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1. Introduction

2 27. Cosmic rays

The intensity of primary nucleons in the energy range from several GeV to somewhat
beyond 100 TeV is given approximately by

IN (E) ≈ 1.8 × 104 (E/1 GeV)−α nucleons

m2 s sr GeV
, (27.2)

where E is the energy-per-nucleon (including rest mass energy) and α (≡ γ + 1) = 2.7
is the differential spectral index of the cosmic-ray flux and γ is the integral spectral
index. About 79% of the primary nucleons are free protons and about 70% of the rest are
nucleons bound in helium nuclei. The fractions of the primary nuclei are nearly constant
over this energy range (possibly with small but interesting variations). Fractions of both
primary and secondary incident nuclei are listed in Table 27.1. Figure 27.1 shows the
major components for energies greater than 2 GeV/nucleon. A useful compendium of
experimental data for cosmic-ray nuclei and electrons is described in [1].

Figure 27.1: Fluxes of nuclei of the primary cosmic radiation in particles per
energy-per-nucleus are plotted vs energy-per-nucleus using data from Refs. [2–13].
The figure was created by P. Boyle and D. Muller.

The composition and energy spectra of nuclei are typically interpreted in the context
of propagation models, in which the sources of the primary cosmic radiation are located

December 18, 2013 11:57
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Figure 27.8: The all-particle spectrum as a function of E (energy-per-nucleus)
from air shower measurements [88–99,101–104].

giving a result for the all-particle spectrum between 1015 and 1017 eV that lies toward
the upper range of the data shown in Fig. 27.8. In the energy range above 1017 eV, the
fluorescence technique [100] is particularly useful because it can establish the primary
energy in a model-independent way by observing most of the longitudinal development
of each shower, from which E0 is obtained by integrating the energy deposition in
the atmosphere. The result, however, depends strongly on the light absorption in the
atmosphere and the calculation of the detector’s aperture.

Assuming the cosmic-ray spectrum below 1018 eV is of galactic origin, the knee could
reflect the fact that most cosmic accelerators in the galaxy have reached their maximum
energy. Some types of expanding supernova remnants, for example, are estimated not to
be able to accelerate protons above energies in the range of 1015 eV. Effects of propagation
and confinement in the galaxy [106] also need to be considered. The Kascade-Grande
experiment [98] has reported observation of a second steepening of the spectrum near
8 × 1016 eV, with evidence that this structure is accompanied a transition to heavy
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Chapter 2. Theory

and the detection of a neutrino flux from an astrophysical source is then a clear sign of
hadronic acceleration taking place.

2.2.1 Astrophysical neutrino production models

The main pion production channels for photo-nuclear and nuclear-nuclear interactions are

p∞ ! p+º0

p∞ ! n+º+ (2.3)

pp ! p+p+º0

pp ! p+n+º+ (2.4)

The p∞ interactions go through direct production as well as a large contribution with the ¢+

intermediate state around its mass of m¢ =1.2GeV. Protons are recuperated via neutron decay
and neutron-photon interactions

n∞! p+º° (2.5)

Neutrinos are then produced in charged pion decay via

º+ ! ∫µ+µ+

µ+ ! e++∫e +∫µ (2.6)

º° ! ∫µ+µ°

µ° ! e°+∫e +∫µ (2.7)

while neutral pion decay results in gamma ray emission

º0 ! ∞+∞ (2.8)

The resulting gamma ray and neutrino energy fluxes follow the initial CR flux, so a power law
spectra is expected. In the p∞ case the average energy transfer from the proton to the pion
is 0.2Ep [20]. Charged pion is produced in 1/3 of the cases and neutral pion otherwise, 2/3
probability. The pion passes in average 0.25Eº to a daughter neutrino or 0.5Eº to a produced
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FIG. 2. Deposited energies of observed events with predic-
tions. The hashed region shows uncertainties on the sum of all
backgrounds. Muons (red) are computed from simulation to
overcome statistical limitations in our background measure-
ment and scaled to match the total measured background
rate. Atmospheric neutrinos and uncertainties thereon are
derived from previous measurements of both the ⇡/K and
prompt components of the atmospheric ⌫

µ

spectrum [9]. A
gap larger than the one between 400 and 1000 TeV appears
in 43% of realizations of the best-fit continuous spectrum.

above IceCube. Evidence for an accompanying cosmic
ray air shower was observed, in the IceTop surface ar-
ray and sub-threshold early hits in our veto region, for
only two southern events (28 and 32). These appear to
have been part of the remnant muon background. The
absence of detected air showers in the remainder of the
southern hemisphere events, along with their overall rate,
high energies, and the preponderance of shower events,
generically disfavors any purely atmospheric explanation
(Figs. 2, 3).

Following [11], we fit the data in arrival angle and de-
posited energy to a combination of background muons,
atmospheric neutrinos from ⇡/K decay, atmospheric neu-
trinos from charmed meson decay, and an isotropic 1:1:1
astrophysical E�2 test flux, as expected from charged
pion decays in cosmic ray accelerators [28–31]. The fit
included all those events with 60TeV < E

dep

< 3PeV,
a range in which the expected muon background is re-
duced below 1 event in the 3-year sample and impreci-
sions in modeling the muon background and threshold
region are minimized. The normalizations of all back-
ground and signal neutrino fluxes were left free in the
fit, while the penetrating muon background was con-
strained with a Gaussian prior reflecting our veto ef-
ficiency measurement. We then obtain a best-fit per-
flavor astrophysical flux (⌫ + ⌫̄) in this energy range
of E2�(E) = 0.95 ± 0.3 ⇥ 10�8 GeV cm�2 s�1 sr�1 and
background normalizations within the expected ranges.
Quoted errors are 1� uncertainties based on a profile like-
lihood scan. This model describes the data well, with

FIG. 3. Arrival angles of events with E
dep

> 60 TeV, as used
in our fit and above the majority of the cosmic ray muon back-
ground. The increasing opacity of the Earth to high energy
neutrinos is visible at the right of the plot. Vetoing atmo-
spheric neutrinos by muons from their parent air showers de-
presses the atmospheric neutrino background on the left. The
data are described well by an astrophysical isotropic E�2 neu-
trino flux (gray line). Colors as in Fig. 2. Variations of this
figure with other energy thresholds are in the online supple-
ment.

FIG. 4. Extraterrestrial neutrino flux (⌫ + ⌫̄) as a function
of energy. Vertical error bars indicate the 2�L = ±1 con-
tours of the flux in each energy bin, holding all other val-
ues, including background normalizations, fixed. These pro-
vide approximate 68% confidence ranges. An increase in the
prompt atmospheric background to the level of the 90% CL
limit from the northern hemisphere ⌫

µ

spectrum [9] would re-
duce the inferred astrophysical flux at low energies to the level
shown for comparison in light gray. The best-fit power law is
E2�(E) = 1.5⇥ 10�8(E/100TeV)�0.3GeVcm�2s�1sr�1.

both the energy spectrum (Fig. 2) and arrival directions
(Fig. 3) of the events consistent with expectations for an
origin in a hard isotropic 1:1:1 neutrino flux. The best-
fit atmospheric-only alternative model, however, would
require a prompt normalization 3.6 times higher than
our current 90% CL upper limit from the northern hemi-
sphere ⌫

µ

spectrum [9]. Even this extreme scenario is
then disfavored by our fit at 5.7� with respect to a model
allowing an astrophysical contribution.

* IceCube result

“Bert” “Ernie”
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background normalizations within the expected ranges.
Quoted errors are 1� uncertainties based on a profile like-
lihood scan. This model describes the data well, with
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ground. The increasing opacity of the Earth to high energy
neutrinos is visible at the right of the plot. Vetoing atmo-
spheric neutrinos by muons from their parent air showers de-
presses the atmospheric neutrino background on the left. The
data are described well by an astrophysical isotropic E�2 neu-
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FIG. 4. Extraterrestrial neutrino flux (⌫ + ⌫̄) as a function
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tours of the flux in each energy bin, holding all other val-
ues, including background normalizations, fixed. These pro-
vide approximate 68% confidence ranges. An increase in the
prompt atmospheric background to the level of the 90% CL
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spectrum [9] would re-
duce the inferred astrophysical flux at low energies to the level
shown for comparison in light gray. The best-fit power law is
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both the energy spectrum (Fig. 2) and arrival directions
(Fig. 3) of the events consistent with expectations for an
origin in a hard isotropic 1:1:1 neutrino flux. The best-
fit atmospheric-only alternative model, however, would
require a prompt normalization 3.6 times higher than
our current 90% CL upper limit from the northern hemi-
sphere ⌫
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spectrum [9]. Even this extreme scenario is
then disfavored by our fit at 5.7� with respect to a model
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FIG. 2. Deposited energies of observed events with predic-
tions. The hashed region shows uncertainties on the sum of all
backgrounds. Muons (red) are computed from simulation to
overcome statistical limitations in our background measure-
ment and scaled to match the total measured background
rate. Atmospheric neutrinos and uncertainties thereon are
derived from previous measurements of both the ⇡/K and
prompt components of the atmospheric ⌫

µ

spectrum [9]. A
gap larger than the one between 400 and 1000 TeV appears
in 43% of realizations of the best-fit continuous spectrum.

above IceCube. Evidence for an accompanying cosmic
ray air shower was observed, in the IceTop surface ar-
ray and sub-threshold early hits in our veto region, for
only two southern events (28 and 32). These appear to
have been part of the remnant muon background. The
absence of detected air showers in the remainder of the
southern hemisphere events, along with their overall rate,
high energies, and the preponderance of shower events,
generically disfavors any purely atmospheric explanation
(Figs. 2, 3).

Following [11], we fit the data in arrival angle and de-
posited energy to a combination of background muons,
atmospheric neutrinos from ⇡/K decay, atmospheric neu-
trinos from charmed meson decay, and an isotropic 1:1:1
astrophysical E�2 test flux, as expected from charged
pion decays in cosmic ray accelerators [28–31]. The fit
included all those events with 60TeV < E

dep

< 3PeV,
a range in which the expected muon background is re-
duced below 1 event in the 3-year sample and impreci-
sions in modeling the muon background and threshold
region are minimized. The normalizations of all back-
ground and signal neutrino fluxes were left free in the
fit, while the penetrating muon background was con-
strained with a Gaussian prior reflecting our veto ef-
ficiency measurement. We then obtain a best-fit per-
flavor astrophysical flux (⌫ + ⌫̄) in this energy range
of E2�(E) = 0.95 ± 0.3 ⇥ 10�8 GeV cm�2 s�1 sr�1 and
background normalizations within the expected ranges.
Quoted errors are 1� uncertainties based on a profile like-
lihood scan. This model describes the data well, with
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(Fig. 3) of the events consistent with expectations for an
origin in a hard isotropic 1:1:1 neutrino flux. The best-
fit atmospheric-only alternative model, however, would
require a prompt normalization 3.6 times higher than
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* Neutrino absorption scenario; demonstration
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resonance arising from new particle exchange at s-channel neutrino-(anti)neutrino

scattering, where the target neutrino is the cosmic neutrino background (CνB).

CνB is a remnant of the primordial plasma caused by reheating after the inflation,

and the temperature is predicted to be Tν ≃ 1.96 K ≃ 1.69 eV. Thus the neutrino

number density is given by nν ≃ 56 cm−3 for each flavor. In the case where a

high energy neutrino accelerated by some astrophysical source collides with CνB,

the situation is almost the same as the collision with a fixed target in the laboratory

frame if neutrino mass is larger than Tν . Therefore, if a neutrino with energy Eν is

absorbed by new resonance, the new particle massms is estimated byMs ≃
√
2mνEν .

For example, Eν ∼ 1 PeV neutrino absorption predicts a new particle in the mass

around ms ∼ 10 MeV if we take the neutrino mass Mν = 0.1 eV.

