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Within the framework of physics beyond the standard model, we study the possibility that
mesons produced in the atmosphere by the cosmic-ray flux decay to heavy Majorana neutrinos and
the latter, in turn, decay mostly to photons in the low-mass region. We study the photon flux produced by
sterile Majorana neutrinos (N) decaying after passing through a massive and opaque object such as a
mountain. To model the production of N’s in the atmosphere and their decay to photons, we consider the
interaction between the Majorana neutrinos and the standard matter as modeled by an effective theory. We
then calculate the heavy neutrino flux originated by the decay of mesons in the atmosphere. The surviving
photon flux, originated by N decays, is calculated using transport equations that include the effects of

Majorana neutrino production and decay.
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I. INTRODUCTION

The neutrino sector has provided through the discovery of
neutrino flavor oscillations the most compelling evidence for
physics beyond the Standard Model (SM). However, other
mysteries related to the same sector are still open, in
particular, the tiny ordinary neutrino masses problem, for
which the seesaw mechanism remains as one of the most
straightforward ideas for solving it [1-6]. This mechanism
introduces right-handed sterile neutrinos that, as they do not
have distinct particle and antiparticle degrees of freedom, can
have a Majorana mass term leading to the tiny known masses
for the standard neutrinos, as long as the Yukawa couplings
between the right-handed Majorana neutrinos and the stan-
dard ones remain small. Even for the low-mass range for N
considered here, the simplest type-I seesaw scenario leads to
a negligible left-right neutrino mixing |Uy|> ~m,/My ~
10~ [7-9]. The mixing U,y weighs the couplings of N with
the SM particles and in particular with charged leptons
through the V — A interaction
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Thus, as suggested in Ref. [9], the detection of Majorana
neutrinos (N) would be a signal of physics beyond the
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minimal seesaw mechanism, and its interactions could be
better described in a model-independent approach based on
an effective theory. We consider a simplified scenario with
only one Majorana neutrino N and negligible mixing with the
vy . In addition, the effective operators presented here allow
the N decay to one neutrino plus one photon. This decay
channel could account, in a particular parameter region, for
some neutrino-related problems such as the MiniBOONE
[10,11] and SHALON [12] anomalies. The Majorana neu-
trino effective phenomenology regarding the relevant N-
decay modes and interactions is treated in Refs. [13,14].

In the present work, we study the possibility that mesons
produced in the atmosphere by the cosmic-ray decay to
heavy Majorana neutrinos and these, in turn, decay mostly
to photons in the low-mass region. We consider the
scenario in which this radiative decay could be detected
as a photon flux coming from an opaque obstacle such as a
mountain, which will stop the photons produced before the
obstacle as well as any other photons originated by another
mechanism, leaving an observable survival photon flux
generated after the obstacle.

In Sec. II, we briefly describe the effective operator
approach. In Sec. III, we present the production mechanism
of heavy neutrinos (N) by meson decay and the N decay to
photons. In Sec. IV, we discuss the bounds on the effective
operators coming from different experiments as Ovff decay,
colliders results, meson decay, Super-Kamiokande, and
astrophysical observations, in the mass range of tens of
MeV. We calculate the number of events of photons to be
observed by a Cherenkov telescope at different distances
from the opaque obstacle. We show the results as a contour
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plot for the number of events and include the region allowed
by the bounds. We leave to Appendix A the study of meson
decay to N in the effective formalism, and in Appendix B, we
present the calculation for the N — vy decay in the labo-
ratory frame. Finally, in Sec. V, we present our conclusions.

II. EFFECTIVE MAJORANA INTERACTIONS

In this work, we study the observable effects of a heavy
sterile Majorana neutrino N decaying to photons after passing
through a massive and opaque object such as a mountain.
Thus, we need to model the interactions of N with ordinary
matter in order to describe the N production by meson decay
in the atmosphere and the subsequent N decay to photons.
Since N is a SM singlet, its only possible renormalizable
interactions with SM fields involve Yukawa couplings. But,
as we discussed in the Introduction, these couplings must be
very small in order to accommodate the observed tiny
ordinary v masses. In this work, we take an alternative
approach, considering that the sterile N interacts with the
light neutrinos by higher-dimension effective operators, and
take this interaction to be dominant in comparison to the
mixing through the Yukawa couplings. In this sense, we
depart from the usual viewpoint in which the sterile neutrinos
mixing with the standard neutrinos are assumed to govern the
N production and decay mechanisms [15,16].

