.286
g{'/h’ 0.27 0.57 0.875 0.372 -0.516
gf";’ 0.17 0.59 0.796 0.350 -0.383
g/’;’ll' 0.3 0.78 0.54 0.463 0
O'ZI;/ 0.67 1.4 1.34 1.04 1.05
g’(/h’ 0 0 0 0.561 2.10
gﬁh’ 0 0 0.055 0.600 1.58
0

Z’ll’ 0.2 0 0 0.510 1.06
g/’;’:’ 0.16 0.41 -0.21 0.070 -0.074
M, (GeV) 1.969 6.275 5.279 6.275 5.367
M, (GeV) 2.112 6.331 5.325 6.331 5.415
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APPENDIX B: FORMULAS

1. Sterile neutrino decays

The two-particle sterile neutrino decays [21,29] are

I(N - H ):| “'20; 2OM,3V<1 —MIZL"))Z
321 M

|U1|2 2 22 3 M/2 : MI%I M12
(N = HI7) = ——GE[Vu [ f My, I_M—lzv _M_IZ\; 1+M_12v
y \/ e W) (-0t Ml>2>
M, My
Udl® g3+ M\2 M. M2 —2M2,
GZ Vv 2M3 1__ \% 1 \%
167 M2, PIVvIMy M2, +M,2v * M3,
y 1_(Mv+—M1)2 1_(Mv++M1)2
My, M, ’

U 2 M2 MZ 2
PV = V) — el k0 oy (1 oM () Min)®
32r M, M3, M,

I(N = Vi) =

(B3)

(B4)

where H* € {n% n,7/,...}, H" € {z*,K*,D*,...}, V0 € {p° ...}, V' € {p*,...} (see Table IV). In this work, we use

only k, = 1-2sin? Oy,
The three-particle sterile neutrino decays [21,29] are

G2 M3
F<N - yazﬂﬁl/ﬂ> =—£ I3V|U(1|27
5 1927

GiM3,
C(N = I 4l05) = 152 S |UG*(1 — 8x7 + 8x§ — xF — 12x} log x7),
max[M; . M,
S

GiMy,

F(N g U,llEl;) = W

where
1=3x7 = (1—=x3)4/1 —4x? M,
L:]()g s XIEM—,
x2(14 /1 —4x?) N
and
1 2 1., )
C, A_L(l — 4sin%,, + 8sin*d,,), C, = 5sin 0,,(2sin“6,, — 1),
1 1
Cs; = 4_1(1 + 4sin%6,, + 8sin*6,,), Cy = EsinZQW(ZSinZQW +1).
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2. Sterile neutrino production

The two-body meson decays with sterile neutrino production [21] are
dBr(H*t ItN G2M M M2 2 2 M2 2\ 2 M2
(H =~ lN) _ Cr Hf”|v 2|, 1——+2’"’+ - (S L IR |
dEy 8x M2 M ~ M3, My My Mz,

M3 — M? + M3
H

We take the following decays into two particles: K™ — [TN, DT — [N, DY - [*N, BT - [*N, Bf — [TN. Two-
particle meson decay CKM matrix elements are presented in Table IX.
The three-particle scalar meson decays with sterile neutrino production [21] are

dBr(H — H'I,N)
dEy

2\Vaw | qnm
= UGyt [ AR R P M 4 M) = (0~

+ 21 () f+(g*) (M3, 2M2 —2M%, —4ExMy — M7 + M} + ¢*) + M7 (4ExMy + M7 — M3, — ¢%))
+ f2(¢*)(BEyMy + M? — M3, — ¢? )(ZMH_ZM%J’ —4ENMy — M7 + M3, + ¢%)
- (2M3; +2M%, — ¢*)(¢* — M3, — M7))), (B9)

where Cyx = % for H = 7° Cg =1 for all other cases [29] and the ¢ range is [27]

2
Gl = (B3 + B3 - (%Ezz — M} 4P —M%v) , (B10)
2
dmax =(E5 + E3)? <\/E M%_\/Egz_MJQ\J ) (B11)
M% + M} + M? — M%, = 2MyE
gy =Aa T M+ = (B12)
2m12
MyEy — M3
Ef=THNT TN (B13)
mip
my = \/Mi, + M3, — 2MyEy; (B14)

the g* range depends on Ey. Reference [27] provides us with the Ey range (Mpy + M;)> <m?, < (My — My)?. It is
equivalent to My < Ey < ﬁ (M3, + M% — (M + M;)?). Three-particle meson decay CKM matrix elements are
presented in Table X.