Let us make the situation clearer. In the SM, cosmic-ray neutrino does not have

electric charge, and in most cases it can penetrate cosmological distances. On the

other hand, if neutrino scattering cross section has a peak at certain energy such as

pole of intermediating particle, neutrino flux at the energy might be screened and

seen as absorption line. In the SM, neutrino can interact with themselves by elec-

troweak interaction, and the relevant processes are νlν̄l,CνB → ff̄ (f = νl, l, q, · · · ),
νlν̄l′,CνB → νlν̄l′ , ll̄′ (l ̸= l′), and νlνl′,CνB → νlνl′ . The cross sections of the SM

processes are shown in for example Refs. [6, 9]. Since some of them can be enhanced

via s-channel Z boson exchange at the energy of Z boson mass, neutrino absorption

can occur for the energy of neutrino flux around Eν = M2
Z/(2mν) ∼ 1013 GeV which

is unfortunately far from the energy range of the recently observed neutrinos. This

effect was estimated by Refs. [10, 11]. However, we now have a candidate for the

absorption line round sub-PeV scale. The situation is similar to the Z boson reso-

nance case, while new particle coupling to neutrinos are predicted around MeV scale

in our case. Suppose that new scalar particle s couples to neutrinos by

Ls−ν = gsν̄iνj (1)

with coupling g where we assume that the coupling is flavor universal for simplicity.

Flavor dependence of the coupling will be discussed in next section. The neutrino-

(anti)neutrino scattering cross section σνν(S) are evaluated as shown in the left panel

of Fig. 1. The black solid line shows the SM cross section with the resonance at the

Z boson pole in the figure. The red solid, red dashed, red dotted, blue dashed, and

green dotted lines depict the contribution from the interaction of Eq. (1) for several

parameter samples of the coupling g and the scalar particle mass which governs the
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We need MeV scale particle interacting with neutrinos.
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troweak interaction, and the relevant processes are νlν̄l,CνB → ff̄ (f = νl, l, q, · · · ),
νlν̄l′,CνB → νlν̄l′ , ll̄′ (l ̸= l′), and νlνl′,CνB → νlνl′ . The cross sections of the SM

processes are shown in for example Refs. [6, 9]. Since some of them can be enhanced

via s-channel Z boson exchange at the energy of Z boson mass, neutrino absorption

can occur for the energy of neutrino flux around Eν = M2
Z/(2mν) ∼ 1013 GeV which

is unfortunately far from the energy range of the recently observed neutrinos. This

effect was estimated by Refs. [10, 11]. However, we now have a candidate for the

absorption line round sub-PeV scale. The situation is similar to the Z boson reso-

nance case, while new particle coupling to neutrinos are predicted around MeV scale

in our case. Suppose that new scalar particle s couples to neutrinos by

Ls−ν = gsν̄iνj (1)

with coupling g where we assume that the coupling is flavor universal for simplicity.

Flavor dependence of the coupling will be discussed in next section. The neutrino-

(anti)neutrino scattering cross section σνν(S) are evaluated as shown in the left panel

of Fig. 1. The black solid line shows the SM cross section with the resonance at the

Z boson pole in the figure. The red solid, red dashed, red dotted, blue dashed, and

green dotted lines depict the contribution from the interaction of Eq. (1) for several

parameter samples of the coupling g and the scalar particle mass which governs the

2

We need MeV scale particle interacting with neutrinos.
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resonance arising from new particle exchange at s-channel neutrino-(anti)neutrino

scattering, where the target neutrino is the cosmic neutrino background (CνB).

CνB is a remnant of the primordial plasma caused by reheating after the inflation,

and the temperature is predicted to be Tν ≃ 1.96 K ≃ 1.69 eV. Thus the neutrino

number density is given by nν ≃ 56 cm−3 for each flavor. In the case where a

high energy neutrino accelerated by some astrophysical source collides with CνB,

the situation is almost the same as the collision with a fixed target in the laboratory

frame if neutrino mass is larger than Tν . Therefore, if a neutrino with energy Eν is

absorbed by new resonance, the new particle massms is estimated byMs ≃
√
2mνEν .

For example, Eν ∼ 1 PeV neutrino absorption predicts a new particle in the mass

around ms ∼ 10 MeV if we take the neutrino mass Mν = 0.1 eV.

Let us make the situation clearer. In the SM, cosmic-ray neutrino does not have

electric charge, and in most cases it can penetrate cosmological distances. On the

other hand, if neutrino scattering cross section has a peak at certain energy such as

pole of intermediating particle, neutrino flux at the energy might be screened and

seen as absorption line. In the SM, neutrino can interact with themselves by elec-

troweak interaction, and the relevant processes are νlν̄l,CνB → ff̄ (f = νl, l, q, · · · ),
νlν̄l′,CνB → νlν̄l′ , ll̄′ (l ̸= l′), and νlνl′,CνB → νlνl′ . The cross sections of the SM

processes are shown in for example Refs. [6, 9]. Since some of them can be enhanced

via s-channel Z boson exchange at the energy of Z boson mass, neutrino absorption

can occur for the energy of neutrino flux around Eν = M2
Z/(2mν) ∼ 1013 GeV which

is unfortunately far from the energy range of the recently observed neutrinos. This

effect was estimated by Refs. [10, 11]. However, we now have a candidate for the

absorption line round sub-PeV scale. The situation is similar to the Z boson reso-

nance case, while new particle coupling to neutrinos are predicted around MeV scale

in our case. Suppose that new scalar particle s couples to neutrinos by

Ls−ν = gsν̄iνj (1)

with coupling g where we assume that the coupling is flavor universal for simplicity.

Flavor dependence of the coupling will be discussed in next section. The neutrino-

(anti)neutrino scattering cross section σνν(S) are evaluated as shown in the left panel

of Fig. 1. The black solid line shows the SM cross section with the resonance at the

Z boson pole in the figure. The red solid, red dashed, red dotted, blue dashed, and

green dotted lines depict the contribution from the interaction of Eq. (1) for several

parameter samples of the coupling g and the scalar particle mass which governs the
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The absorption line may appear around the resonance region

2 New resonance and neutrino absorption

Let us discuss whether it is possible to interpret the null event regions at the sub-

PeV neutrinos as the CνB absorption line in the single power law spectrum of E−γν
ν

with γν = 2. In the Standard Model (SM), there is no appropriate interactions which

shows an absorption line at the sub-PeV region. As we will see shortly, however, such

an absorption line interpretation becomes possible by introducing a new resonance

appearing in the s-channel neutrino-(anti)neutrino scattering.

The CνB is a remnant of the primordial plasma reheated after the inflation,

and the temperature of the CνB is predicted to be Tν ≃ 1.96 K ≃ 1.69 × 10−4 eV.

From this temperature, the neutrino number density is given by nν ≃ 56 cm−3

for each flavor. When the high energy neutrinos accelerated by some astrophysical

source collide with the CνB of the masses larger than Tν , the situation is almost

the same as the collision with a fixed target in the laboratory frame. In this case,

the center-of mass energy is given by
√
2mνEν , where mν denotes the mass of the

target neutrino in the CνB. Thus, if the mass of a new particle, Ms, appearing in

the s-channel neutrino collisions is around Ms ≃
√
2mνEν , the injected neutrinos of

Eν are resonantly scattered by the CνB, which leads to the “absorption line” in the

neutrino spectrum. For example, Eν ∼ 1 PeV neutrino absorption predicts a new

particle in the mass around Ms ∼ 10 MeV if we take the neutrino mass mν = 0.1 eV.

Before introducing a new particle, however, let us first examine what is ex-

pected on the neutrino spectrum in the SM. There, most of the cosmic-ray neu-

trinos accelerated by some astrophysical sources are expected to penetrate astro-

physical/cosmological distances since they interact with materials very weakly. As

the neutrinos are traveling in the distance, the most relevant target material is the

CνB since it is as abundant as the CMB while it has larger interaction rates with

the neutrino flux than the CMB. In the SM, the neutrinos interact with them-

selves via the electroweak interactions, where the relevant processes are νlν̄l,CνB →
ff̄ (f = νl, l, q, · · · ), νlν̄l′,CνB → νlν̄l′ , ll̄′ (l ̸= l′), and νlνl′,CνB → νlνl′ . The cross

sections of the SM processes are given in, for example, Refs. [16, 19]. Since some

of them can be enhanced via s-channel Z-boson exchanges at the energy of Z bo-

son mass, neutrino absorption may occur for the energy of neutrino flux around

Eν = M2
Z/(2mν) ∼ 1013 GeV. This absorption line is far above the energy range

of the recently observed neutrinos, and hence, we cannot attribute the null event

regions in the IceCube spectrum to the absorption line in the SM. This effect was

2

SM processes

We need MeV scale particle interacting with neutrinos.
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3

Swift  LGRBs

FIG. 1: The redshift distribution of the 262 Swift LGRBs
with known redshift that were detected before November 15,
2013 and their expected distribution14 assuming the rate of
GRBs/SNe traces the SFR.

true GRB rate is ṄGRB 4 π/∆Ω. Consequently, the total
power in γ-rays emission by GRBs at redshift z is

Eiso
∆Ω

4 π
ṄGRB(z)

4 π

∆Ω
= Eiso ṄGRB(z), (7)

independent of the beaming angle of GRBs. Noting that
the full sky rate of GRBs is25 ṄGRB ≈ 3/day, (roughly
1GRB (Gpc)−3 y−1), the cumulative energy flux of GRB
neutrinos of all flavors per sr that is beamed towards
Earth can be written as

EFν ≈
ṄGRB (mp/me)

NGRB ln(Emax/mp c2)
Σi

(1 + zi)Eiso(i) fν(i)

[4 πDL(zi)]2

(8)
where the summation extends over the NGRB = 136
GRBs with known redshift and Eiso and reported in
the GCN Circulars Archive24, and an absorber column
density Np reported in the Swift/XRT GRB light curve
repository16 and corrected for metallicity. Using these
values, Eq. (8) yields a diffuse energy flux of high energy
near-source GRB neutrinos (summed over all ν flavors)

EFν(GRBs) ≈ 5.6× 10−9GeV cm−2 sr−1 s−1 . (9)

The above calculation can be repeated for SNe neutrinos
with either the z-dependent Np of GRB absorbers22 cor-
rected for metallicity19, or a z-dependent GMC density
n(z) = n(0) (1 + z)3,

EFν(SNe) ≈
SNR(0) < Ek(SN) > fν(0)

4 π ln(Emax/mp c2)
D (10)

where D =
∫

(SFR(z)/SFR(0)) dDc(z) ≈ 105 Mpc. It
yields EFν(SNe) = 5.2× 10−9GeV cm−2 sr−2 s−1.

Swift  LGRBs

FIG. 2: The distribution of the Eiso values measured to date
and reported in GCNs24, as function of redshift, for 136 GRBs
with known redshift that were detected before May 1, 2014
and are listed in the Greiner Catalog of GRBs23.

IV. CONCLUSIONS

The expected cumulative cosmic flux of very high en-
ergy neutrinos produced in hadronic interactions near
source and in the intergalactic medium by the very high
energy CRs accelerated in gamma ray bursts and super-
nova explosions is EFν ≈ 3.87×10−8GeV cm−2 sr−1 s−1.
Neutrino oscillations spread this energy flux equally over
the three ν flavours

EFνi ≈ 1.3× 10−8GeV cm−2 sr−1 s−1, (11)

where i = e, µ, τ . This predicted flux is based mainly
on general considerations and priors, but not on free ad-
justable parameters. It is compatible with the flux of the
high energy cosmic neutrino background above 30 TeV
(Eq. 1) that was discovered with IceCube1. However, the
lack of knowledge of the complex environments of SNe
at high redshifts does not allow a reliable estimate of the
error.
Detection of high energy GRB neutrinos from individ-

ual GRBs during their afterglow phase probably requires a
neutrino telescope with a much larger effective area than
that of IceCube. Clear detection of GRB neutrinos, how-
ever, might also come through stacking IceCube neutrino
events with energy above 30 TeV from the directions of
GRBs during their afterglow phase and a comparison of
the cumulative number with that expected from a com-
plete isotropic background.
While the isotropic HE neutrino flux observed with

IceCube probably is of deep extragalactic origin, the ob-
served flux near Earth of the ultra-high energy (UHE)

* Neutrino absorption scenario; demonstration

Where did the cosmic neutrinos come from?

current knowledge; high energy neutrino source is unknown

let us consider two candidates.

