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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 themost 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 aMajoranamass term leading to the tiny knownmasses
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 jUlN j2 ∼mν=MN ∼
10−9 [7–9]. The mixingUlN weighs the couplings ofN with
the SM particles and in particular with charged leptons
through the V − A interaction

L ¼ −
qffiffiffi
2

p UlNN̄cγμPLlWþ
μ þ H:c: ð1Þ

Thus, as suggested in Ref. [9], the detection of Majorana
neutrinos (N) would be a signal of physics beyond the

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 oneMajorananeutrinoN andnegligiblemixingwith the
νL. 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 0νββ 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 toN in the effective formalism, and inAppendixB,we
present the calculation for the N → νγ 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
sterileMajorananeutrinoN 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 theN 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 ν 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
mixingwith 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 SUð2ÞL ⊗
Uð1ÞY gauge symmetry [9]. The effect of these operators is
suppressed by inverse powers of the new physics scale Λ,
which is not necessarily related to the Majorana neutrino
mass mN . The total Lagrangian is organized as

L ¼ LSM þ
X∞
n¼6

1

Λn−4

X
J

αðiÞJ OðnÞ;i
J ; ð2Þ

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),

Oð6Þ;i
LNϕ ¼ ðϕ†ϕÞðL̄iNϕ̃Þ; Oð6Þ;i

NNϕ ¼ iðϕ†DμϕÞðN̄γμNÞ;
Oð6Þ;i

Neϕ ¼ iðϕTϵDμϕÞðN̄γμliÞ; ð3Þ
and a second subset includes the baryon-number conserv-
ing four-fermion contact terms:

Oð6Þ;i
duNe ¼ ðd̄iγμuiÞðN̄γμliÞ; Oð6Þ;i

fNN ¼ ðf̄iγμfiÞðN̄γμNÞ;
Oð6Þ;i

LNLe ¼ ðL̄iNÞϵðL̄iliÞ; Oð6Þ;i
LNQd ¼ ðL̄iNÞϵðQ̄idiÞ;

Oð6Þ;i
QuNL ¼ ðQ̄iuiÞðN̄LiÞ; Oð6Þ;i

QNLd ¼ ðQ̄iNÞϵðL̄idiÞ;
Oð6Þ;i

LN ¼ jN̄Lij2; Oð6Þ;i
QN ¼ jQ̄iNj2 ð4Þ

where li, ui, di and Li, Qi denote the right-handed SUð2Þ
singlets and the left-handed SUð2Þ doublets, respectively,
for the family i. The following one loop–level generated
operator coefficients are naturally suppressed by a factor
1=16π2 [9,17]:

Oð5Þ;i
NNB ¼ N̄σμνNcBμν;

Oð6Þ;i
NB ¼ ðL̄iσ

μνNÞϕ̃Bμν; Oð6Þ;i
NW ¼ ðL̄iσ

μντINÞϕ̃WI
μν;

Oð6Þ;i
DN ¼ ðL̄iDμNÞDμϕ̃; Oð6Þ;i

D̄N ¼ ðDμL̄iNÞDμϕ̃: ð5Þ
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

ϕ ¼
�

0
vþhffiffi

2
p

�
:

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

Ltree
SVB ¼ 1

Λ2

�
αZðN̄Rγ

μNRÞ
�
vmZ

2
Zμ

�

− αðiÞW ðN̄Rγ
μlR;iÞ

�
vmWffiffiffi

2
p Wþ

μ

�
þ � � � þ H:c:

�
; ð6Þ

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

Ltree
4−f ¼ 1

Λ2
fαðiÞV0

d̄R;iγμuR;iN̄RγμlR;i þ αðiÞV1
l̄R;iγμlR;iN̄RγμNR þ αðiÞV2

L̄iγ
μLiN̄RγμNR þ αðiÞV3

ūR;iγμuR;iN̄RγμNR

þ αðiÞV4
d̄R;iγμdR;iN̄RγμNR þ αðiÞV5

Q̄iγ
μQiN̄RγμNR þ αðiÞS0 ðν̄L;iNRēL;ilR;i − ēL;iNRν̄L;ilR;iÞ

þ αðiÞS1 ðūL;iuR;iN̄νL;i þ d̄L;iuR;iN̄eL;iÞ þ αðiÞS2 ðν̄L;iNRd̄L;idR;i − ēL;iNRūL;idR;iÞ
þ αðiÞS3 ðūL;iNRēL;idR;i − d̄L;iNRν̄L;idR;iÞ þ αðiÞS4 ðN̄RνL;il̄L;iNR þ N̄ReL;iēL;iNRÞ þ � � � þ H:c:g: ð7Þ
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In Eqs. (6) and (7), the index i label family and a sum are understood. The generic constants αJ with J ≡ NNϕ, LNϕ,
Neϕ, duNe, etc., are relabeled in order to simplify the writing of the equations,

αZ ¼ αNNϕ; αϕ ¼ αLNϕ; αW ¼ αNeϕ; αV0
¼ αduNe; αV1

¼ αeNN;

αV2
¼ αLNN; αV3

¼ αuNN; αV4
¼ αdNN; αV5

¼ αQNN; αS0 ¼ αLNe;

αS1 ¼ αQuNL; αS2 ¼ αLNQd; αS3 ¼ αQNLd; αS4 ¼ αLN; ð8Þ
where for simplicity in the notation we omit here the family index. The one-loop generated operators are suppressed by the
1=ð16π2Þ factor, but as we show in Ref. [13], these play a major role in the N decay. In particular, for the low-mN range
studied here and for the relative size of the coupling constants we will discuss in Sec. IV, the dominant channel decay is
N → νγ, which is produced by different terms coming from the operators in (5),

L1−loop
eff ¼ αðiÞL1

Λ2
ð−i

ffiffiffi
2

p
vcWP

ðAÞ
μ ν̄L;iσ

μνNRAνþ i
ffiffiffi
2

p
vsWP

ðZÞ
μ ν̄L;iσ

μνNRZνÞ−
αðiÞL2

Λ2

�
mZffiffiffi
2

p PðNÞ
μ ν̄L;iNRZμþmWP

ðNÞ
μ l̄L;iNRW−μ

�

−
αðiÞL3

Λ2
ði

ffiffiffi
2

p
vcWP

ðZÞ
μ ν̄L;iσ

μνNRZνþ i
ffiffiffi
2

p
vsWP

ðAÞ
μ ν̄L;iσ

μνNRAνþ i2
ffiffiffi
2

p
mW ν̄L;iσ

μνNRWþ
μ W−

ν þ i
ffiffiffi
2

p
vPðWÞ

μ l̄L;iσμνNRW−
ν

þ i4mWcWl̄L;iσμνNRW−
μZνþ i4mWsWl̄L;iσμνNRW−

μAνÞ−
αðiÞL4

Λ2

�
mZffiffiffi
2

p Pðν̄Þ
μ ν̄L;iNRZμ−

ffiffiffi
2

p
m2

W

v
ν̄L;iNRW−μWþ

μ

−
m2

zffiffiffi
2

p
v
ν̄L;iNRZμZμþmWP

ðl̄Þ
μ W−μl̄L;iNRþemWl̄L;iNRW−μAμþemZsWl̄L;iNRW−μZμ

�
þH:c:; ð9Þ

where PðaÞ is the 4-moment of the incoming a particle.
Moreover, cW ¼ cosðθWÞ, and sW ¼ sinðθWÞ with θW the
Weinberg angle.
The constants αðiÞLj

, with j ¼ 1, 4, are associated to the
specific operators:

αðiÞL1
¼αðiÞNB; αðiÞL2

¼αðiÞDN; αðiÞL3
¼αðiÞNW; αðiÞL4

¼αD̄N: ð10Þ

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 → νlep

includes the three-body decays to leptons N → νli l
þ
i l

−
i ,

νli l
þ
j l

−
i , νliνli ν̄li .