TABLE IX. Two-particle meson decay CKM matrix elements.

at - I'N Kt - ItN Dt - [I'N Df - I'N BT - ItN Bf - ItN
VH Vud vus vcd vcs Vub vcb
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TABLE X. Three-particle meson decay CKM matrix elements.

K® - 2N, DY — KtI™N, D% - 7t I~N, B - DYI™N, B® > 2t IN,
Kt > 2%*N Dt - KON, Dt - 201tN Bt - DOItN, Bt - 29It N,
DY — K™ I"N, D} - °I'N BY - D™ I"N, Bt = p'I*N,
Dt - K%[*N Bt — DY[*N BY = ptI~N,
BY - DfI"N BY = KTI™N,
BY - DI*I™N BY - K**I"N
VHH’ Vus Vcs Vcd Vcb Vub

The three-particle vector meson decays with sterile neutrino production are as follows [21]:

dBr(H—VI,N G\ Vyv|* [ 4 2(g* Q> -’
G sy [ (ECEI Py

dEy K32m’M3, g, 2 Y

Q4 > < Q2 —@?
2 2 2 2 2
-¢? )| M3 +M} -+ 0*———
4M?3 M3,

—qz) 211 (@) f () (¢ 20— 02) + QX (M3~ M2))

+

2( 2
Sie) 7 )23

4

Qt
M3 +M?)(q*—M3%+M? -
(My+M7)(q NT l)<4M%/

Q
+2f3(q2)f5(q2)(M,2\,w2+(Qz—a}2)M12) <4M2
v

fo(@))fs(q?) (@ o
o (M3, =M})++ 5 M7 +2(MF, = M7)? =2 (M7, +M7)
Vv

2 M3,
Q2_a)2
+fz(q2)f3(q2)<92w2 " +2w2(M12_M%V)+QZ(M12V_M12_‘]2>)
+f%(q2)(94(q2—M?v+M%)—2M2v(q4—(M%/—M?)2)+2w292(M%/—q2—M12)+2w4q2)>, (B15)
where @ = M3 — M3, + M%, — M? —=2MyEy and Q> = M7, — M5 — ¢*, Cx = % for H' = p°, Cx =1 for all other

cases [29]; form factors f;(g*) can be expressed via standard axial form factors Ay(q?), A;(¢?),A,(¢*) and vector form
factor V(¢?) as

2 2
) = ) = A ), S =
fa(q?) _%(MV<2AO_A1 —Ay) + My(A; - Ay)), I5(a?) = f3(%) + f(q?). (B16)

We take the following decays into three particles: K} — z7I"N, K% — z"I"N, K* - 2°I"N, D° — K*I"N,
Dt = K°I*N, D° - ztI"N, DT = 7°I*N, D} — #°I*N, Bt - D°I*N, B - D*I"N, Bt = 7°I*N, B - zI"N,
D° = K**I"N, D* — K%[*N, B°— D*I"N, B*— DY“I*N, B*— p°l*N, B°— p*IN, B®— D{I"N,
BY - K*I"N, BY - D**I"N, BY - K**I"N.

We consider three cases: mixing with the electron neutrino |U,|* = |U.]* =0, mixing with the muon neutrino
\U,|* = |U,|* = 0, and mixing with the tau neutrino |U,|> = |U,|* = 0. For the case of mixing with the tau neutrino, we
have to account for the sterile neutrinos with masses M < M, produced in tauon decays. We have to consider additional
processes [21]:

iz = HN) o o GHVaP T ((1 _M%)Z_M%, <1 +M%v)) \/ <] _ <MH—MN>2> <] _ <MH+MN>2>

dEy 167 M? M? M? M? M?

T

M2 - M2+ M3
P-ME+ N>, (B17)

X5<EN— M
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dBr(zt = p*N)
dEy

G12V|Vud|2

8zM? !