We parametrize the effects of new physics by a set of
effective operators O constructed with the standard model
and the Majorana neutrino fields, satisfying the SU(2), ®
U(1), gauge symmetry [9]. The effect of these operators is
suppressed by inverse powers of the new physics scale A,
which is not necessarily related to the Majorana neutrino
mass my. The total Lagrangian is organized as

- 1 i n),i
L=LoutY S dlol, (2)
n=~6 J

where J is the label of the operator, n is their dimension,
and i is the family.

For the considered operators, we follow Ref. [9], starting
with a rather general effective Lagrangian density for the
interaction of right-handed Majorana neutrinos N with
bosons, leptons, and quarks. We list the dimension -6
operators that can be generated at tree level or one-loop
level in the unknown fundamental ultraviolet theory and
that are baryon-number conserving. The first subset
includes operators with scalar and vector bosons (SVBs),

J

i

(i)

Ofi = (@) (LN).  Ony = i(d™D,u) (Ny*N),
O\l = i(¢7eD, ) (NyH1y). 3)

and a second subset includes the baryon-number conserv-
ing four-fermion contact terms:

6).i ~ < 6).i 7 -
Ot(il,t)Ne = (diV”Mi)(NYﬂli)’ O;"l\)/N = (fiyﬂfi>(NyﬂN)’
6).i = = 6).i = >
Ofie = (LiNe(Lil),  Ofiga = (LiN)e(Q;d;),
6).i = = 6).i = =
Ogune. = (Quu)(NL).  Oghy = (QiN)e(Lid;).
6).i = 6).i =
Ofv' = INLiP.  Ogy' = 0N (4)
where [;, u;, d; and L;, Q; denote the right-handed SU(2)
singlets and the left-handed SU(2) doublets, respectively,
for the family i. The following one loop-level generated
operator coefficients are naturally suppressed by a factor
1/162% [9,17]:
Ok = No™N°B,,,
ONs' = (Lio""N)§Bu.  Oyi = (Lic"T'N)W,,.

OO = (D,L.N)D*.  (5)

7%
O = (L,D,N)D",

As we will show, these operators contribute to N
production by meson decay in the atmosphere and the
subsequent N decay to photons.

To obtain the necessary interactions, we derive the
relevant pieces of the effective Lagrangian terms involved
in the calculations. We take the scalar doublet after
spontaneous symmetry breaking as

0
- (4)
V2

We have contributions to the effective Lagrangian coming
from (3), related to the spontaneous symmetry-breaking
process,

1 - vm
=z {az<NRy”NR> (TZ Zﬂ>
vmyy

V2

and the four-fermion interactions involving quarks and
leptons from (4),

- a(vy(NRY”lR,i) < W,f) + H.C.}, (6)

IO N )5 - 05 - i - -
=2 {ag/())dR.iVﬂ”R,iNR}’ﬂlR,i + ai,? IRi"IgiNRY, Nk + ag/zLiyﬂLiNRY,uNR + ai,g ug ;" ug iNgyNr

+ ay dg 7" dg iNgy,Ng + 0’8: Qir* QiNgy, N + ag"lo)(DL.iNRéL,ilR,i — 81 iNrVLilR.)

+ a(sil) (i jupiNvp; + dp jugiNep ;) + “(s? (01, iNgdy idg; — e, iNgity idg.;)

+ aglj(ﬁL,iNRéL,idR,i —dp iNgppdg;) + aé’j (Ngvpilp iNg + Ngeyjep iNg) +---+He.}. (7)
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In Egs. (6) and (7), the index i label family and a sum are understood. The generic constants a; with J = NN¢, LN,
Ne@, duNe, etc., are relabeled in order to simplify the writing of the equations,

A7 = ONNg>» Ay = ALNG» Ay = ANegs Ay, = AgyNe>» Ay, = OeNN>

Qy, = ALNN> Ay, = AYNN> Ay, = Q4NN Ay, = AQNN»

As, = OLN> (8)

where for simplicity in the notation we omit here the family index. The one-loop generated operators are suppressed by the
1/(16x%) factor, but as we show in Ref. [13], these play a major role in the N decay. In particular, for the low-m, range
studied here and for the relative size of the coupling constants we will discuss in Sec. IV, the dominant channel decay is

As, = ALNe»

Ag, = AQuNL> As, = ALNQd> Ag, = AQNLd>

N — vy, which is produced by different terms coming from the operators in (5),

(i)
£1 loop __
A2

(i)