In Sec. IV, we discuss the different bounds we consider
on the coupling αðiÞJ 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],

dϕMðE;XÞ
dX

¼ −ϕMðE;XÞ
�

1

ΛM
þ cM
EρðXÞ

�

þ ZNM

λN
N0ðEÞeð−X=ΛN Þ; ð11Þ

where X is the slant path in g=cm2, ρðXÞ is the density of
the atmosphere,M represents the meson π or K, andN is a
nucleon. The cosmic nucleon flux is parametrized as

N0ðEÞ ¼ A0E−ðγþ1Þ; ð12Þ
where γ ¼ 1.7 and A0 ¼ 1.8 is the normalization constant
for the initial cosmic flux. The constants cπ and cK are
mπ=τπ and mK=τK respectively, with τπ;K the mean lifetime
of pion and kaon.
The constantsZij are the spectrum-weightedmoments for

the inclusive cross section for a incident particle i colliding
with air nucleons and producing an outgoing particle j, with
i, j ¼ π, K, N . On the other hand, the attenuation length

FIG. 1. Branching ratios for the main decay channels and for
the couplings discussed in the text.
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constants ΛN , Λπ , and ΛK are related to the interaction
length λi by Λi ¼ λið1 − ZiiÞ, with i ¼ N , π, K [18].
With the usual approximations, (i) the hadron flux can be

factorized ϕN ðE;XÞ ¼ E−αϕN ðXÞ, (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]

ϕMðE;XÞ¼
�
A0ZNM

λN

�
E−ðγþ1ÞX

Z
1

0

du

×exp
�
−
ð1−uÞX

ΛM
−
Xu
ΛN

−
cM
E
kðXu;XÞ

�
; ð13Þ

where

kðX0; XÞ ¼
Z

X

X0

dX00

ρðX00Þ : ð14Þ

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 π�

and K�. We consider only the dominant meson decay
process M → Nμ, where M represents the meson π 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

ΓM→μN ¼ 1

16πmM

�
VuqfMm2

M

2Λ2

�
2

×

�
ðα2wþαV0

Þ2½ð1þBμ−BNÞð1−BμþBNÞ

− ð1−Bμ−BNÞ�þðαS2 þαS3=2Þ2
ð1−Bμ−BNÞ
ð ffiffiffiffiffiffi

Bu
p þ ffiffiffiffiffiffi

Bq
p Þ2

þ2ðαwþαV0
ÞðαS2 þαS3=2Þ

ffiffiffiffiffiffi
Bμ

p ð1−BμþBNÞ
ð ffiffiffiffiffiffi

Bu
p þ ffiffiffiffiffiffi

Bq
p Þ

�

×
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1−BμþBNÞ2−4BN

q
; ð15Þ

where

Bμ ¼ m2
μ=m2

M; BN ¼ m2
N=m

2
M;

Bu ¼ m2
u=m2

M; Bq ¼ m2
q=m2

M; ð16Þ
with q ¼ d or s for π or K, respectively.
Continuing with the transport equations, we have for the

Majorana neutrino N

dϕNðE;XÞ
dX

¼ −
1

λNdecðE;XÞ
ϕNðE; XÞ

þ Brðπ → NμÞ
Z

zπmax

zπmin

dz
z

ϕπðE=z; XÞ
λπdecðE=z; XÞ

dnπ

dz

þ BrðK → NμÞ
Z

zKmax

zKmin

dz
z

ϕKðE=z; XÞ
λKdecðE=z; XÞ

dnK

dz
;

ð17Þ

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

zπmin¼
1

2

�
1þPN −Pμ−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1þPN −PμÞ2−4PN

q �

zπmax¼
1

2

�
1þPN −Pμþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1þPN −PμÞ2−4PN

q �

zKmin¼
1

2

�
1þKN −Kμ−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1þKN −KμÞ2−4KN

q �

zKmax¼
1

2

�
1þKN −Kμþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1þKN −KμÞ2−4KN

q �
; ð18Þ

with

Pi ¼ ðmi=mπÞ2; Ki ¼ ðmi=mKÞ2: ð19Þ
The branching ratios Brðπ→NμÞ and BrðK→NμÞ
can be written as Brðπ→NμÞ¼ðΓðπ→NμÞ=Γðπ→νμÞÞ×
Brðπ→νμÞ and BrðK→NμÞ¼ðΓðK→NμÞ=ΓðK→νμÞÞ×
BrðK→νμÞ, with Brðπ→ νμÞ∼1 and BrðK → νμÞ ∼ 0.64.
Finally, the expressions for the decay distributions are

dnπ

dz
¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð1þ PN − PμÞ2 − 4PN

q ;

dnK

dz
¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð1þ KN − KμÞ2 − 4KN

q ð20Þ

and

λNdecðE; xÞ ¼
E
mN

τNρðxÞ≡ EρðxÞ
cN

;