ESA

{O(10) kpc

http://sci.esa.int/xmm-newton/47990-new-evidence-for-galactic-fountains-in-the-milky-way/

O(1) Gpc

1405.5487
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simple kinematics

head-on collision ν νCνB

How large Eν can contribute to the resonance region?

On pole condition:

Fermi-Dirac distribution:

→ constraint on (Eν, pCνB) to realize this condition for each mν

→ gives the information; how large probability the relevant pCνB has.

Eν , Eν
2 −mν
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(back-to-back case)
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* Neutrino absorption scenario; massless vs. massive
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Absorption line also has a sensitivity to neutrino masses!

Next, let us consider more realistic models.
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* We need MeV scale scalar particle interacting with neutrinos.

* New interaction should involve left-handed neutrino.

CνB
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CνB
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νL / νR

ESA

Eν ≫ mν



3.  Viable models

Attempt 1. Inverse seesaw model with a neutrinophilic scalar doublet

since the neutrino has much higher energy than the neutrino mass. Therefore, the

absorption line scenario requires a new interaction involving left-handed neutrino so

that the cosmic-ray neutrino scatter with CνB, and power of the interaction should

be enough strong to be shorter MFP compared to kpc scale. Other intriguing source

is gamma ray bursts (GBRs) [12] whose distance is O(1) Gpc from the earth. In

this case, necessary coupling strength becomes smaller since required MFP is longer

than the case of SNRs.

3.1 Inverse seesaw model with a neutrinophilic scalar dou-

blet

At first, we examine a model where neutrinophilic scalar doublet hN and additional

neutrino components N̄R and NN are introduced:

L ⊃ ghN lNN + yhlN̄R +MN̄RNN +mNNNN . (4)

In the model, we impose charges of the lepton number L and the discrete symmetry

Z2 as shown in Table 1. The last three terms induce the tiny neutrino mass mν ≃
y2v2(m/M2) by the inverse seesaw mechanism where v is the vacuum expectation

value (VEV) of Higgs and m ≪ M ≪ yv is assumed.

l NN N̄R h hN

L +1 +1 −1 0 −2

Z2 + + − + −

Table 1: Charge assignment of the model of Eq. (4).

Under the symmetry, the scalar potential is given by

V = −µ2
h|h|2 + λ(h†h)2 + µ2

N |hN |2 + λ1(h
†
NhN)

2

+λ2|h|2|hN |2 − λ3|h†hN + h.c.|2 (5)

where hN does not acquire a VEV #2, and parameters µ2
h, µ2

N , λ, λ1, λ2 and λ3

are defined as positive values. We can estimate the scalar mass spectrum of hN by

#2Suppose that m in Eq. (4) are spurions of explicit breaking of the lepton number, it has the

charge L = +2. Therefore, hN and h mix with each other in a form of m∗hN ↔ h, whose mixing

is of order m/M ≪ 1 via one-loop diagram, and consequently the VEV of hN is negligible against

quantum corrections.

6

since the neutrino has much higher energy than the neutrino mass. Therefore, the

absorption line scenario requires a new interaction involving left-handed neutrino so

that the cosmic-ray neutrino scatter with CνB, and power of the interaction should

be enough strong to be shorter MFP compared to kpc scale. Other intriguing source

is gamma ray bursts (GBRs) [12] whose distance is O(1) Gpc from the earth. In

this case, necessary coupling strength becomes smaller since required MFP is longer

than the case of SNRs.

3.1 Inverse seesaw model with a neutrinophilic scalar dou-

blet

At first, we examine a model where neutrinophilic scalar doublet hN and additional

neutrino components N̄R and NN are introduced:

L ⊃ ghN lNN + yhlN̄R +MN̄RNN +mNNNN . (4)

In the model, we impose charges of the lepton number L and the discrete symmetry

Z2 as shown in Table 1. The last three terms induce the tiny neutrino mass mν ≃
y2v2(m/M2) by the inverse seesaw mechanism where v is the vacuum expectation

value (VEV) of Higgs and m ≪ M ≪ yv is assumed.

l NN N̄R h hN

L +1 +1 −1 0 −2

Z2 + + − + −

Table 1: Charge assignment of the model of Eq. (4).

Under the symmetry, the scalar potential is given by

V = −µ2
h|h|2 + λ(h†h)2 + µ2

N |hN |2 + λ1(h
†
NhN)

2

+λ2|h|2|hN |2 − λ3|h†hN + h.c.|2 (5)

where hN does not acquire a VEV #2, and parameters µ2
h, µ2

N , λ, λ1, λ2 and λ3

are defined as positive values. We can estimate the scalar mass spectrum of hN by

#2Suppose that m in Eq. (4) are spurions of explicit breaking of the lepton number, it has the

charge L = +2. Therefore, hN and h mix with each other in a form of m∗hN ↔ h, whose mixing

is of order m/M ≪ 1 via one-loop diagram, and consequently the VEV of hN is negligible against

quantum corrections.

6

Mν =
0 mD 0
mD 0 M
0 M m

⎡

⎣

⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥

neutrino mass matrix:

(m≪ mD ≪M )

“Inverse See-Saw”

l NR NN

!

mD
2 m
M 2 0 0

0 M − mD
2

2M
+" 0

0 0 M + mD
2

2M
+"

⎡

⎣

⎢
⎢
⎢
⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥
⎥
⎥
⎥

mν = 0.1eV
yv

100GeV
⎛
⎝

⎞
⎠

2 m
10eV

⎛
⎝

⎞
⎠

M
1TeV

⎛
⎝

⎞
⎠

−2

since the neutrino has much higher energy than the neutrino mass. Therefore, the

absorption line scenario requires a new interaction involving left-handed neutrino so

that the cosmic-ray neutrino scatter with CνB, and power of the interaction should

be enough strong to be shorter MFP compared to kpc scale. Other intriguing source

is gamma ray bursts (GBRs) [12] whose distance is O(1) Gpc from the earth. In

this case, necessary coupling strength becomes smaller since required MFP is longer

than the case of SNRs.

3.1 Inverse seesaw model with a neutrinophilic scalar dou-

blet

At first, we examine a model where neutrinophilic scalar doublet hN and additional

neutrino components N̄R and NN are introduced:

L ⊃ ghN lNN + yhlN̄R +MN̄RNN +mNNNN . (4)

In the model, we impose charges of the lepton number L and the discrete symmetry

Z2 as shown in Table 1. The last three terms induce the tiny neutrino mass mν ≃
y2v2(m/M2) by the inverse seesaw mechanism where v is the vacuum expectation

value (VEV) of Higgs and m ≪ M ≪ yv is assumed.

l NN N̄R h hN

L +1 +1 −1 0 −2

Z2 + + − + −

Table 1: Charge assignment of the model of Eq. (4).

Under the symmetry, the scalar potential is given by

V = −µ2
h|h|2 + λ(h†h)2 + µ2

N |hN |2 + λ1(h
†
NhN)

2

+λ2|h|2|hN |2 − λ3|h†hN + h.c.|2 (5)

where hN does not acquire a VEV #2, and parameters µ2
h, µ2

N , λ, λ1, λ2 and λ3

are defined as positive values. We can estimate the scalar mass spectrum of hN by

#2Suppose that m in Eq. (4) are spurions of explicit breaking of the lepton number, it has the

charge L = +2. Therefore, hN and h mix with each other in a form of m∗hN ↔ h, whose mixing

is of order m/M ≪ 1 via one-loop diagram, and consequently the VEV of hN is negligible against

quantum corrections.

6

potential

hN = 0
(different from νHDM)

effective theory: Leff !
gyv
M

hN
0ν Lν L ≡ g

eff hN
0ν Lν L



3.  Viable models

Attempt 1. Inverse seesaw model with a neutrinophilic scalar doublet

since the neutrino has much higher energy than the neutrino mass. Therefore, the

absorption line scenario requires a new interaction involving left-handed neutrino so

that the cosmic-ray neutrino scatter with CνB, and power of the interaction should

be enough strong to be shorter MFP compared to kpc scale. Other intriguing source

is gamma ray bursts (GBRs) [12] whose distance is O(1) Gpc from the earth. In

this case, necessary coupling strength becomes smaller since required MFP is longer

than the case of SNRs.

3.1 Inverse seesaw model with a neutrinophilic scalar dou-

blet

At first, we examine a model where neutrinophilic scalar doublet hN and additional

neutrino components N̄R and NN are introduced:

L ⊃ ghN lNN + yhlN̄R +MN̄RNN +mNNNN . (4)

In the model, we impose charges of the lepton number L and the discrete symmetry

Z2 as shown in Table 1. The last three terms induce the tiny neutrino mass mν ≃
y2v2(m/M2) by the inverse seesaw mechanism where v is the vacuum expectation

value (VEV) of Higgs and m ≪ M ≪ yv is assumed.

l NN N̄R h hN

L +1 +1 −1 0 −2

Z2 + + − + −

Table 1: Charge assignment of the model of Eq. (4).

Under the symmetry, the scalar potential is given by

V = −µ2
h|h|2 + λ(h†h)2 + µ2

N |hN |2 + λ1(h
†
NhN)

2

+λ2|h|2|hN |2 − λ3|h†hN + h.c.|2 (5)

where hN does not acquire a VEV #2, and parameters µ2
h, µ2

N , λ, λ1, λ2 and λ3

are defined as positive values. We can estimate the scalar mass spectrum of hN by

#2Suppose that m in Eq. (4) are spurions of explicit breaking of the lepton number, it has the

charge L = +2. Therefore, hN and h mix with each other in a form of m∗hN ↔ h, whose mixing

is of order m/M ≪ 1 via one-loop diagram, and consequently the VEV of hN is negligible against

quantum corrections.

6

since the neutrino has much higher energy than the neutrino mass. Therefore, the

absorption line scenario requires a new interaction involving left-handed neutrino so

that the cosmic-ray neutrino scatter with CνB, and power of the interaction should

be enough strong to be shorter MFP compared to kpc scale. Other intriguing source

is gamma ray bursts (GBRs) [12] whose distance is O(1) Gpc from the earth. In

this case, necessary coupling strength becomes smaller since required MFP is longer

than the case of SNRs.

3.1 Inverse seesaw model with a neutrinophilic scalar dou-

blet

At first, we examine a model where neutrinophilic scalar doublet hN and additional

neutrino components N̄R and NN are introduced:

L ⊃ ghN lNN + yhlN̄R +MN̄RNN +mNNNN . (4)

In the model, we impose charges of the lepton number L and the discrete symmetry

Z2 as shown in Table 1. The last three terms induce the tiny neutrino mass mν ≃
y2v2(m/M2) by the inverse seesaw mechanism where v is the vacuum expectation

value (VEV) of Higgs and m ≪ M ≪ yv is assumed.

l NN N̄R h hN

L +1 +1 −1 0 −2

Z2 + + − + −

Table 1: Charge assignment of the model of Eq. (4).