M2

2
M,
M;

U

)

(1+

M3, —2M3
M2

(Mp_MN)2
M2

(M, +My)?
M2

(-5 (1)

M? — M?+ M?
x6<EN—T2A/p[+N>, (B18)
dBr(r* ItN G> M? 2 M3, + M?
I'(T = Vgly ):TT‘UT|2—I;M% 1 - - - / EIZV_M]2V (Mr_EN) 1— N_|—2 [
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here H € {z",K"}, a € {e,u}. Note that if the sterile
neutrino mixes not only with tau neutrino but also with the
electron neutrino or muon neutrino, then another process,
7 — v,l,N, becomes available.

To account for the processes (B17)-(B19), one has to
study the processes in which tauons are produced. Tauons
are produced in the decays of heavy mesons, with the most
significant ones being DY — 7tv,, B’ — D tty,
B’ - D1ty Bt - D*v,, BT — D*%7ty, [27]. The
branching ratios for the tauon production coincide with the
ones described by Egs. (BS), (B9), (B15), and (B17)—
(B19), where sterile neutrino N and lepton [ are replaced by
tauon 7 and active neutrino v,. One can obtain the resulting
tauon momentum and coordinates with formulas (12)—(16)
in the same way.

To obtain Br(H — N...), one needs to integrate
Egs. (B8), (B9), (B15), and (B17)—~(B19) over Ey from
My to 5y (MFy + MY — (M + M;)?). Note that other
processes that may contribute to neutrino production
have been studied [29]. The most important of them
are multimeson decay channels. For a heavier sterile

neutrino, their importance becomes more significant.

By ignoring these states, we can underestimate the

total inclusive width -1 x 3" Br(H — NX) by about
H

20% [29]. On the other hand, as seen in Figs. 2 and 3,
at My =2 GeV, too few sterile neutrinos reach the
Near Detector to be successfully registered. For
My < 2 GeV, the multimeson channels do not contrib-
ute significantly.

We note that many of the mentioned processes also prove
to be insignificant in the interesting mass range. To
determine this, we calculate the contribution of each
process to sterile neutrino production. If the process’s
branching value is less than 1% for all considered values
of sterile neutrino mass, then it is taken out of consid-
eration. This way, the following processes were considered
insignificant: Kg — ztI"N, B~ - 7z°I"N, B -» ztI"N,
BY - K*I"N,B° - p"I"N, B~ - p°I"N, B - K*TI"N.
We note that, for the case of a mixing with a tau neutrino,
only D, and heavier mesons can kinematically simulta-
neously produce the sterile neutrino and tauon in their
decays (if My > M, + My).

[1] P. Minkowski, 4 — ey at a rate of one out of 10° muon
decays?, Phys. Lett. 67B, 421 (1977); see also, M. Gell-
Mann, P. Ramond, and R. Slansky, Complex spinors and
unified theories, Conf. Proc. C 790927, 315 (1979); R. N.
Mohapatra and G. Senjanovic, Neutrino Mass and Sponta-
neous Parity Violation, Phys. Rev. Lett. 44, 912 (1980).

[2] A. Boyarsky, O. Ruchayskiy, and M. Shaposhnikov, The
role of sterile neutrinos in cosmology and astrophysics,
Annu. Rev. Nucl. Part. Sci. 59, 191 (2009).

[3] M. Drewes et al., A white paper on keV sterile neutrino dark
matter, J. Cosmol. Astropart. Phys. 01 (2017) 025.

[4] F. Bergsma et al. (CHARM Collaboration), A search for
decays of heavy neutrinos in the mass range 0.5-2.8 GeV,
Phys. Lett. 166B, 473 (1986).

075023-

[5] A. Vaitaitis et al. (NuTeV and E815 Collaborations), Search
for Neutral Heavy Leptons in a High-Energy Neutrino
Beam, Phys. Rev. Lett. 83, 4943 (1999).

[6] G. Bernardi et al, Further limits on heavy neutrino
couplings, Phys. Lett. B 203, 332 (1988).

[7] P. Abreu et al. (DELPHI Collaboration), Search for neutral
heavy leptons produced in Z decays, Z. Phys. C 74, 57
(1997); Erratum, Z. Phys. C 75, 580(E) (1997).