+l4mWCWlLlU” NRW Z +l4mWszL,0'” NRW A)

m2

V2w

where P@ is the 4-moment of the incoming a particle.
Moreover, ¢y = cos(fy ), and sy = sin(fy,) with Oy the
Weinberg angle. _

The constants aL , with j =1, 4, are associated to the
specific operators:

0ol a=aly. a?=ally. a=apy. (10)

The complete Lagrangian for the effective model is pre-
sented in an Appendix in the recent work of Ref. [14]. For
completeness, we include in Fig. 1 a plot with the principal
decay channel in the low-mass region. A sum on the particle
and antiparticle is understood, and the channel N — viep

10°

101 -
g w02
1073 -
10-
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my [GeV]
FIG. 1. Branching ratios for the main decay channels and for

the couplings discussed in the text.

a
[\L; (i\/iUCWPLZ)DL.iG’“’NRZD + i\/EUSWP/(lA)DL.iO'ﬂDNRAD + iZﬂmWDL,iG””NRW;W; + l

0
a
Y (—iv2vew P, (6" NgA, + iV 20sy P, (6" NgZ,) — = (mZ PN, Npzt + my P lL,iNRw—ﬂ>

\/— H
21}P/(4W)ZLJ‘UMHNRW;

(l)
ar mz \/_m — —
A2 (75 u LtNRZ _TWDLINRW ﬂW;

< l_/L’iNRZ”Z’u + mWP,(]) W_MZLJ'NR + emsz,iNRW_”Aﬂ + em2SWZL’iNRW_”ZM) +H.C., (9)

[
includes the three-body decays to leptons N — v, [;'I}

1 1

l/lil}Lli_, IJ[iIJl[_l_/l’,.
In Sec. IV, we discuss the different bounds we consider
on the coupling af}) and the strategy we follow to take it

into account for the prediction on the fluxes.

III. PHOTON FLUX BY HEAVY NEUTRINO
DECAY IN THE ATMOSPHERE

We consider the transport equation for charged pions and
kaons in the atmosphere including the interaction and
decay terms [18],

dpy(E.X) _ ‘M
dx ~PulEX) (AM Ep(X)>
+ZN_MN (E)e=X/Ax), (11)
v

where X is the slant path in g/cm?, p(X) is the density of
the atmosphere, M represents the meson z or K, and AV is a
nucleon. The cosmic nucleon flux is parametrized as

No(E) = AgE~0rt1), (12)

where y = 1.7 and Ay = 1.8 is the normalization constant
for the initial cosmic flux. The constants ¢, and cg are
m, /7, and mg /7 respectively, with 7, x the mean lifetime
of pion and kaon.

The constants Z;; are the spectrum-weighted moments for
the inclusive cross sectlon for a incident particle i colliding
with air nucleons and producing an outgoing particle j, with
i, j = n, K, N. On the other hand, the attenuation length
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constants Ay, A,, and Ag are related to the interaction
length 4; by A; = 4;,(1 — Z;), with i = N, x, K [18].

With the usual approximations, (i) the hadron flux can be
factorized ¢ (E,X) = E~%p,(X), (ii) the interaction
length is independent of energy, and (iii) the differential
cross section is Feynman scaling; the solution for the
meson flux is [18]

AyZ 1
du(EX)= (%NM>E—(V+1)XA du

N
l-u)X X
xexp(—%—ﬁ—cﬂk(Xu,X)) (13)
where
X dx//
k(X' X :/ — 14
( ) o P07 (14)

The transport equation for the heavy neutrino N has as
dominant contributions the absorption due to the N decay
and N regeneration coming from the decay of mesons 7+
and K*. We consider only the dominant meson decay
process M — Nu, where M represents the meson 7 or K.
The calculation of these decays in the effective theory we
consider is shown in Appendix A, and the obtained result
for the width is

L (Vefymd,\
167m,, 2A?

x{(aa+avo>2[<1+3,,—BN><1—BﬁBN)

FM—»yN —

, (1-B,—By)
(\/_+\/7
\/Bj(l—BwLBN)}
(VB.++/By)

x\/(1=B,+By)>~4By. (15)

—(1=B,—By)] + (as, +as,/2)

+2(a, +ay,)(as, +as,/2)

where

— 2 2 — 2 2
Bu_my/mM7 BN_mN/mM’

B, = m2/m3,, B, :mé/mﬁ,l, (16)

with ¢ = d or s for z or K, respectively.
Continuing with the transport equations, we have for the
Majorana neutrino N

d¢N(Ea X) 1
dX - AQ/;:C( )¢N(E’ X)
Zhax d E
+ Br(z > Nu) /,, Zifn((E//zz X)) n
Zmax d E X K
e [

min

(17)

with an absorption term given by the N decay and two
source terms coming from the meson decay and where