Under the symmetry, the scalar potential is given by

V = −µ2
h|h|2 + λ(h†h)2 + µ2

N |hN |2 + λ1(h
†
NhN)

2

+λ2|h|2|hN |2 − λ3|h†hN + h.c.|2 (5)

where hN does not acquire a VEV #2, and parameters µ2
h, µ2

N , λ, λ1, λ2 and λ3

are defined as positive values. We can estimate the scalar mass spectrum of hN by

#2Suppose that m in Eq. (4) are spurions of explicit breaking of the lepton number, it has the

charge L = +2. Therefore, hN and h mix with each other in a form of m∗hN ↔ h, whose mixing

is of order m/M ≪ 1 via one-loop diagram, and consequently the VEV of hN is negligible against

quantum corrections.

6

potential

hN = 0
(different from νHDM)

mass spectrum

hN =
hN
0 + iA0

hN
−

⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟ m

A0 ,hN
−

2 ∼ µN
2 + λ2v

2{ m
hN
0
2 ∼ µN

2 + λ2 − λ3( )v2 µN
2 ≪ v2 m

hN
0 ∼O(1)MeV

λ2 − λ3 ~O(10
−6 )

m
A0 ,hN

− ∼O(100)GeV

experimental limits?

since the neutrino has much higher energy than the neutrino mass. Therefore, the

absorption line scenario requires a new interaction involving left-handed neutrino so

that the cosmic-ray neutrino scatter with CνB, and power of the interaction should

be enough strong to be shorter MFP compared to kpc scale. Other intriguing source

is gamma ray bursts (GBRs) [12] whose distance is O(1) Gpc from the earth. In

this case, necessary coupling strength becomes smaller since required MFP is longer

than the case of SNRs.

3.1 Inverse seesaw model with a neutrinophilic scalar dou-

blet

At first, we examine a model where neutrinophilic scalar doublet hN and additional

neutrino components N̄R and NN are introduced:

L ⊃ ghN lNN + yhlN̄R +MN̄RNN +mNNNN . (4)

In the model, we impose charges of the lepton number L and the discrete symmetry

Z2 as shown in Table 1. The last three terms induce the tiny neutrino mass mν ≃
y2v2(m/M2) by the inverse seesaw mechanism where v is the vacuum expectation

value (VEV) of Higgs and m ≪ M ≪ yv is assumed.

l NN N̄R h hN

L +1 +1 −1 0 −2

Z2 + + − + −

Table 1: Charge assignment of the model of Eq. (4).

Under the symmetry, the scalar potential is given by

V = −µ2
h|h|2 + λ(h†h)2 + µ2

N |hN |2 + λ1(h
†
NhN)

2

+λ2|h|2|hN |2 − λ3|h†hN + h.c.|2 (5)

where hN does not acquire a VEV #2, and parameters µ2
h, µ2

N , λ, λ1, λ2 and λ3

are defined as positive values. We can estimate the scalar mass spectrum of hN by

#2Suppose that m in Eq. (4) are spurions of explicit breaking of the lepton number, it has the

charge L = +2. Therefore, hN and h mix with each other in a form of m∗hN ↔ h, whose mixing

is of order m/M ≪ 1 via one-loop diagram, and consequently the VEV of hN is negligible against

quantum corrections.

6

εabε ijΨ iaΨ jb
N

Ψ jb
N =

hN
0 hN

+

hN
− hN

0

⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟
jb

Ψ ia =
h0 h+

h− h0
⎛

⎝⎜
⎞

⎠⎟ ia

custodial symmetric terms



3.  Viable models

Inverse seesaw model with a neutrinophilic scalar doublet

since the neutrino has much higher energy than the neutrino mass. Therefore, the

absorption line scenario requires a new interaction involving left-handed neutrino so

that the cosmic-ray neutrino scatter with CνB, and power of the interaction should

be enough strong to be shorter MFP compared to kpc scale. Other intriguing source

is gamma ray bursts (GBRs) [12] whose distance is O(1) Gpc from the earth. In

this case, necessary coupling strength becomes smaller since required MFP is longer

than the case of SNRs.

3.1 Inverse seesaw model with a neutrinophilic scalar dou-

blet

At first, we examine a model where neutrinophilic scalar doublet hN and additional

neutrino components N̄R and NN are introduced:

L ⊃ ghN lNN + yhlN̄R +MN̄RNN +mNNNN . (4)

In the model, we impose charges of the lepton number L and the discrete symmetry

Z2 as shown in Table 1. The last three terms induce the tiny neutrino mass mν ≃
y2v2(m/M2) by the inverse seesaw mechanism where v is the vacuum expectation

value (VEV) of Higgs and m ≪ M ≪ yv is assumed.

l NN N̄R h hN

L +1 +1 −1 0 −2

Z2 + + − + −

Table 1: Charge assignment of the model of Eq. (4).

Under the symmetry, the scalar potential is given by

V = −µ2
h|h|2 + λ(h†h)2 + µ2

N |hN |2 + λ1(h
†
NhN)

2

+λ2|h|2|hN |2 − λ3|h†hN + h.c.|2 (5)

where hN does not acquire a VEV #2, and parameters µ2
h, µ2

N , λ, λ1, λ2 and λ3

are defined as positive values. We can estimate the scalar mass spectrum of hN by

#2Suppose that m in Eq. (4) are spurions of explicit breaking of the lepton number, it has the

charge L = +2. Therefore, hN and h mix with each other in a form of m∗hN ↔ h, whose mixing

is of order m/M ≪ 1 via one-loop diagram, and consequently the VEV of hN is negligible against

quantum corrections.

6

experimental limits

* LEP

Table 1: Overview of the searches for charged Higgs bosons performed by the four LEP experiments,
whose results are used in this combination. Where relevant, mA varies from 2mb to mH± . Each

experiment analysed typically around 650 pb−1of data.

Expt Final state
√
s mH±

(Ref.) range
(GeV) (GeV/c2)

ALEPH H+H− → cs̄c̄s 189 - 209 45 - 100
[3] H+H− → cs̄τν 189 - 209 55 - 100

H+H− → τντν 189 - 209 45 - 100

DELPHI H+H− → cs̄c̄s 183 - 209 40 - 100
[4],[5] H+H− → cs̄τν 183 - 209 40 - 100

H+H− → τντν 183 - 209 40 - 100
H+H− → W∗Aτν 189 - 209 40 - 100
H+H− → W∗AW∗A 189 - 209 40 - 100

L3 H+H− → cs̄c̄s 183 - 209 50 - 100
[6] H+H− → cs̄τν 183 - 209 50 - 100

H+H− → τντν 183 - 209 50 - 100

OPAL H+H− → cs̄c̄s 183 - 209 40 - 100
[7],[8] H+H− → cs̄τν 183 - 209 40 - 100

H+H− → τντν 183 - 209 45 - 100
H+H− → W∗Aτν 189 - 209 40 - 95
H+H− → W∗AW∗A 189 - 209 40 - 95
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Figure 2: Type II 2HDM: excluded regions in the Br(H+→τ+ν) vs mH± plane, based on the combined
data collected by the four LEP experiments at centre-of-mass energies from 183 to 209 GeV. The
shaded area is excluded at the 95% or higher C.L. The expected exclusion limit (at the 95% C.L.) is
indicated by the thin solid line and the thick dotted line inside the shaded area is the observed limit at
the 99.7% C.L.
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Figure 3: Type II 2HDM: regions in the Br(H+→τ+ν) vs mH± plane excluded at the 95% or higher
C.L., based on the combined data collected by the four LEP experiments at centre-of-mass energies
from 183 to 209 GeV, for each of the three decay channels separately. The solid (dashed) lines are the
observed (expected) limits.
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* LHC

1 Introduction

Charged Higgs bosons, H+ and H�, are predicted by several non-minimal Higgs scenarios [1, 2], such
as models containing Higgs triplets [3] and Two-Higgs-Doublet Models (2HDM) [4]. The observation
of a charged Higgs boson1 would clearly indicate physics beyond the Standard Model (SM). In a type-II
2HDM, which is the Higgs sector of the Minimal Supersymmetric Standard Model (MSSM) [5], the
main production mode at the Large Hadron Collider (LHC) for charged Higgs bosons with masses mH+

smaller than the top quark mass mtop (in the following called light charged Higgs bosons) is through the
top quark decay t ! H+b. For charged Higgs bosons with mH+ > mtop (called heavy charged Higgs
bosons in the following), the main production mode is top quark associated. Feynman diagrams of these
processes are shown in Fig. 1. For tan � > 3, where tan � is the ratio of the vacuum expectation values of
the two Higgs doublets, light charged Higgs bosons decay mainly via H+ ! ⌧⌫ [6]; for heavy charged
Higgs bosons the branching fraction to ⌧⌫ can still be sizeable.
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Figure 1: Example of leading-order Feynman diagrams for the production of charged Higgs bosons at
masses below (left) and above (center and right) the top quark mass.

The combined LEP lower limit for the charged Higgs boson mass in a type-II 2HDM with B(H+ !
⌧⌫) = 1 is mH+ > 94 GeV [7], and the lower limit for any B(H+ ! ⌧⌫) is 80 GeV. The D0 [8] and
CDF [9] collaborations at the Tevatron placed upper limits on B(t ! H+b) in the 15 � 20% range for
light charged Higgs bosons. Both the CMS [10] and ATLAS [11, 12] collaborations searched for light
charged Higgs bosons assuming B(H+ ! ⌧⌫) = 1 and improved the Tevatron limits to the 1 � 4% range
for a mass range 90 GeV < mH+ < 160 GeV. The recent discovery of a Higgs boson at the LHC with
mass of 125.3 � 125.5 GeV and properties resembling those of the SM Higgs boson [13, 14] can be
compatible with an extended scalar sector. The new particle can be easily incorporated as one of the
scalar particles that are predicted by these theories, e.g. in the MSSM [15].

This note describes the search for a charged Higgs boson produced and decaying as follows:

tt̄ ! [H+b] [W�b̄]! [(⌧+ + ⌫⌧)b] [qq̄b̄] (1)

gb̄! [t̄] [H+]! [qq̄b̄] [⌧+ + ⌫⌧] (2)

gg! [t̄b] [H+]! [(qq̄b̄)b] [⌧+ + ⌫⌧] (3)

where the top quark in Eqs. (2) and (3) decays to a W boson and b quark, and the W boson decays
hadronically. The decay products of the W bosons (q, q̄) can be observed as jets and the b jets can be
identified as such experimentally. In this analysis, only final states with hadronically decaying ⌧ leptons
are selected. The visible decay products of the ⌧ lepton (⌧had�vis) can be observed as narrow jets. The
neutrinos cannot be detected, leading to missing transverse momentum (Emiss

T ).

1In the following, charged Higgs bosons will be denoted H+, with the charge-conjugate H� always implied.
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are selected. The visible decay products of the ⌧ lepton (⌧had�vis) can be observed as narrow jets. The
neutrinos cannot be detected, leading to missing transverse momentum (Emiss

T ).

1In the following, charged Higgs bosons will be denoted H+, with the charge-conjugate H� always implied.

1

hN does not couple to quarks!

* LFV
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After integrating out heavy degrees of freedom, and after electroweak symmetry breaking, CLFV
is mediated by e↵ective operators of dimension five and higher. We first concentrate on the following
e↵ective Lagrangian6

LCLFV =
mµ

(+ 1)⇤2
µ̄R�µ⌫eLF

µ⌫ + h.c.



(1 + )⇤2
µ̄L�µeL

�
ūL�

µuL + d̄L�
µdL

�
+ h.c. . (2)

The subscripts L,R indicate the chirality of the di↵erent Standard Model fermion fields, F µ⌫ is the
photon field strength and mµ is the muon mass. The coe�cients of the two types of operators are
parameterized by two independent constants: the dimensionful ⇤ parameter (with dimensions of mass),
which is meant to represent the e↵ective mass scale of the new degrees of freedom, and the dimensionless
parameter , which governs the relative size of the two di↵erent types of operators. The magnetic-
moment type operator in the first line of Eq. (2) directly mediates µ ! e� and mediates µ ! eee and
µ ! e conversion in nuclei at order ↵. The four-fermion operators in the second line of Eq. (2), on the
other hand, mediate µ ! e conversion at the leading order and µ ! e�, µ ! eee at the one-loop level.
For  ⌧ 1, the dipole-type operator dominates CLFV phenomena, while for  � 1 the four-fermion
operators are dominant.