[8] A.S. Sadovsky et al. (OKA Collaboration), Search for
heavy neutrino in K™ — utvy decay, Eur. Phys. J. C 78, 92
(2018).

[9] S. Antusch, E. Cazzato, and O. Fischer, Sterile neutrino
searches via displaced vertices at LHCb, Phys. Lett. B 774,
114 (2017).

15


https://doi.org/10.1016/0370-2693(77)90435-X
https://doi.org/10.1103/PhysRevLett.44.912
https://doi.org/10.1146/annurev.nucl.010909.083654
https://doi.org/10.1088/1475-7516/2017/01/025
https://doi.org/10.1016/0370-2693(86)91601-1
https://doi.org/10.1103/PhysRevLett.83.4943
https://doi.org/10.1016/0370-2693(88)90563-1
https://doi.org/10.1007/s002880050370
https://doi.org/10.1007/s002880050370
https://doi.org/10.1140/epjc/s10052-018-5566-x
https://doi.org/10.1140/epjc/s10052-018-5566-x
https://doi.org/10.1016/j.physletb.2017.09.057
https://doi.org/10.1016/j.physletb.2017.09.057

IGOR KRASNOV

PHYS. REV. D 100, 075023 (2019)

[10] L. Canetti, M. Drewes, and B. Garbrecht, Probing lepto-
genesis with GeV-scale sterile neutrinos at LHCb and Belle
II, Phys. Rev. D 90, 125005 (2014).

[11] A. V. Artamonov et al. (E949 Collaboration), Search for
heavy neutrinos in K™ — utvy decays, Phys. Rev. D 91,
052001 (2015); Erratum, Phys. Rev. D 91, 059903(E)
(2015).

[12] E. Cortina Gil et al. (NA62 Collaboration), Search for heavy
neutral lepton production in K+ decays, Phys. Lett. B 778,
137 (2018).

[13] M. Drewes, J. Hajer, J. Klaric, and G. Lanfranchi, Perspec-
tives to find heavy neutrinos with NA62, arXiv:1806.00100.

[14] C. Ahdida et al. (SHiP Collaboration), Sensitivity of the
SHiP experiment to heavy neutral leptons, J. High Energy
Phys. 04 (2019) 077.

[15] D. Curtin et al., Long-lived particles at the energy frontier:
the MATHUSLA physics case, Rep. Prog. Phys. 82, 116201
(2019).

[16] A.Izmaylov and S. Suvorov, Search for heavy neutrinos in
the ND280 near detector of the T2K experiment, Phys. Part.
Nucl. 48, 984 (2017).

[17] R. Acciarri et al. (DUNE Collaboration), Long-Baseline
Neutrino Facility (LBNF) and Deep Underground
Neutrino Experiment (DUNE) : Conceptual Design Report,
Volume 1: The LBNF and DUNE Projects, arXiv:1601
.05471.

[18] R. Acciarri et al. (DUNE Collaboration), Long-Baseline
Neutrino Facility (LBNF) and Deep Underground Neutrino
Experiment (DUNE) : Conceptual Design Report, Volume
2: The Physics Program for DUNE at LBNF, arXiv:1512
.06148.

[19] J. Strait et al. (DUNE Collaboration), Long-Baseline Neu-
trino Facility (LBNF) and Deep Underground Neutrino
Experiment (DUNE) : Conceptual Design Report, Volume
3: Long-Baseline Neutrino Facility for DUNE, arXiv:1601
.05823.

[20] R. Acciarri et al. (DUNE Collaboration), Long-Baseline
Neutrino Facility (LBNF) and Deep Underground] Neutrino
Experiment (DUNE) : Conceptual Design Report, Volume 4
The DUNE Detectors at LBNF, arXiv:1601.02984.

[21] D. Gorbunov and M. Shaposhnikov, How to find neutral
leptons of the YMSM?, J. High Energy Phys. 10 (2007) 015;
Erratum, J. High Energy Phys. 11 (2013) 101(E).

[22] S.N. Gninenko, D. S. Gorbunov, and M. E. Shaposhnikov,
Search for GeV-scale sterile neutrinos responsible for active
neutrino oscillations and baryon asymmetry of the Universe,
Adv. High Energy Phys. (London) 2012, 718259 (2012).