λπdecðE=z; xÞ ¼
E
zmπ

τπρðxÞ≡ EρðxÞ
zcπ

;

λKdecðE=z; xÞ ¼
E

zmK
τKρðxÞ≡ EρðxÞ

zcK
: ð21Þ

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

dϕNðE;XÞ
dX

¼ −
cN

EρðXÞϕNðE; XÞ

þ cπ
EρðXÞ

Brðπ → NμÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1þ PN − PμÞ2 − 4PN

q

×
Z

zπmax

zπmin

dzϕπðE=z; XÞ

þ cK
EρðXÞ

BrðK → NμÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1þ KN − KμÞ2 − 4KN

q

×
Z

zπmax

zπmin

dzϕKðE=z; XÞ; ð22Þ

and for the integrals on the meson flux
R zπmax
zπmin

dzϕπðE=z; XÞ
and

R zπmax
zπmin

dzϕKðE=z; XÞ, we insert the corresponding

meson flux obtained in Eq. (13),
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Z
zMmax

zMmin

ϕMðE=z; XÞdz ¼
A0ZNM

λN
E−ðγþ1ÞX

Z
1

0

du

�Z
zMmax

zMmin

dzzðγþ1Þ exp
�
−
cM
E

kðXu; XÞz
��

exp

�
−
ð1 − uÞX

ΛM
−
uX
ΛN

�
; ð23Þ

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

Z
zMmax

zMmin

dzzðγþ1Þ exp
�
−
cM
E

kðXu; XÞz
�

¼ Eðγþ1ÞHMðE; u; XÞ; ð24Þ

where the function HMðE; u; XÞ reads

HMðE; u; XÞ ¼ Γðγ þ 2ÞðcMkðuX; XÞÞ−ðγþ2Þ ×
�
Γ
�
cM
E

kðuX; XÞzMmax; γ þ 2

�
− Γ

�
cM
E

kðuX; XÞzMmin; γ þ 2

��
: ð25Þ

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

ϕNðE;XÞ ¼ X2

Z
1

0

Z
1

0

dvdu
ve−

cN
E kðvX;XÞ

ρðvXÞ e
−uvX
ΛN ×

	
DπHπðE; u; vXÞe−ð1−uÞvX

Λπ þDKHKðE; u; vXÞe−ð1−uÞvX
ΛK



; ð26Þ

where

Dπ ¼
A0ZN πcπBrðπ → NμÞ

λN

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1þ PN − PμÞ2 − 4PN

q

DK ¼ A0ZNKcKBrðK → NμÞ
λN

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1þ KN − KμÞ2 − 4KN

q : ð27Þ

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 θ ¼ 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 mN , 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

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

ΓN→νiðν̄iÞγ ¼ 1

2π

�
v2

mN

��
mN

Λ

�
4

ðαðiÞL1
cW þ αðiÞL3

sWÞ2: ð28Þ

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

Γt ¼
X3
i¼1

ðΓN→γνi þ ΓN→γν̄iÞ: ð29Þ

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

dϕγ

dl
ðE; lÞ ¼ cN

E

Z
1

0

dyϕN

�
E

1 − y
; l

�
dn
dy

dϕN

dl
ðE; lÞ ¼ −

cN
E

ϕNðE; lÞ; ð30Þ

where cN ¼ mN=τN . The decay N → νγ (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 (τN) is given by
the inverse of the width in Eq. (29), which is the dominant
channel. Inserting the solution of the second equation,

ϕNðE; lÞ ¼ ϕ0
NðEÞ exp

�
−
cN
E

l

�
; ð31Þ

into the first equation and solving, we have the solution

ϕγðE; lÞ ¼ ϕ0
γðEÞ þ 2

Z
1

0

dyy
ð1 − expð− cN

E lð1 − yÞÞ
1 − y

× ϕ0
N

�
E

1 − y

�
: ð32Þ

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.
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Thus, if we call l the distance between the obstacle and the
detector and li the traveled distance inside it, then we can
write the photon flux arriving the detector as