The sensitivity to ⇤ as a function of  for µ ! e� and µ ! e conversion e↵orts is depicted in Fig. 2.
For  ⌧ 1, an experiment sensitive to Br(µ ! e�) > 10�13 will probe ⇤ values less than 2500 TeV,
while for  � 1 an experiment sensitive to Br(µ ! e conv in 27Al) > 10�16 will probe ⇤ values less
than 7000 TeV.

Relevant information can be extracted from Fig. 2. CLFV already probes ⇤ values close to 1000 TeV
and next-generation experiments will start to probe ⇤ ⇠ 104 TeV and beyond. Furthermore, a µ !
e conversion experiment is “guaranteed” to outperform a µ ! e� experiment for any value of  as
long as it is a couple of orders of magnitude more sensitive. Since, as already discussed, it appears
very challenging to perform a µ ! e� experiment sensitive to branching ratios smaller than 10�14,
µ ! e conversion searches (not expected to hit any “wall” before normalized rates around at most
10�18), are the more e↵ective way of pursuing CLFV after the on-going MEG experiment is done
analyzing its data.

Similarly, we can ask what are the consequences for CLFV if the new physics is best captured by
the following “leptons-only” e↵ective Lagrangian:

LCLFV =
mµ

(+ 1)⇤2
µ̄R�µ⌫eLF

µ⌫ + h.c.



(1 + )⇤2
µ̄L�µeL (ē�

µe) + h.c. . (3)

Similar to the dimension-six operators in the second line of Eq. (2), the dimension-six operator in the
second line of Eq. (3) mediates µ ! eee at the tree level and µ ! e�, µ ! e conversion at the one-
loop level. Similar to Eq. (2), the dimensionless parameter  determines whether the dipole-like or the
four-fermion interaction is dominant when it comes to CLFV.

The sensitivity to ⇤ as a function of  for µ ! e� and µ ! eee e↵orts is depicted in Fig. 3. Here,
for  � 1, an experiment sensitive to Br(µ ! eee) > 10�15 will probe ⇤ values less than 1800 TeV. As
in the example depicted in Fig. 2, we note that a µ ! eee experiment is guaranteed to outperform a
µ ! e� experiment, for any value of , as long as it is a few hundred times more sensitive. Whether
this can be realistically achieved in future experiments is still under investigation [12, 19].

6The most general e↵ective Lagragian includes several other terms [14]. The subsets included in Eqs. (2,3), however,
are su�cient to illustrate all issues discussed here. Modulo extreme constructive/destructive interference e↵ects among
di↵erent e↵ective operators, the points made here remain valid.
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Figure 3: Sensitivity of a µ ! eee experiment that is sensitive to branching ratios 10�14

and 10�16, and of a µ ! e� search that is sensitive to a branching ratio of 10�13 and 10�14,
to the new physics scale ⇤ as a function of , as defined in Eq. (3). Also depicted is the
currently excluded region of this parameter space.

 and ⇤ if Eq. (3) describes CLFV), studies of electromagnetic properties of charged leptons (g � 2,
electric dipole moments), precision studies of neutrino processes (including oscillations), and, of course,
“direct” searches for new, heavy degrees of freedom (Tevatron, LHC). Valuable information, including
the nature and chirality of the e↵ective operators that mediate CLFV, can be obtained by observing
µ ! e conversion in di↵erent nuclei [14, 29, 30] or by studying the kinematical distribution of the
final-state electrons in µ ! eee (see [14] and references therein).

Before moving on to specific new physics scenarios, it is illustrative to compare, as model-independently
as possible, new physics that mediates CLFV and the new physics that may have manifested itself in
precision measurements of the muon anomalous magnetic moment. In a nutshell, the world’s most
precise measurement of the g� 2 of the muon disagrees with the world’s best Standard Model estimate
for this observable at the 3.6� level (for an updated overview see [1], and references therein). New,
heavy physics contributions to the muon g � 2 are captured by the following e↵ective Lagrangian:

Lg�2 �
mµ

⇤2
µ̄R�µ⌫µLF

µ⌫ + h.c. . (4)
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Λ >1000GeV

including loop factor
(and coupling)

m
hN
− >100GeV

1303.4097

since the neutrino has much higher energy than the neutrino mass. Therefore, the

absorption line scenario requires a new interaction involving left-handed neutrino so

that the cosmic-ray neutrino scatter with CνB, and power of the interaction should

be enough strong to be shorter MFP compared to kpc scale. Other intriguing source

is gamma ray bursts (GBRs) [12] whose distance is O(1) Gpc from the earth. In

this case, necessary coupling strength becomes smaller since required MFP is longer

than the case of SNRs.

3.1 Inverse seesaw model with a neutrinophilic scalar dou-

blet

At first, we examine a model where neutrinophilic scalar doublet hN and additional

neutrino components N̄R and NN are introduced:

L ⊃ ghN lNN + yhlN̄R +MN̄RNN +mNNNN . (4)

In the model, we impose charges of the lepton number L and the discrete symmetry

Z2 as shown in Table 1. The last three terms induce the tiny neutrino mass mν ≃
y2v2(m/M2) by the inverse seesaw mechanism where v is the vacuum expectation

value (VEV) of Higgs and m ≪ M ≪ yv is assumed.

l NN N̄R h hN

L +1 +1 −1 0 −2

Z2 + + − + −

Table 1: Charge assignment of the model of Eq. (4).

Under the symmetry, the scalar potential is given by

V = −µ2
h|h|2 + λ(h†h)2 + µ2

N |hN |2 + λ1(h
†
NhN)

2

+λ2|h|2|hN |2 − λ3|h†hN + h.c.|2 (5)

where hN does not acquire a VEV #2, and parameters µ2
h, µ2

N , λ, λ1, λ2 and λ3

are defined as positive values. We can estimate the scalar mass spectrum of hN by

#2Suppose that m in Eq. (4) are spurions of explicit breaking of the lepton number, it has the

charge L = +2. Therefore, hN and h mix with each other in a form of m∗hN ↔ h, whose mixing

is of order m/M ≪ 1 via one-loop diagram, and consequently the VEV of hN is negligible against

quantum corrections.

6
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* Meson decay
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The presence of a massless boson coupled to neutrinos in the Gelmini-Roncadelli gauge
model can be tested in m, K leptonic decays and in wrong-sign single-lepton production by neu-
trinos. We place bounds on Majoron-neutrino couplings from experimental limits on these
processes.

A Nambu-Goldstone boson, called the Majoron,
arises in gauge models that have a spontaneous
breaking of a B—L global symmetry. ' There are
two possible models of this kind, with and without
right-handed neutrinos. In the latter case, proposed
by Gelmini and Roncadelli (GR), ' the Majoron may
have interesting observable consequences, some of
which have been recently considered. ' In this paper
we examine possible effects of the Majoron in lepton-
ic weak decays of kaons and pions, and in deep-
inelastic scattering of neutrinos; the processes of in-
terest are illustrated in Fig. 1. We derive experimen-
tal upper limits on the Yukawa coupling of the Ma-
joron to neutrinos.

M, X

C
7' L

In the GR model the standard SU(2) && U(1) model
is modified by a triplet of Higgs bosons 4' (Q++,
P+, P ) in addition to the usual doublet 4&. 4 is as-
signed a nonzero 8 —L number and 8—L as a global
symmetry is preserved in the Lagrangian, but is bro-
ken spontaneously by a vacuum expectation value v T
of P . There is a genuine zero-mass Nambu-
Goldstone boson (Majoron) M and a light neutral
Higgs boson X, whose couplings to neutrinos are
given by

1Z„~+„g= 2 gg gV~(Ur+I'y5M+X)V I

I,I

where I, I' go over e, p„v and v= vq+vL, . Mand X
also couple to other fermions, but much more weak-
ly; those couplings are of order

mylar/vD',

where
vD —250 GeV is the vacuum expectation value of
the usual I = —, Higgs field and 87 ( io vD from1 1

measurements of the neutral-current strength. 4 We
will be only concerned with the couplings of Eq. (I)
in this paper.
Neutrino masses are obtained by diagonalizing the

mass matrix whose elements are g„,vT. If the result-
ing flavor mixings are small, then approximately

m„=g«~T, etc.

C
L

FIG. 1. Diagrams for Majoron and X emission in E or m

leptonic decays and in neutrino production of wrong-sign
single leptons.

However, if the g„are all comparable, then all mix-
ing angles are large and two of the three neutrino
masses are nearly zero. In Feynman amplitudes for
Majoron-emission processes, the neutrino eigen-
masses appear in the virtual-neutrino propagators and
the diagonal couplings are related to the g by a uni-
tary transformation. For simplicity we shall frequent-
ly use a generic label g to denote the effective overall
coupling, with the understanding that g is process
dependent.
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decomposing into hN = (h0
N + iA0, h−

N)
T in which h0

N , A0 and h−
N are neutral CP-

even, neutral CP-odd, charged scalars, respectively. h0
N , A0 and h−

N acquire masses

from the third, fifth and last terms, meanwhile, only h0
N has an additional mass

from the sixth term; m2
A0,h−

N
∼ µ2

N + λ2v2, m2
h0
N

∼ µ2
N + (λ2 − λ3)v2. Therefore,

if we take the parameters by µ2
N ≪ v2 and λ2 − λ3 = O(10−6) with λ2,3 = O(1),

desirable spectrum such as mh0
N
= O(1 − 10) MeV and mA0,h−

N
! 100 GeV can be

simultaneously obtained. Experimental limit on charged Higgs mass is given by using

t → H+b for mH+ < mt and H+ → τν for mH+ > mt by H+ production via third

generation quarks at the LHC [13]. However, hN does not couple with quarks in the

model, and thus, h−
N is free from the limit. So only LEP constrains h−

N by e+e− →
H+H− → ττνν, and the exclusion limit is mH+ ! 100 GeV by imposing Br(H+ →
τν) = 1 [14]. CP-odd Higgs is still free from any experimental observation since it

only couples with neutrino. Lepton flavor violation is also affected by the charged

Higgs such as µ → eγ induced by the effective operator mµ(g2/Λ2)µ̄RσµνeLFµν where

Λ is a cutoff scale. Experimental limit is given by Br(µ → eγ) " 10−13 [15] which

reads to Λ ! O(100) GeV if we take g = O(0.1) and a loop factor is considered [16].

A crucial experimental limit is for the coupling among h0
N and neutrinos from

meson decays emitting h0
N . Particularly π/K → lνl′h0

N gives a stringent constraint

on the coupling g [17, 18]. Hereafter we denote geffab h
0
N ν̄aνb (a, b = e, µ, τ) as flavor

basis, and the coupling is converted into gij = (U †
PMNS)iag

eff
ab (UPMNS)bj (i, j = 1, 2, 3)

in mass basis using the unitary matrix UPMNS:

UPMNS =

⎡

⎣
1 0 0

0 c23 s23

0 −s23 c23

⎤

⎦

⎡

⎣
c13 0 s13e−iδ

0 1 0

−s13eiδ 0 c13

⎤

⎦

⎡

⎣
c12 s12 0

−s12 c12 0

0 0 1

⎤

⎦

×

⎡

⎣
e−α1/2 0 0

0 eiα2/2 0

0 0 1

⎤

⎦ , (6)

where sij ≡ sin(θij), cij ≡ cos(θij), and δ and αi are Dirac and Majorana phases,

respectively, and we take δ = α1 = α2 = 0, s212 = 0.31, s223 = 0.51 and s213 = 0.023

in our analysis.