[23] C. Adams et al. (LBNE Collaboration), The long-baseline
neutrino experiment: exploring fundamental symmetries of
the universe, arXiv:1307.7335.

[24] K. Kodama et al. (Fermilab E653 Collaboration), Charm
meson production in 800-GeV/c proton - emulsion inter-
actions, Phys. Lett. B 263, 573 (1991).

[25] M. Aguilar-Benitez et al. (LEBC-EHS Collaboration), D
Meson production from 400 GeV/cpp interactions, Phys.
Lett. B 189, 476 (1987); Erratum, Phys. Lett. B 208, 530(E)
(1988).

[26] See http://home.thep.lu.se/~torbjorn/pythia82html/
Fragmentation.html.

[27] M. Tanabashi et al. (Particle Data Group), Review of
particle physics, Phys. Rev. D 98, 030001 (2018).

[28] C. Lourenco and H.K. Wohri, Heavy flavour hadro-
production from fixed-target to collider energies, Phys.
Rep. 433, 127 (2006).

[29] K. Bondarenko, A. Boyarsky, D. Gorbunov, and O.
Ruchayskiy, Phenomenology of GeV-scale heavy neutral
leptons, J. High Energy Phys. 11 (2018) 032.

[30] S. Alekhin et al., A facility to search for hidden particles at
the CERN SPS: the SHiP physics case, Rep. Prog. Phys. 79,
124201 (2016).

[31] A. Ariga et al. (FASER Collaboration), FASER's physics
reach forlong-lived particles, Phys. Rev.D 99,095011 (2019).

075023-16


https://doi.org/10.1103/PhysRevD.90.125005
https://doi.org/10.1103/PhysRevD.91.052001
https://doi.org/10.1103/PhysRevD.91.052001
https://doi.org/10.1103/PhysRevD.91.059903
https://doi.org/10.1103/PhysRevD.91.059903
https://doi.org/10.1016/j.physletb.2018.01.031
https://doi.org/10.1016/j.physletb.2018.01.031
https://arXiv.org/abs/1806.00100
https://doi.org/10.1007/JHEP04(2019)077
https://doi.org/10.1007/JHEP04(2019)077
https://doi.org/10.1088/1361-6633/ab28d6
https://doi.org/10.1088/1361-6633/ab28d6
https://doi.org/10.1134/S1063779617060223
https://doi.org/10.1134/S1063779617060223
https://arXiv.org/abs/1601.05471
https://arXiv.org/abs/1601.05471
https://arXiv.org/abs/1512.06148
https://arXiv.org/abs/1512.06148
https://arXiv.org/abs/1601.05823
https://arXiv.org/abs/1601.05823
https://arXiv.org/abs/1601.02984
https://doi.org/10.1088/1126-6708/2007/10/015
https://doi.org/10.1007/JHEP11(2013)101
https://doi.org/10.1155/2012/718259
https://arXiv.org/abs/1307.7335
https://doi.org/10.1016/0370-2693(91)90506-L
https://doi.org/10.1016/0370-2693(87)90663-0
https://doi.org/10.1016/0370-2693(87)90663-0
https://doi.org/10.1016/0370-2693(88)90662-4
https://doi.org/10.1016/0370-2693(88)90662-4
http://home.thep.lu.se/torbjorn/pythia82html/Fragmentation.html
http://home.thep.lu.se/torbjorn/pythia82html/Fragmentation.html
http://home.thep.lu.se/torbjorn/pythia82html/Fragmentation.html
http://home.thep.lu.se/torbjorn/pythia82html/Fragmentation.html
http://home.thep.lu.se/torbjorn/pythia82html/Fragmentation.html
http://home.thep.lu.se/torbjorn/pythia82html/Fragmentation.html
https://doi.org/10.1103/PhysRevD.98.030001
https://doi.org/10.1016/j.physrep.2006.05.005
https://doi.org/10.1016/j.physrep.2006.05.005
https://doi.org/10.1007/JHEP11(2018)032
https://doi.org/10.1088/0034-4885/79/12/124201
https://doi.org/10.1088/0034-4885/79/12/124201
https://doi.org/10.1103/PhysRevD.99.095011