Δϕγ ¼ ϕγðE; lþ liÞ − ϕγðE; liÞ

¼ 2

Z
1

0

dy
y

1 − y
exp

�
−
cN
E

ð1 − yÞli
�

×

	
1 − exp

�
−
cN
E

ð1 − yÞl
�


ϕ0
N

�
E

1 − y

�
; ð33Þ

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 couplings proportional to αðiÞJ =Λ2. For the

case of the operatorOð6Þ;i
Neϕ, these couplings can be related to

the mixing angle between light and heavy neutrinos UliN in
Eq. (1) [9]:

UliN ¼ αðiÞW v2

2Λ2
: ð34Þ

Analogously, we can use the combination αðiÞJ v2=ð2Λ2Þ to
represent the coupling intensity for all the operators. As
was discussed [13,14,19,20], the most restrictive bound on

the operators Oð6Þ;1
Neϕ , O

ð6Þ;1
duNe, O

ð6Þ;1
QuNL, O

ð6Þ;1
LNQd, O

ð6Þ;1
QNLd, and

Oð6Þ;1
NW involving the first family is placed by the 0νββ-decay

experimental result. With the definition in Eq. (34), the

bound on the mixing is translated on the coupling αð1ÞJ

corresponding to the mentioned operators αð1ÞJ ≤ αbound0νββ ¼
3.2 × 10−2ðmN=ð100 GeVÞÞ1=2 for Λ ¼ 1 TeV. For the
other operators, which are not included in the 0νββ decay,
we consider for them the same bound corresponding to the

Belle result [21], αðiÞJ ≤ αboundBelle ¼ 0.3. Then, calling

U ¼ αðiÞJ v2

2Λ2
; ð35Þ

we have jUj2 ≤ 8.8 × 10−5 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 0νββ.
For the one-loop generated operators, we consider the

coupling constants as 1=ð16π2Þ times the corresponding
tree-level coupling. Thus, for the operatorsODW ,ONW , and
OD̄N , which contribute to 0νββ, we have

αð1ÞL2
; αð1ÞL3

; αð1ÞL4
;≤

1

16π2
αbound0νββ ð36Þ

for the first family.

For the operatorONB, which does not contribute to 0νββ,
we take

αðiÞL1
≤

1

16π2
αboundBelle : ð37Þ

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 < 106 GeV and consider the arriving direc-
tion as θ ¼ 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 mN .
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 0νββ and the Belle bound. The idea here

FIG. 3. Schematic representation of the obstacle and the
detector.

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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is to show the relative behavior of these fluxes for different
masses and distances to the obstacle. As we discuss below,
there are more restrictive bounds that we will take into
account when we show the final flux of photons.
In the considered mass range of tens of MeVs, the main

sources of experimental bounds on the effective coupling

αðiÞJ are the pion decay [7], the beam dump experiments [22],
astrophysical observations, and the nonobservation in
Super-Kamiokande [23,24] of an excess of events coming
from the decay of heavy neutrinos produced in the
atmosphere.
Very stringent bounds on the interaction of heavy

neutrinos in the MeV mass range were obtained from
primordial nucleosynthesis [22]. These limits are typically

valid under the assumption that N is a relatively long-lived
particle (τN > 0.01 s) and with the dominant decay mode
N → νeþe−, i.e., into an active neutrino and a eþe− pair.
These two conditions are not satisfied in our cases, in which
the lifetime is shorter in a large part of the parameter space,
and on the other hand, the dominant channel by several
orders of magnitude is N → νγ in the mass range consid-
ered. In Figs. 6(a) and 6(b), we show the curve where the
lifetime is τN ¼ 10−2 s, which is the limit required by
cosmic and astrophysics bounds. For reference, we also
include the curve for τN ¼ 10−8 s. On the other hand, the
clear dominance of the neutrino plus photon channel makes
the beam dump result inapplicable, as this decay mode to
invisible particles is not considered in those analyses and

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.