In mass basis, if we assume only g33 = 0.1, the experimental limit form meson

decays, |g33|2 " 0.02, can be evaded [18]. Number of neutrinos reaching to the earth

can be approximately estimated by

dNν

dL
(Eν , z) ≃ −Nν(Eν , z)

λ(Eν)
, (7)
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FIG. 3: Exclusion curves in the m1 − G plane. We show the curves for g1, g2 and g3. These curves are for θ13 = 0, non-zero
values of θ13 are more restrictive.

where g is the neutrino-Majoron coupling matrix in the flavor basis and G is the neutrino-Majoron coupling matrix

in the mass basis.

Although it is not valid in general, many models [34, 35, 36] have the following property (at least in some limit)

G = diag(g1, g2, g3) ∝ M = diag(m1, m2, m3) (39)

Following [37], we calculate the allowed region for different values of δ, α1 and α2 and then choose the union of

these regions as the final result, valid for any value of the phases, as shown in Figure 3.

III. CONCLUSIONS

Using three different techniques we were able to constraint the neutrino-Majoron couplings. The strongest con-

straints are shown in Table III. Considering only the limits from meson decays we improve by one order of magnitude

the previous limits on |geα|2 and |gµα|2 [15, 16, 17]. Although the best constraints were obtained from meson decay

rates, we have shown that independent bounds can also be obtained from µ and τ decays. The latter one being

the best to constraint the gτα elements. We stress that the bounds on gτα shown in Table III is probably the first

model-independent constraint for this parameter.

The third alternative used was an analysis of the spectrum of muon decay. Despite its potential for constraining the

gµα elements, the experimental values are not precise enough to make such an analysis useful. Our best constraints

are |geα|2 < 5.5 × 10−6, |gµα|2 < 4.5 × 10−5 and |gτα|2 < 5.5 × 10−2, α = e, µ, τ at 90 % C. L. .

mass basis

for desirable absorption line

We take g11=10-3 in mass basis for conservative case.

Attempt 1.
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3.  Viable models

* absorption line in a sample parameter set

(normal hierarchy is assumed)

3

Swift  LGRBs

FIG. 1: The redshift distribution of the 262 Swift LGRBs
with known redshift that were detected before November 15,
2013 and their expected distribution14 assuming the rate of
GRBs/SNe traces the SFR.

true GRB rate is ṄGRB 4 π/∆Ω. Consequently, the total
power in γ-rays emission by GRBs at redshift z is

Eiso
∆Ω

4 π
ṄGRB(z)

4 π

∆Ω
= Eiso ṄGRB(z), (7)

independent of the beaming angle of GRBs. Noting that
the full sky rate of GRBs is25 ṄGRB ≈ 3/day, (roughly
1GRB (Gpc)−3 y−1), the cumulative energy flux of GRB
neutrinos of all flavors per sr that is beamed towards
Earth can be written as

EFν ≈
ṄGRB (mp/me)

NGRB ln(Emax/mp c2)
Σi

(1 + zi)Eiso(i) fν(i)

[4 πDL(zi)]2

(8)
where the summation extends over the NGRB = 136
GRBs with known redshift and Eiso and reported in
the GCN Circulars Archive24, and an absorber column
density Np reported in the Swift/XRT GRB light curve
repository16 and corrected for metallicity. Using these
values, Eq. (8) yields a diffuse energy flux of high energy
near-source GRB neutrinos (summed over all ν flavors)

EFν(GRBs) ≈ 5.6× 10−9GeV cm−2 sr−1 s−1 . (9)

The above calculation can be repeated for SNe neutrinos
with either the z-dependent Np of GRB absorbers22 cor-
rected for metallicity19, or a z-dependent GMC density
n(z) = n(0) (1 + z)3,

EFν(SNe) ≈
SNR(0) < Ek(SN) > fν(0)

4 π ln(Emax/mp c2)
D (10)

where D =
∫

(SFR(z)/SFR(0)) dDc(z) ≈ 105 Mpc. It
yields EFν(SNe) = 5.2× 10−9GeV cm−2 sr−2 s−1.

Swift  LGRBs

FIG. 2: The distribution of the Eiso values measured to date
and reported in GCNs24, as function of redshift, for 136 GRBs
with known redshift that were detected before May 1, 2014
and are listed in the Greiner Catalog of GRBs23.

IV. CONCLUSIONS

The expected cumulative cosmic flux of very high en-
ergy neutrinos produced in hadronic interactions near
source and in the intergalactic medium by the very high
energy CRs accelerated in gamma ray bursts and super-
nova explosions is EFν ≈ 3.87×10−8GeV cm−2 sr−1 s−1.
Neutrino oscillations spread this energy flux equally over
the three ν flavours

EFνi ≈ 1.3× 10−8GeV cm−2 sr−1 s−1, (11)

where i = e, µ, τ . This predicted flux is based mainly
on general considerations and priors, but not on free ad-
justable parameters. It is compatible with the flux of the
high energy cosmic neutrino background above 30 TeV
(Eq. 1) that was discovered with IceCube1. However, the
lack of knowledge of the complex environments of SNe
at high redshifts does not allow a reliable estimate of the
error.
Detection of high energy GRB neutrinos from individ-

ual GRBs during their afterglow phase probably requires a
neutrino telescope with a much larger effective area than
that of IceCube. Clear detection of GRB neutrinos, how-
ever, might also come through stacking IceCube neutrino
events with energy above 30 TeV from the directions of
GRBs during their afterglow phase and a comparison of
the cumulative number with that expected from a com-
plete isotropic background.
While the isotropic HE neutrino flux observed with

IceCube probably is of deep extragalactic origin, the ob-
served flux near Earth of the ultra-high energy (UHE)

suppose E-2 from GRBs

O(1) Gpc 1405.5487
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Figure 3: Absorption line with the sample parameters assuming the source distance

to be O(1)Gpc. Left panel: The neutrino mass dependences. The black dots

with error bars are observed data, and the best-fit power low is E2
νΦν(Eν) = 1.5 ×

10−8(Eν/100TeV)−0.3 GeV/cm2/s/sr [2]. Right panel: The dependence on the reso-

nance mass. In both figures, we assumed g ≡ geff11 = O(10−3).

where z denotes the redshift parameter, c = 3 × 105 km/s, H0 = 100h km/s/Mpc,

and Ωm and ΩΛ are energy densities of matter and dark energy, respectively. In our

analysis, we use h = 0.67, Ωm = 0.32 and ΩΛ = 0.68 [35].

In Fig. 3, we show some examples of the neutrino spectrum for the extra-galactic

sources locating at the distance of 1Gpc. The figure shows that the absorption line

can be achieved for geff11 = 10−3, which easily satisfies the constraints from the rare

decay in Eq. (12). The left panel of the figure shows the neutrino mass dependence

of the absorption line, where we take the neutrino mass as a free parameter, and

focus on the dominant contribution to the absorption process. From the figure, we

find that the neutrino mass about mν ≃ 5.6 × 10−3 eV provides a nice fit to the

null regions of the IceCube flux. Interestingly, this mass is close to the square root

of the squared mass differences of the first two neutrinos in the normal hierarchy,

∆m2
21 ≃ 7.6 × 10−5 eV2 [36]. Thus, the result favors the neutrino mass spectrum

in which the first two neutrinos are rather degenerated. The right panel shows the

dependence on the resonance mass. The figure shows that the nice fit is achieved for

Ms ≃ 3MeV.

When the neutrino sources are inside our galaxies with the distance of O(10) kpc,

11

mν ∼ Δm12

(Δm12 = 7.6 ×10
−5eV 2 )

Degenerated spectrum for ν1 and ν2 
is rather favored.
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Attempt 2. Large neutrino magnetic moment scenario

If neutrino has the large magnetic moment, chirality flip of cosmic-ray neutrino takes place.

SNR

L R L R

Larmor precession

Sx

Sy

Sz

Larmor frequency: ω = µνB

neutrino magnetic moment

galactic magnetic field

Chirality flip takes place at ωt = π

When the neutrinos pass through the magnetic field, however, the chirality flip

is potentially possible since the neutrinos have a finite magnetic momentum, µν . In

the magnetic fields B, the Larmor frequency of the neutrino is given by Bµν , and

hence, the Dirac neutrinos flip their chirality when the travel time is longer than the

Larmor frequency.#8 Thus, once the chirality flip occurs due to a strong magnetic

field, the neutrino absorption can be achieved by the resonance appearing in the

collisions between the right-handed neutrinos,

L = gsN̄RN̄R , (15)

in the case of the Dirac neutrino. The required masses of the resonance and the size

of the coupling to obtain the visible absorption line are the similar to the results in

the previous section. It should be noted that the size of the coupling g is hardly

constrained by any other experiments including the rare meson decay.

Unfortunately, however, the neutrino magnetic moment predicted in the SM is

very small,

µν ≃ 3× 10−19
( mν

1 eV

)
µB , (16)

where µB ≡ e/(2me) ≃ 0.6 × 10−13GeV/T is the Bohr magneton. Therefore the

necessary distance for the chirality flip is very long;

Lcf = π/µνB ≃ 10

(
0.1 eV

mν

)(
µG

B

)
Gpc . (17)

Thus, it is difficult to flip the chirality by the galactic magnetic field B ≃ 10−6G [37,

38]. As a result, in order for the chirality flip takes place, we need a new physics

which enhances the neutrino magnetic moment significantly (see e.g. Ref. [39]).

For example, if we assume the current experimental upper limit on the neutrino

magnetic field, µν < 5.4 × 10−11µB [40], the chirality flip is possible within the

traveling dietance of O(1) kpc under the the galactic magnetic field B ≃ 10−6 G.#9

4 Summary and Discussion

In this paper, we have discussed the possibility whether the null-event region around

the sub-PeV scale in the neutrino spectrum observed at the IceCube experiment
#8In the rest frame of the injecting neutrino, the travel time is suppressed by a large Lorentz

boost factor, where the Larmor frequency is enhanced by the boost magnetic field in the rest frame.
#9If the neutrinos are accelerated at the PWN surrounding a very strong magnetic field B ∼

1012 G, the required enhancement of the neutrino magnetic moment can be smaller, although we

do not pursue this possibility any more in this paper.

13

B ! 10−6G (= 1µG)
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Large neutrino magnetic moment scenario

* SM
Larmor precessionS. M. Bilenky and S. T. Petcov: Massive neutrinos and neutrino oscillations 729

based on cosmological arguments (Morgan, 1981); (a)

I =8,p)7). . .

1/2
iP,, i

(8.5X10 "ILI,II, (10.48d)
V

. + 2
y(q) GF(m(( )mq ) mI

I'JI —(~) 2- ~ g 4 UIJ Ull
8.7T v Q j ~ p ~ Mpj

(10.49)

Taking into account the experimental values of the s-
lepton and W—+-'boson masses (m~=1.78 GeV, M~——82
GeV) and using Eq. (10.46), it is easy to derive a lower
bound for the corresponding radiative lifetimes:

r 5
29 30 eV

'pp 0 10 yr

Let us note that the cosmological bound on p, was obtained
in the framework of the big bang theory by requiring that the
synthesis of He in the early universe not be affected by the ex-
citation of additional neutrino helicity states due to the elec-
tromagnetic interaction of the neutrinos. The astrophysical
bound is based on considerations of the allowed energy losses
due to neutrino pair emission by degenerate dwarf stars and is
valid for neutrinos with masses smaller than 10 keV.
For an early discussion of neutrino radiative decays in the

framework of the intermediate vector-boson theory with lepton
mixing, see Nakagawa et al. (1963}.

from astrophysical considerations (footnote 62) (Beg
et al. , 1978) (@II——e/2m, is the Bohr magneton). The
bounds obtained on the basis of the existing accelerator
data are expected to be improved approximately by an

(—)

order of magnitude in the v „-e and v, -e elastic
scattering experiments that are being performed or are in
preparation at present. Let us note also that magnetic
moments of the order of or greater than 10 ' —10
(e/2m, ) may have important astrophysical implications
(Cisneros, 1980; Fujikawa and Shrock, 1980; Okun et al.,
1986).
We shall consider next examples of the electroweak

gauge theory predictions for the neutrino radiative life-
times and magnetic moments. Let us discuss first the
predictions of the minimally extended standard
SU(2)L)&U(l) theory with massive Dirac neutrinos (see
Secs. IV.B and VIII.B.1). The fields of the LH flavor
neutrinos vIL(x) in this theory are linear combinations of
the LH components of the fields of Dirac neutrinos
vkI (x) with definite masses: vIL, (x)=gk UIk vkL, (x)
where U is a unitary lepton mixing matrix. At the one-
loop level the amplitude of the neutrino radiative decay
vI ~vz+y is generated by the diagrams with exchange of
virtual 8' —+ bosons and charged leptons shown in Fig.
2(a). Here the suppression mechanism of Glashow,
Iliopoulos, and Maiani (1970) is operating, and in the case
of three generations of leptons we have (Lee and Shrock,
1977;Marciano and Sanda, 1977; Petcov, 1977b)

vk

(c)

e-

FIG. 2. Diagrams corresponding to (a} v;—+vj+y; (b} prey;
(c} p—+3e decays in the minimally extended standard elec-
troweak theory with massive Dirac neutrinos.