= (1+PN—P —/(1+Py =P, —4Py)

2
T = 2(1+PN_PM+\/(1+PN_P,,>2—4PN)
]
2K 5(1+1<N K, - \/1+KN )—4KN)
1
=5 (14 Kn =Kyt /(14 Ky =K, ) =4Ky ), (18)
with

P; = (mi/m/r)zv K; = (mi/ml()z' (19)

The branching ratios B,(z—Nu) and B, (K—Nu)
can be written as B,(x— Nu)=(I'(zx— Nu)/T(z—vu)) x
B,(z—uvp) and B,(K — Nu) = (I(K — Np) /T (K — vp) ) x
B.(K —uvu), with B.(r — vu) ~1 and B,.(K — vu) ~ 0.64.

Finally, the expressions for the decay distributions are

dn” B 1
dz \/(1 + Py —P,)?—4Py
K
1
z \/(1 + Ky —K,)? —4Ky
and
E Ep(x)
/lil\iic( ) = m_NTNp(x) = ey B
£ _Ep(x)
dec( /Z )C) zm ﬂp<x) - zc ’
E Ep(x)
dec(E/Z x) = %TKP( ) 2k (21)

Replacing in Eq. (17) the decay length defined above, we
have

dén(E, X) _ CN
Cr Br(z — Np)
Ep(X) \J(L+ Py =P, 4Py

Zimax
X dz¢.(E/z, X)

v
Ziin

Ck Br(K — Nu)
X) \/(1 + Ky —K,)? — 4Ky

« / Z dzpi(E/2 X), (22)

‘min

+

and for the integrals on the meson flux f G dzp (E)z, X)
and f ao Az (E/z.X), we  insert the corresponding
meson ﬂux obtained in Eq. (13),
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Zm’lX A Z
du(E/2.X)dz = =M gt x

‘min

1 Z{‘n”nx C <1 - M)X MX
du / dzzr D) ex <——Mk Xu, X z)) ex (—7——), 23
2 x [fauf p(- L k0xu. )2 ) ) exp - X - 20).

with M labeling the meson z and K. The integration in the z variable is direct,

‘min

where the function H”(E, u, X) reads

M
/Zmax dzzr ) exp <—C—Mk(Xu,X)z> = El
M E

rOHM(E, u, X), (24)

HM(E, u, X) = T(y + 2) (cpk(uX, X))~ x (r <%M k(uX, X) My + 2) -T (%M k(uX, X)2M y + 2) ) . (25)

With the above definitions, we have the heavy neutrino flux given by

Ne(vX.X) .,
v(E, X) X2/ / dvdu s X) _ﬁx

where
AoZyz¢,B,(x = Np)
any[(L+ Py = P, 4Py
AoZykexB (K — Nu)
I /(1 + Ky =K, )2 = 4Ky

D, =

Dy = (27)

We show in Fig. 2 the flux of heavy neutrinos at the sea
level as a function of the energy, for a slant distance
calculated for an angle @ = 70° with respect to the zenith
direction and for the couplings intensity discussed in the
next section. For high energy, the fluxes are independent of
the value of my, while for lower energy, heavy neutrinos
present a lower flux due to a shorter decay time.

As can be seen from Fig. 1 (see also Ref. [14]), for the
masses of N considered (tens of MeVs), the dominant

LA L S B B N S S N S S R
10-¢ — —
my=10 MeV
10-8 — —
- 6=70° ]
n -10 | -
] 10 my=30 MeV
i - 1
(0]
‘\.‘ 10—12 —
13 [ ]
v
Nl 10-14 —
ez my=50 MeV
w
10-6 - -
10718 -
vl b e e bl AAA[
10t 102 103 104 10° 10¢

E [GeV]

FIG. 2. Heavy neutrino flux at the sea level as a function of the
neutrino energy and for the intensity coupling indicated in
the text.