(a) (b)

FIG. 6. Contours for the obtained number of events in the (mN , U2) plane are shown in dasheddotted lines. We include the bounds
coming from π 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 (Ldeep) and has a 40 m long edge (Le).
The flight distance is a function of the coupling and the N
mass, Ldecay ¼ LdecayðmN;U2Þ. We calculate the fraction
ηðmN;U2Þ 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,

ηðmN;U2Þ ¼ N ðNÞ
detector

N ðNÞ
surface

; ð38Þ

where

N ðNÞ
surface ¼

Z
� � �

Z
Φsup

N ðE; θÞdEda dΩ dt ð39Þ

and

N ðNÞ
detector ¼

Z
� � �

Z
Φsup

N ðE; θÞ exp
�
−
LdeepmN

LdecayE

�

×

	
1 − exp

�
−

LemN

LdecayE

�

dEda dΩ dt: ð40Þ

We have considered the data reported in Ref. [23] and the
discussion in Ref. [24]. We have found that considering
η ¼ 10−3 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 η ¼ 10−3, 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 αJ 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 αscalar → αS2 , αS3 is accompanied by the big
mass ratio mπ

ðmuþmdÞ. Thus, is convenient to use the combi-

nation ðmπ=ðmu þmdÞÞ × αscalar to compare with the
experimental bound. If we call αbound the corresponding
bound, the value for αscalar to use in the production of N by
meson decay is αscalar ¼ ððmu þmdÞ=mπÞ × αbound.
In the case of N production by pion decay, we

replace ðmπ=ðmu þmdÞÞ × αscalar → αbound. But in the case
of N production by K decay, the replacement is
ðmK=msÞ×αscalar→ ðmK=msÞ×ððmuþmdÞ=mπÞ×αbound¼
0.26×αbound.
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 (mN , U2) for different
distances to the obstacle. We consider a generic detector
like SHALON [12] with an effective area of 10 m2, 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 ðγÞ ¼
Z

� � �
Z

ΔϕγðE; θÞdEda dΩ dt: ð41Þ

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 10−2 s and for reference
10−8 s as well as the curve for which η ¼ 10−3. 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 themN − U2 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 π 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

L ¼ 1

Λ2

�
−αw

vmwffiffiffi
2

p N̄Rγ
νμRW

†
ν þ αV0

Vudd̄RγνuRN̄RγνμR − αS2V
udμ̄LNRūLdR þ αS3V

udūLNRμ̄LdR þ hcþ � � � þ d → s

�
:

ðA1Þ

We deduce the decay amplitude

M ¼ −i
Vuq

Λ2
f−αwh0jūγνPLqjMihNμjμ̄γνPRNj0i þ αV0

h0jūγνPRqjMihNμjμ̄γνPRNj0i
− αS2h0jūPRqjMihNμjμ̄PRNj0i þ αS3hNμjūPRNμ̄PRqjMig; ðA2Þ

with q ¼ d and s for π 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

M¼−i
Vuq

Λ2

�
−αwh0jūγνPLqjMihNμjμ̄γνPRNj0iþαV0

h0jūγνPRqjMihNμjμ̄γνPRNj0i

−αS2h0jūPRqjMihNμjμ̄PRNj0i−αS3
1

2

	
h0jūPRqjMihNμjμ̄PRNj0iþ1

2
h0jūσμνPRqjMihNμjμ̄σμνPRNj0i


�
: ðA3Þ

The calculation of the leptonic matrix element is
straightforward:

hNμjμ̄γνPRNj0i ¼ ūμðp1ÞγνPRvNðpNÞ
hNμjμ̄PRNj0i ¼ ūμðp1ÞPRvNðpNÞ: ðA4Þ

To calculate the hadronic matrix element, we have to rely
on the symmetries. The matrix element h0jūγνγ5qjMi is a
Lorentz 4-vector because the mesonM is pseudoscalar and
ūγνγ5q is a pseudo 4-vector. The meson state is described
by its 4-momentum qμ and nothing else, since the pion has
spin 0. Therefore, qμ is the only 4-momentum on which the
matrix element depends, and it must be proportional to qμ.
Thus, we can write

h0jūγνγ5qjMi ¼ ifMqν: ðA5Þ
On the other hand, for the same reason, the matrix element
of the 4-vector is

h0jūγνqjMi ¼ 0: ðA6Þ

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

h0jūγ5qjMi ¼ −i
m2

MfM
mq þmu

h0jūqjMi ¼ 0

h0jūσμνbjMi ¼ 0

h0jūσμνγ5bjMi ¼ 0; ðA7Þ

where mq ¼ md and ms for the decay of π and K,
respectively.
Putting it all together and integrating over the two-body

phase space, we obtain

ΓM→μN ¼ jMj2
16πm3

M

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm2

M þm2
N −m2

μÞ2 − 4m2
Mm

2
N

q
; ðA8Þ

with M given in Eq. (A3).
The result is
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ΓM→μN¼ 1