3eGFm
8~'v 2

m;
30 eV

e (10.50)

Note that p; vanishes in the limit of zero neutrino mass,
when the difference between Dirac and Majorana neutri-

Clearly, the radiative decays of neutrinos with masses
satisfying the cosmological restriction (10.47) will be
beyond observation if this bound is valid.
Much shorter lifetimes are possible if there exists a

fourth generation of sequential leptons with a relatively
heavy charged lepton o, i.e., m &M)v (De Rujula and
Glashow, 1980; Pal and Wolfenstein, 1982). The
Glashow-Iliopoulos-Maiani suppression mechanism turns
out to be ineffective then. The decay rate is maximal for
m~ &&M~, when the moments I'J " take the form of Eq.
(10.49) with the factors

2mI—4U» UII
l mp

replaced by —,
' U'1 U; and ~z, & 1023 yr (30 eV/m;)~.

Unlike the radiative decay rates, the neutrino magnetic
moments in the theory under consideration depend weak-
ly on the lepton mixing matrix and charged-lepton masses
and are extraordinarily small (Lee and Shrock, 1977;Mar-
ciano and Sanda, 1977; Fujikawa and Shrock, 1980):
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µν !
3eGFmν

8π 2 2
∼ 3×10−19 mν

eV
⎛
⎝

⎞
⎠ µB

µB = 5.79 ×10
−11MeV /T (PDG)

* experimental bound

1 Introduction

A Dirac neutrino with standard model interactions has a magnetic moment which is given by [1]

µ
⌫i =

3m
e

G
F

4
p
2⇡2

m
⌫i ' 3⇥ 10�19

⇣m
⌫i

eV

⌘
µ
B

, (1)

where µ
B

= e/2m
e

is the Bohr Magneton (for related works see [2]). The observation of a neutrino

magnetic moment larger than that of Eq. (1) would be a clear sign of the presence of new physics

beyond the standard model. Thus a determination of the neutrino magnetic moment is of great

significance in the search for physics beyond the standard model. There are a variety of experimental

searches which we discuss below. Thus the Borexino experiment[3] gives an upper bound of

µ
⌫

 5.4⇥ 10�11µ
B

90% CL . (2)

which improves the previous limit of 8.4 ⇥ 10�11µ
B

found in [4]. Since Borexino explores solar

neutrinos, the magnetic moment measured by Borexino is a linear combination of the magnetic

moments of the three neutrino flavors. Separately the limits on e, µ and ⌧ neutrinos are

µ
⌫e < 5.8⇥ 10�11µ

B

, (3)

µ
⌫µ < 1.5⇥ 10�10µ

B

, (4)

µ
⌫⌧ < 1.9⇥ 10�10µ

B

. (5)

In reactor experiments the constraint on the neutrino magnetic moment depends on the flavor of

the initial neutrino such as in ⌫
i

� e scattering. Thus in such experiments the constraint on one

flavor can be gotten7. The TEXONO Collaboration gives an upper limit of [5]

µ
⌫e < 7.4⇥ 10�11µ

B

, 90% CL. (6)

The GEMMA experiment [6] (For previous limits see [7]) gives an upper limit of

µ
⌫e < 2.9⇥ 10�11µ

B

, 90% CL . (7)

A more stringent limit comes from a study of the red giants at the time of helium flash, and the

analysis of [8] gives a constraint on the neutrino dipole moment of

µ
⌫

< 3⇥ 10�12µ
B

, (8)

7
In e+e� annihilation process e+e� ! ⌫⌫̄� constraints on the neutrino magnetic moments can also be obtained

but such constraints are relatively weak [9].

1

(Borexino, Phys.Rev.Lett.101:091302)
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is potentially possible since the neutrinos have a finite magnetic momentum, µν . In

the magnetic fields B, the Larmor frequency of the neutrino is given by Bµν , and

hence, the Dirac neutrinos flip their chirality when the travel time is longer than the

Larmor frequency.#8 Thus, once the chirality flip occurs due to a strong magnetic

field, the neutrino absorption can be achieved by the resonance appearing in the

collisions between the right-handed neutrinos,

L = gsN̄RN̄R , (15)

in the case of the Dirac neutrino. The required masses of the resonance and the size

of the coupling to obtain the visible absorption line are the similar to the results in

the previous section. It should be noted that the size of the coupling g is hardly

constrained by any other experiments including the rare meson decay.

Unfortunately, however, the neutrino magnetic moment predicted in the SM is

very small,

µν ≃ 3× 10−19
( mν

1 eV

)
µB , (16)

where µB ≡ e/(2me) ≃ 0.6 × 10−13GeV/T is the Bohr magneton. Therefore the

necessary distance for the chirality flip is very long;

Lcf = π/µνB ≃ 10

(
0.1 eV

mν

)(
µG

B

)
Gpc . (17)

Thus, it is difficult to flip the chirality by the galactic magnetic field B ≃ 10−6G [37,

38]. As a result, in order for the chirality flip takes place, we need a new physics

which enhances the neutrino magnetic moment significantly (see e.g. Ref. [39]).

For example, if we assume the current experimental upper limit on the neutrino

magnetic field, µν < 5.4 × 10−11µB [40], the chirality flip is possible within the

traveling dietance of O(1) kpc under the the galactic magnetic field B ≃ 10−6 G.#9

4 Summary and Discussion

In this paper, we have discussed the possibility whether the null-event region around

the sub-PeV scale in the neutrino spectrum observed at the IceCube experiment
#8In the rest frame of the injecting neutrino, the travel time is suppressed by a large Lorentz

boost factor, where the Larmor frequency is enhanced by the boost magnetic field in the rest frame.
#9If the neutrinos are accelerated at the PWN surrounding a very strong magnetic field B ∼

1012 G, the required enhancement of the neutrino magnetic moment can be smaller, although we

do not pursue this possibility any more in this paper.
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* example: MSSM + vector-like lepton

6 Numerical analysis and results

In this section we give a numerical analysis for the magnetic moment of the electron (µ
1

) and for

the muon (µ
2

). In the analysis we will impose the constraint on the sum of the neutrino masses

arising from the Planck Satellite experiment [31] so that

3X

i=1

m
⌫i < 0.85eV , (35)

where we assume ⌫
i

(i=1,2,3) to be the mass eigenstates with eigenvalues m
⌫i with the mass

hierarchy given in Eq. (18). Neutrino oscillations constraint the neutrino mass squared di↵erences

so that [32]

�m2

31

⌘ m2

3

�m2

1

= 2.4+0.12

�0.11

⇥ 10�3 eV 2 , (36)

�m2

21

⌘ m2

2

�m2

1

= 7.65+0.23

�0.20

⇥ 10�5 eV 2. (37)

Figure 3: Neutrino radiative decay  
j

!  
l

+ � via supersymmetric loops involving the charginos
and the sleptons by the emission of the photon from either the chargino (left) or by the slepton
(right) inside the loop.

It is also interesting to include in the analysis of the neutrino magnetic moments the prediction

of the neutrino lifetime for the decay ⌫
3

! ⌫
1

�, ⌫
2

� (see Fig. 3). A computation of the neutrino

lifetime with the standard model interactions gives [33]

⌧SM
⌫3

⇠ 1043 yrs, (38)

for a ⌫
3

with mass 50 meV. One may compare this with the experimental data from galaxy surveys

within frared satellites AKARI [34], Spitzer [35] and Hershel [36] as well as the high precision cosmic

microwave background (CMB) data collected by the Far Infrared Absolute Spectrometer (FIRAS)
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Table 1: An exhibition of the numerical values for the muon neutrino magnetic moment µ
2

and of
the electron neutrino magnetic moment µ

1

for four sets of inputs (i)-(iv). The common parameter
for the four sets are: |f

3

| = 7 ⇥ 10�8, |f 0
3

| = 5 ⇥ 10�8, |f 00
3

| = 8 ⇥ 10�9, |f 0
4

| = |f 00
4

| = 42,
|f

5

| = 8.11 ⇥ 10�2, |f 0
5

| = 9.8 ⇥ 10�2, |f 00
5

| = 4 ⇥ 10�2, m
N

= 212, tan� = 60, �
3

= 0.3, �0
3

= 0.2,
�00
3

= 0.6, �
4

= 3.1, �0
4

= 0.1, �00
4

= 0.5, �
5

= 1.9, �0
5

= 0.5 and �00
5

= 0.7. Additional parameters
which are di↵erent for di↵erent sets are as follows: Set (i): m

E

= 460, m
0

= 300, A
0

= 579,
m

2

= 320, µ = 300 and |f
4

| = 65. Set (ii): m
E

= 550, m
0

= 300, A
0

= 600, m
2

= 350, µ = 300 and
|f

4

| = 65. Set (iii): m
E

= 550, m
0

= 305, A
0

= 650, m
2

= 355, µ = 300 and |f
4

| = 65. Set (iv):
m

E

= 703, m
0

= 335, A
0

= 780, m
2

= 320, µ = 305 and |f
4

| = 64. All masses are in GeV, phases
in rad and magnetic moments in units of µ

B

. The neutrino mass eigenvalues and the ⌫
3

lifetime
are also exhibited.

Fig. 4 displays the neutrino magnetic moments µ
1

and µ
2

as a function of the soft SU(2) gaugino

mass m
2

. The gaugino mass m
2

enters the analysis via the chargino mass matrix. The analysis of

Fig. 4 is for three values of tan� which from top to bottom are 40, 50 and 60 which correspond to

the unmarked solid, long -dashed and short-dashed curves. We note that the largest contribution to

the magnetic moments arise from the supersymmetric sector, i.e., from the chargino exchange loop

diagrams while the W exchange loop diagrams make a negligible contribution. Fig. 4 shows that

µ
2

can be O(10�10µ
B

) and the predicted values fall below but are close to the experimental upper

limit. As for µ
1

, the predicted values can reach ⇠ 10�13µ
B

which is clearly a major enhancement

on what is predicted by the Standard Model like interactions. The ⌫
3

lifetime corresponding to the

cases tan� = 40, 50, 60 is also exhibited by the marked curves.
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(1G = 10-4T)

Lcf ∼O(1)kpc

Attempt 2.

If new physics can enhance μν, it is possible to flip the chirality during the flight.

If neutrino has the large magnetic moment, chirality flip of cosmic-ray neutrino takes place.