{D H(E, u, vX)e™ A

(1-u)vX _(I-u)oX

M+ DHE(E, u, vX)e™ ™ ], (26)

decay channel is N — yv. This channel decay was calcu-
lated in Ref. [14]:

1 122 m 4 i i
HE) ) ot o

Thus, the total width for the low-mass region is

]"N—’Vi(l_/i)}’ —

3
= (Vo ), (29)
i=1

To study the production of photons by the heavy neutrino
decays, we consider the coupled transport equations

de¢ E dn
@ (51 = E/ dycﬁN( ,I)d—y

doy
dl

(B D) = =X (D). (30)

where ¢y = my/ty. The decay N — vy (see Appendix B
for the calculation of dn/dy) gives the source for the photon
flux (first equation) as well as a depletion in the N flux
(second equation). The mean lifetime of N (zy) is given by
the inverse of the width in Eq. (29), which is the dominant
channel. Inserting the solution of the second equation,

aED = REew(-F1). 6
into the first equation and solving, we have the solution
41(E.1) = (E) 1 2/)1 dyy(l —exp(1 = 21(1-y))

< (:5) (32)
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Thus, if we call [ the distance between the obstacle and the
detector and /; the traveled distance inside it, then we can
write the photon flux arriving the detector as

A¢y = ¢y(E7 I+ li) - ¢y(Ev li)
1
-2 dyﬂyexp(—cgm—y)li)

x [1 —exp(—%v(l —y)l)}qﬁ?v (%) (33)

where we have removed the photons produced inside the
obstacle because they get absorbed. In the next section, we
present our numerical results. We will consider the different
bounds on the effective operators and the predictions for the
photon flux, including the number of events to be detected.

IV. NUMERICAL RESULTS

The heavy Majorana neutrino couples to the three flavor
families with couphngs propomonal to a( /A?. For the
case of the operator o Ne ¢, these couplings can be related to
the mixing angle between light and heavy neutrinos U, y in
Eq. (1) [9]:
(V;'/) 2
Un=—".

I;N ) A2

Analogously, we can use the combination a(ji) v?/(2A?%) to

represent the coupling intensity for all the operators. As
was discussed [13,14,19,20], the most restrictive bound on

(34)

the operators Oz(\?e)}pl’ (’);?Nle, Og’i}&,b (’)(L%’é & (’)(Qﬁl)\;z 4> and

(’)E\%’,l involving the first family is placed by the Ovff-decay
experimental result. With the definition in Eq. (34), the

bound on the mixing is translated on the coupling am

corresponding to the mentioned operators af7> < ab";gd

3.2 x 107%(my /(100 GeV))'/? for A =1 TeV. For the
other operators, which are not included in the Ovff decay,
we consider for them the same bound corresponding to the

= 0.3. Then, calling

a(l)vz

J
U= (35)
we have |U|* < 8.8 x 1075 for the Belle bound.

The different size between the contributions of both kind
of operators is clear. We maintain this hierarchy throughout
the work, decoupling the operators contributing to Ovfp.

For the one-loop generated operators, we consider the
coupling constants as 1/(16z°) times the corresponding
tree-level coupling. Thus, for the operators Opy, Oy, and
Opy, which contribute to Ouvfp, we have

bound __

Belle result [21], 069) < Opge =

no1) I o
a(LJv a(L3)7 a(Lj’ 162 agops (36)

for the first family.

For the operator Oy, which does not contribute to Ovff,
we take

) < o, (37)
With these considerations and in order to estimate the
intensity of the photon flux, we consider a generic obstacle
with thickness of 1 km. We integrate the flux for the energy
range 0 < E < 10° GeV and consider the arriving direc-
tion as @ = 70° with respect to the zenith direction. We
consider the received flux at different distances to the
obstacle: 1, 5, and 10 km (see Fig. 3 for a sketch). The
results are shown in Fig. 4 as a function of my.
Additionally, we show in Fig. 5 the photon flux coming
from an obstacle with sides of 1 km as a function of the
energy for different neutrinos masses and for distances to
the obstacle of 5 and 10 km. We have integrated over the
solid angle subtended by the obstacle.
These curves were obtained for generic couplings
compatible with Ovff and the Belle bound. The idea here

\\p\ N
S I i s S
L
FIG. 3. Schematic representation of the obstacle and the
detector.
10_6 T T | T T T T | T T T T | T T T T | T T T T
I 10km 1
T
o -8
n o10° -
")
o
€ L _
& 5km
w
-5> 10—10 — —
2, 1km
10-2 b o 1 v v L b SNy 7
10 20 30 a0 50
my [MeV]

FIG. 4. Photon flux integrated in energy as coming from a
generic obstacle of 1 km of thickness as a function of the N mass
and for different distances to the obstacle.
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T T T T T T T T T T T T T T T T T T T T T T T T L

10-10 - | 10-10 i
I 20Mev ] L 20MeV i
— 1073 |- | 50MeV 1 10 |
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n r -
pl‘ I l 7 -
5 i 1 r ]
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e 10| | i 1
m i 1 r -
- [ | |
L 10MeV i r ]