16πmM

�
VuqfMm2

M

2Λ2

�
2
�
ðα2wþαV0

Þ2½ð1þBμ−BNÞð1−BμþBNÞ−ð1−Bμ−BNÞ�þðαS2þαS3=2Þ2
ð1−Bμ−BNÞ
ð ffiffiffiffiffiffi

Bu
p þ ffiffiffiffiffiffi

Bq
p Þ2

þ2ðαwþαV0
ÞðαS2þαS3=2Þ

ffiffiffiffiffiffi
Bμ

p ð1−BμþBNÞ
ð ffiffiffiffiffiffi

Bu
p þ ffiffiffiffiffiffi

Bq
p Þ

�
×

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1−BμþBNÞ2−4BN

q
; ðA9Þ

where

Bμ ¼ m2
μ=m2

M; BN ¼ m2
N=m

2
M;

Bu ¼ m2
u=m2

M; Bq ¼ m2
q=m2

M: ðA10Þ

APPENDIX B: N → νγ IN THE LABORATORY

We follow the development shown for μ decay in book
by Gaisser et al. Ref. [18], but in our case for the N → γν
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

Γrest

dΓrest

dxd cos θν
¼ 2ðF0ðxÞ − PF1ðxÞ cos θνÞ; ðB1Þ

with θν the direction of motion of the final ν taken from the
Majorana neutrino N moving direction and P ¼ cos θP,
where θP 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 ¼ k0=mN . The functions F0ðxÞ and F1ðxÞ are

F0ðxÞ ¼ xð1 − xÞδðx − 1=2Þ;
F1ðxÞ ¼ x2δðx − 1=2Þ: ðB2Þ

To obtain the corresponding expression in the laboratory
frame, we make the appropriate Lorentz transformations.
Denoting by Eν and EN the laboratory energies of the final
neutrino and the Majorana neutrino, respectively, we have

z ¼ xð1 − βN cos θνÞ; ðB3Þ

with z ¼ Eν=EN and βN ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −mN

2=E2
N

p
≃ 1.

We implement the Lorentz transformation with the help
of the δ function, yielding

1

ΓLAB

dΓLAB

dzdxdcosθν
¼2ðF0ðxÞ−PF1ðxÞcosθνÞδ½z−xð1þβN cosθνÞ�: ðB4Þ

We first integrate over θν, and then we integrate over x in
the interval ðxmin; xmaxÞ with xmin ¼ z=ð1þ βNÞ and
xmax ¼ minð1; z=ð1 − βNÞÞ, obtaining
1

ΓLAB

dΓLAB

dz
¼ 2ð1− zÞΘð1=2−xðzÞminÞΘðxðzÞmax−1=2Þ:

ðB5Þ

For the low-mass range considered in this work, the
clearly dominant decay channel is the neutrino plus photon
mode, and Γtot

LABðEÞ ¼
P

i¼e;μ;τðΓN→νiγ
LAB ðEÞ þ ΓN→ν̄iγ

LAB ðEÞÞ.
Then, we consider the γ-decay channel, leading to the final
γ photon distribution in the laboratory frame:

1

Γtot
LABðEÞ

dΓN→νðþν̄Þγ
LAB

dz
≡ dnðzÞ

dz
: ðB6Þ

Thus, after the indicated integrations in the evolution
equations, the useful expression that we obtain is

dnðzÞ
dz

¼ nð1 − yÞ
dy

¼ 2y; ðB7Þ

where z ¼ 1 − y, x0 ¼ 1=2 and P ¼ þ1 for the right-
handed Majorana neutrinos.
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