10-2 10728 |- 10MeV
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1 1 1101 1 1 1 ;-oz 1 1 1 ;.03 1 1 1 1104 1 1 1 1105 1 1 1 106 101 102 103 104 105 106
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FIG. 5. Photon flux as coming from the obstacle described in the text as a function of the photon energy for different distances to the
obstacle and different heavy neutrino masses.

is to show the relative behavior of these fluxes for different ~ valid under the assumption that NV is a relatively long-lived

masses and distances to the obstacle. As we discuss below,  particle (zy > 0.01 s) and with the dominant decay mode
there are more restrictive bounds that we will take into N — veTe™, ie., into an active neutrino and a e*e™ pair.
account when we show the final flux of photons. These two conditions are not satisfied in our cases, in which

In the considered mass range of tens of MeVs, the main  the lifetime is shorter in a large part of the parameter space,
sources of experimental bounds on the effective coupling and on the other hand, the dominant channel by several
af}) are the pi()n decay [7], the beam dump experiments [22], orders of magnitude is N —» vy in the mass range consid-
astrophysical observations, and the nonobservation in  ered. In Figs. 6(a) and 6(b), we show the curve where the
Super-Kamiokande [23,24] of an excess of events coming  lifetime is 7y = 107% s, which is the limit required by
from the decay of heavy neutrinos produced in the  cosmic and astrophysics bounds. For reference, we also
atmosphere. include the curve for 7y = 1078 5. On the other hand, the

Very stringent bounds on the interaction of heavy  clear dominance of the neutrino plus photon channel makes
neutrinos in the MeV mass range were obtained from  the beam dump result inapplicable, as this decay mode to
primordial nucleosynthesis [22]. These limits are typically ~ invisible particles is not considered in those analyses and

10-3 UL U L L S T T T T 10-3
\\1200 N\ \~\ Q\‘ \‘ \
s, A . \ \ ~.

~108 =
~ Tn~10% seg

R

.

:;)BIB\I \I a \'I ‘\I‘\I I\L\I RN N
< ‘\:\. J ’{00 \ N, ! ™n~10% seg
b \
\ . A
A\

10—

10-5 10-5 - S

D 10-° 5 10-¢

1077 107

10-8

10—9|||||||||||||| TR S T A N R 10-9
10 20 30 40 50 0 10 20 30 40 50

my [MeV] mpy [MeV]

(a) (b)

(=}

FIG. 6. Contours for the obtained number of events in the (1, U?) plane are shown in dasheddotted lines. We include the bounds
coming from z decay, cosmological bounds, and also the bounds imposed by the Super-Kamiokande and Belle experiments. The arrows
indicate the allowed region, and the labels close to the dotted-dashed curves indicate the photon number of events.
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can considerably alter the number of events found for N
decays inside the detector [8,22].

Another independent constraint on the effective operator
coupling can be set based on the nonobservation of heavy
neutrino decays by the Super-Kamiokande experiment.
The heavy neutrinos produced by meson decays into the
atmosphere would generate an excess of events in the
detector. To estimate the importance of such an effect, we
calculate the fraction of neutrinos N that arrive at the
Earth’s surface and could decay inside the detector, which
is located 1 km deep (L) and has a 40 m long edge (L,).
The flight distance is a function of the coupling and the N
mass, Lecay = Laecay(Mmy. U?). We calculate the fraction

n(my, U?) as the ratio between the number of heavy
neutrinos decaying inside the detector and the number of
heavy neutrinos arriving at the Earth’s surface,

(N)
N detector (3 8 )

N(N )

surface

n(my, U?) =
where
Niilvri’ace = / e / q);l/]p(E, H)dEdCl dQ dt (39)

and

L geern™
N suy deep/"tN
Néetlcmr = /"'/q)NP(E’ 0) exp <_ 7 . E)

decay

L
x [1 — exp (— N )]dEdadet. (40)

decay

We have considered the data reported in Ref. [23] and the
discussion in Ref. [24]. We have found that considering
n = 1073 safely implies that the expected decay rates inside
the detector does not exceed the rate of events detected by
the Super-Kamiokande [23] experiment.

In the plots of Figs. 6(a) and 6(b), we show the curve for
which 5 = 1073, which is a strong suppression factor. As
we will see shortly, there are regions of the parameter space
where we still have an appreciable number of events and
less than one in a thousand heavy neutrinos N arriving the
Earth decay inside the detector. In the same figure, we
include the upper limit for the coupling as obtained from
the pion decay [7].

One further comment is in order at this point. In
Appendix A, we show the expression for the meson decay
in the context of the effective theory we are studying. In this
expression, we can see a strong contribution from scalar
operators due to the light quarks masses in the correspond-
ing denominators. To simplify the discussion, we will
consider all the constants a; to be equal, but we have
to take into account this important factor that determines
the relative importance between the scalar and vectorial
operators. For the pion decay, the coupling of scalar

Operators  dyeyqr — As,» s, 1S accompanied by the big

mass ratio —==—. Thus, is convenient to use the combi-
(mu+md)

nation (m,/(m, + my)) X Qgaar 0 compare with the
experimental bound. If we call a,,,q the corresponding
bound, the value for @, to use in the production of N by
meson decay is Ascalar = ((mu + md)/mﬂ) X (pound-

In the case of N production by pion decay, we
replace (m,/(m, + my)) X Qgalar = Aoung- BUt in the case
of N production by K decay, the replacement is
(mK/ms) X Agcalar = (mK/ms) X ((mu +md)/mﬂ) X Qpound =
0.26 x Apound +

We present the results for the number of events that could
be detected by a Cherenkov telescope through the obser-
vation of the electromagnetic showers originated by N
decays after they have traversed an obstacle. In Figs. 6(a)
and 6(b), we show the results as a contour plot for different
numbers of events in the plane (my, U2) for different
distances to the obstacle. We consider a generic detector
like SHALON [12] with an effective area of 10 m?, the
solid angle spanned by the obstacle (which is compatible
with the field of view of SHALON), and a detection time of
1 year. It is clear that, from the results shown, it is easy to
obtain the number of events for different values of the
observation time, effective area, and number of detectors,

N :/W/Agb},(E,H)dEdadet. (41)

In the same figures, we show the bounds coming from pion
decay and Belle experiment [21]. Moreover, we include the
curves for which the N lifetime is 1072 s and for reference
1078 s as well as the curve for which # = 1073, The arrows
point to the allowed regions in the parameter space. Our
results are indicated by contour curves that correspond to
different values of the number of events 1, 10, 100, and
1000. We can see that there are regions with an appreciable
photon number of events satisfying experimental and
observational bounds. The distances considered are enough
for the development of an electromagnetic cascade.

V. FINAL REMARKS

We have studied the possibility of placing reliable
bounds on heavy neutrino couplings by considering their
decay channel to photons once they have been produced by
meson decays in the atmosphere. We have calculated the
photon flux originated by the decay of N’s emerging from
an opaque object such as a mountain. These photons would
be observable by a ground-based Cherenkov instrument
like SHALON [12] or any other gamma-ray detector that
could observe the showers initiated by such high-energy
photons coming from the direction of the obstacle. We
considered different situations of obstacles placed at differ-
ent distances from the detector. The contours curves for the
number of events are shown in Figs. 6(a) and 6(b), in which
we also include experimental and observational bounds.
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As can be seen, there are regions in the my — U? space with
a significant number of events and that are safe from
experimental restrictions.
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APPENDIX A: MESON DECAY TO MAJORANA
NEUTRINO IN AN EFFECTIVE THEORY

In the context of the effective theory presented in Sec. II,
we calculate the contribution to the decay of mesons 7 and
K, generically M decay. From the different Lagrangians
presented in this section, we consider here the relevant
pieces for the considered decay. Thus, we have

1 vm,, - - - _ _ _
L= {_aw—NR}/D,“RW;S + ay, V*“dgy ugN gy pug — as, V" Nt dg + as, Vi Nepipdg + he + -+ d — S}-

A2 NG

We deduce the decay amplitude

(A1)

|y _ _ _ _
M = —i—o {~a, (Olay* PLq|M)(Nulpiy, PrN|0) + av, {Olay* Prq|M) (Nulfiy, PN|0)

— ag, (0|#Prq|M)(Nu|iPrN|0) + as, (Nu|uPgrNiPrq|M)},

(A2)

with ¢ = d and s for 7 and K decay, respectively. In the last term, we need to rearrange the field operators in order to put
together quark fields in a sandwich and the lepton fields in another. To do that, we make a Fierz transformation to the last
term, taking into account a minus sign from the permutation of fermions, and then we have

uq

M=—i— {—aw<0|u7 Prq|M)(Nulfty,PrN|0) +ay, (Olay” Prq|M)(Nu|fy,PrN|0)

_ _ L _ L _
s, (O ([P NI0) s, 5 | O1PalM) (NP N10) + 5 Ol Pb) N PO |} (43)

The calculation of the Ieptonic matrix element is
straightforward:

(Nuliy,PgN|0) = i, (p1)7,Pron(PN)

(Nu|aPgN|0) = @, (p1)Pron(Py)- (Ad)

To calculate the hadronic matrix element, we have to rely
on the symmetries. The matrix element (0|iy*ysq|M) is a
Lorentz 4-vector because the meson M is pseudoscalar and
y¥ysq is a pseudo 4-vector. The meson state is described
by its 4-momentum ¢* and nothing else, since the pion has
spin 0. Therefore, ¢* is the only 4-momentum on which the
matrix element depends, and it must be proportional to g*.
Thus, we can write

(Oliy*ysq|M) = if uq".

On the other hand, for the same reason, the matrix element
of the 4-vector is

(AS)

(Olay*q|M) = 0. (A6)

In the case of the matrix element of the scalar or
pseudoscalar, we have to use the equation of motion

m%/IfM
my +m,
(Olug|M) =0
(06, b|M) =0
<0|ﬁ6m/75b|M> = O,

(Olaysq|M) = —i

(A7)

where m, =m,; and m, for the decay of = and K,
respectively.
Putting it all together and integrating over the two-body

phase space, we obtain

M

FM_WN —
167m3,

\/(mﬁ,l + mlz\, - mﬁ)2 - 4m[21,1m12\,, (AB)

with M given in Eq. (A3).
The result is
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FM—»ﬂN — 1 vuqum%l
167m,, 2A2

\/E;(I_BM+BN)
(VBu+/By)

+2<aw + aVO) (aS2 +aS3 /2)

where

— 2 2 — 2 2
Bﬂ - mu/mM7 BN - mN/mM’

B, = m2/m3,, B, = m}/m},. (A10)

APPENDIX B: N — vy IN THE LABORATORY

We follow the development shown for x decay in book
by Gaisser et al. Ref. [18], but in our case for the N — yv
decay (we adapt the calculations presented in the Appendix
of the recent work in Ref. [25]). First, we obtain the N-
decay width in its rest frame and then boost the result to the
laboratory frame. In the N rest frame, we have the
expression

1 Al et
- =2(Fy(x) - PF 0.).
[est dxd cos 0, ( O(X) 1 (x) Cos ,,)

(B1)
with 6, the direction of motion of the final v taken from the
Majorana neutrino N moving direction and P = cosfp,
where 6p is the angle between the Majorana neutrino spin
direction in its rest frame and its moving direction as seen
from the laboratory frame. The variable x represents the
quotient between the final neutrino energy in the rest frame
of the N and the mass of the Majorana neutrino:
x = k%/my. The functions F,(x) and F,(x) are

=)

~~
=

N
I

x(1 —=x)6(x—1/2),

Fi(x) = x*8(x - 1/2). (B2)
To obtain the corresponding expression in the laboratory
frame, we make the appropriate Lorentz transformations.
Denoting by E, and E), the laboratory energies of the final
neutrino and the Majorana neutrino, respectively, we have

oo av )2 _ _ —(1—B — ae Lo , (1-B,—By)
) {6 08,08 0=y s 22
}x\/(l—Bﬂ+BN)2—4BN, (A9)

z=x(1—-pycosé,), (B3)

with z = E,/Ey and By = \/1 — my?/E% ~ 1.
We implement the Lorentz transformation with the help
of the ¢ function, yielding

1 dl'Lap
I Agdzdxdcosf,

=2(Fy(x)—PF;(x)cos6,)d[z—x(1+pycosb,)].

(B4)

We first integrate over 6,, and then we integrate over x in
the interval (Xpin, Xmax) With Xpin = z/(1 +By) and
Xmax = min(l, Z/(l —ﬂN», Obtaining

1 dr
r e = 209001/ 2=x(2)in) O (s = 1/2):
(BS)

For the low-mass range considered in this work, the
clearly dominant decay channel is the neutrino plus photon
N—v; —U;
mode, and T¥%(E) = Y, .o (Than” (E) + Tiap” (E)).
Then, we consider the y-decay channel, leading to the final
y photon distribution in the laboratory frame:

L et
IMAs(E)  dz dz
Thus, after the indicated integrations in the evolution
equations, the useful expression that we obtain is
d 1-
ne) _n(l=y) .
dz dy

(B7)

where z=1-y, xp=1/2 and P = +1 for the right-
handed Majorana neutrinos.
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