3.  Viable models

Large neutrino magnetic moment scenario

* experimental bound

1 Introduction

A Dirac neutrino with standard model interactions has a magnetic moment which is given by [1]

µ
⌫i =

3m
e

G
F

4
p
2⇡2

m
⌫i ' 3⇥ 10�19

⇣m
⌫i

eV

⌘
µ
B

, (1)

where µ
B

= e/2m
e

is the Bohr Magneton (for related works see [2]). The observation of a neutrino

magnetic moment larger than that of Eq. (1) would be a clear sign of the presence of new physics

beyond the standard model. Thus a determination of the neutrino magnetic moment is of great

significance in the search for physics beyond the standard model. There are a variety of experimental

searches which we discuss below. Thus the Borexino experiment[3] gives an upper bound of

µ
⌫

 5.4⇥ 10�11µ
B

90% CL . (2)

which improves the previous limit of 8.4 ⇥ 10�11µ
B

found in [4]. Since Borexino explores solar

neutrinos, the magnetic moment measured by Borexino is a linear combination of the magnetic

moments of the three neutrino flavors. Separately the limits on e, µ and ⌧ neutrinos are

µ
⌫e < 5.8⇥ 10�11µ

B

, (3)

µ
⌫µ < 1.5⇥ 10�10µ

B

, (4)

µ
⌫⌧ < 1.9⇥ 10�10µ

B

. (5)

In reactor experiments the constraint on the neutrino magnetic moment depends on the flavor of

the initial neutrino such as in ⌫
i

� e scattering. Thus in such experiments the constraint on one

flavor can be gotten7. The TEXONO Collaboration gives an upper limit of [5]

µ
⌫e < 7.4⇥ 10�11µ

B

, 90% CL. (6)

The GEMMA experiment [6] (For previous limits see [7]) gives an upper limit of

µ
⌫e < 2.9⇥ 10�11µ

B

, 90% CL . (7)

A more stringent limit comes from a study of the red giants at the time of helium flash, and the

analysis of [8] gives a constraint on the neutrino dipole moment of

µ
⌫

< 3⇥ 10�12µ
B

, (8)

7
In e+e� annihilation process e+e� ! ⌫⌫̄� constraints on the neutrino magnetic moments can also be obtained

but such constraints are relatively weak [9].

1

(Borexino, Phys.Rev.Lett.101:091302)

* example: MSSM + vector-like lepton

6 Numerical analysis and results

In this section we give a numerical analysis for the magnetic moment of the electron (µ
1

) and for

the muon (µ
2

). In the analysis we will impose the constraint on the sum of the neutrino masses

arising from the Planck Satellite experiment [31] so that

3X

i=1

m
⌫i < 0.85eV , (35)

where we assume ⌫
i

(i=1,2,3) to be the mass eigenstates with eigenvalues m
⌫i with the mass

hierarchy given in Eq. (18). Neutrino oscillations constraint the neutrino mass squared di↵erences

so that [32]

�m2

31
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�m2

1

= 2.4+0.12

�0.11

⇥ 10�3 eV 2 , (36)

�m2

21
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1

= 7.65+0.23

�0.20

⇥ 10�5 eV 2. (37)

Figure 3: Neutrino radiative decay  
j

!  
l

+ � via supersymmetric loops involving the charginos
and the sleptons by the emission of the photon from either the chargino (left) or by the slepton
(right) inside the loop.

It is also interesting to include in the analysis of the neutrino magnetic moments the prediction

of the neutrino lifetime for the decay ⌫
3

! ⌫
1

�, ⌫
2

� (see Fig. 3). A computation of the neutrino

lifetime with the standard model interactions gives [33]

⌧SM
⌫3

⇠ 1043 yrs, (38)

for a ⌫
3

with mass 50 meV. One may compare this with the experimental data from galaxy surveys

within frared satellites AKARI [34], Spitzer [35] and Hershel [36] as well as the high precision cosmic

microwave background (CMB) data collected by the Far Infrared Absolute Spectrometer (FIRAS)
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Fig. 4 displays the neutrino magnetic moments µ
1

and µ
2

as a function of the soft SU(2) gaugino

mass m
2

. The gaugino mass m
2

enters the analysis via the chargino mass matrix. The analysis of

Fig. 4 is for three values of tan� which from top to bottom are 40, 50 and 60 which correspond to

the unmarked solid, long -dashed and short-dashed curves. We note that the largest contribution to

the magnetic moments arise from the supersymmetric sector, i.e., from the chargino exchange loop

diagrams while the W exchange loop diagrams make a negligible contribution. Fig. 4 shows that

µ
2

can be O(10�10µ
B

) and the predicted values fall below but are close to the experimental upper

limit. As for µ
1

, the predicted values can reach ⇠ 10�13µ
B

which is clearly a major enhancement

on what is predicted by the Standard Model like interactions. The ⌫
3

lifetime corresponding to the

cases tan� = 40, 50, 60 is also exhibited by the marked curves.
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Lcf ∼O(1)kpc

In this case, it is not necessary that new interaction has to involve left-handed neutrinos.
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Figure 3: Absorption line with the sample parameters. Left panel: The case of

g33 = 0.1 and mν1 = 10 meV. The black dots with error bars are observed data, and

the best-fit power low is E2
νΦν(Eν) = 1.5×10−8(Eν/100TeV)−0.3 GeV/cm2/s/sr [2].

Right panel: The case of geffττ = 0.3 and mν1 = 10 meV with three sample distances

for neutrino sources.

absorption:

L ⊃ gsN̄RN̄R, (9)

where s is a singlet scalar and N̄R is the right-handed neutrino. The situation is

the same as the previous model, and when the scalar mass ms is around MeV scale,

then, absorption line appear at sub-PeV scale according to the coupling g.

4 Summary and duscussion

We have discussed the neutrino absorption line scenario for the null-event region

around sub-PeV scale at IceCube. In this scenario, the neutrino absorption line has

rich information about not only the MeV scale new particle but also neutrino masses.

Astrophysical source of high energy neutrinos also plays an important role to give

an information of interaction strength among neutrinos and new particle since the

appearance of the absorption line depends on the relative magnitude between the

MFP and the distance to the neutrino source from the earth. We have proposed

two viable models to induce the neutrino absorption at sub-PeV scale with evad-

9

Other situations are the same as the previous model.
(meson decay, etc.)

Attempt 2.

If new physics can enhance μν, it is possible to flip the chirality during the flight.

If neutrino has the large magnetic moment, chirality flip of cosmic-ray neutrino takes place.



4.  Summary

Summary

* CνB absorption around sub-PeV scale is discussed.	



* Such absorption line may indicate MeV scale particle interacting with neutrinos. 

* The line shape is also sensitive to neutrino masses. 

* As viable models, “neutrinophilic doublet scalar” and “large neutrino magnetic moment 

scenario” are discussed.	



* Those models are testable in future collider experiments.



2.  Neutrino absorption at sub-PeV scale
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Figure 2: The neutrino mean free path for various neutrino masses. The numbers shown

in the boxes are the mean free path in the unit Mpc for each couplings. The scalar boson

mass is set to be Ms = 1 MeV, 2 MeV, 3 MeV and 4 MeV in the upper left, upper right,

bottom left and bottom right panels, respectively.
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desirable absorption line will appear

10 kpc for g=0.1	


1 Gpc for g=0.001



3.  Viable models

Inverse seesaw model with a neutrinophilic scalar doublet

since the neutrino has much higher energy than the neutrino mass. Therefore, the

absorption line scenario requires a new interaction involving left-handed neutrino so

that the cosmic-ray neutrino scatter with CνB, and power of the interaction should

be enough strong to be shorter MFP compared to kpc scale. Other intriguing source

is gamma ray bursts (GBRs) [12] whose distance is O(1) Gpc from the earth. In

this case, necessary coupling strength becomes smaller since required MFP is longer

than the case of SNRs.

3.1 Inverse seesaw model with a neutrinophilic scalar dou-

blet

At first, we examine a model where neutrinophilic scalar doublet hN and additional

neutrino components N̄R and NN are introduced:

L ⊃ ghN lNN + yhlN̄R +MN̄RNN +mNNNN . (4)

In the model, we impose charges of the lepton number L and the discrete symmetry

Z2 as shown in Table 1. The last three terms induce the tiny neutrino mass mν ≃
y2v2(m/M2) by the inverse seesaw mechanism where v is the vacuum expectation

value (VEV) of Higgs and m ≪ M ≪ yv is assumed.

l NN N̄R h hN

L +1 +1 −1 0 −2

Z2 + + − + −

Table 1: Charge assignment of the model of Eq. (4).

Under the symmetry, the scalar potential is given by

V = −µ2
h|h|2 + λ(h†h)2 + µ2

N |hN |2 + λ1(h
†
NhN)

2

+λ2|h|2|hN |2 − λ3|h†hN + h.c.|2 (5)

where hN does not acquire a VEV #2, and parameters µ2
h, µ2

N , λ, λ1, λ2 and λ3

are defined as positive values. We can estimate the scalar mass spectrum of hN by

#2Suppose that m in Eq. (4) are spurions of explicit breaking of the lepton number, it has the

charge L = +2. Therefore, hN and h mix with each other in a form of m∗hN ↔ h, whose mixing

is of order m/M ≪ 1 via one-loop diagram, and consequently the VEV of hN is negligible against

quantum corrections.
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The presence of a massless boson coupled to neutrinos in the Gelmini-Roncadelli gauge
model can be tested in m, K leptonic decays and in wrong-sign single-lepton production by neu-
trinos. We place bounds on Majoron-neutrino couplings from experimental limits on these
processes.

A Nambu-Goldstone boson, called the Majoron,
arises in gauge models that have a spontaneous
breaking of a B—L global symmetry. ' There are
two possible models of this kind, with and without
right-handed neutrinos. In the latter case, proposed
by Gelmini and Roncadelli (GR), ' the Majoron may
have interesting observable consequences, some of
which have been recently considered. ' In this paper
we examine possible effects of the Majoron in lepton-
ic weak decays of kaons and pions, and in deep-
inelastic scattering of neutrinos; the processes of in-
terest are illustrated in Fig. 1. We derive experimen-
tal upper limits on the Yukawa coupling of the Ma-
joron to neutrinos.

M, X

C
7' L

In the GR model the standard SU(2) && U(1) model
is modified by a triplet of Higgs bosons 4' (Q++,
P+, P ) in addition to the usual doublet 4&. 4 is as-
signed a nonzero 8 —L number and 8—L as a global
symmetry is preserved in the Lagrangian, but is bro-
ken spontaneously by a vacuum expectation value v T
of P . There is a genuine zero-mass Nambu-
Goldstone boson (Majoron) M and a light neutral
Higgs boson X, whose couplings to neutrinos are
given by

1Z„~+„g= 2 gg gV~(Ur+I'y5M+X)V I

I,I

where I, I' go over e, p„v and v= vq+vL, . Mand X
also couple to other fermions, but much more weak-
ly; those couplings are of order

mylar/vD',

where
vD —250 GeV is the vacuum expectation value of
the usual I = —, Higgs field and 87 ( io vD from1 1

measurements of the neutral-current strength. 4 We
will be only concerned with the couplings of Eq. (I)
in this paper.
Neutrino masses are obtained by diagonalizing the

mass matrix whose elements are g„,vT. If the result-
ing flavor mixings are small, then approximately

m„=g«~T, etc.

C
L

FIG. 1. Diagrams for Majoron and X emission in E or m

leptonic decays and in neutrino production of wrong-sign
single leptons.

However, if the g„are all comparable, then all mix-
ing angles are large and two of the three neutrino
masses are nearly zero. In Feynman amplitudes for
Majoron-emission processes, the neutrino eigen-
masses appear in the virtual-neutrino propagators and
the diagonal couplings are related to the g by a uni-
tary transformation. For simplicity we shall frequent-
ly use a generic label g to denote the effective overall
coupling, with the understanding that g is process
dependent.
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decomposing into hN = (h0
N + iA0, h−

N)
T in which h0

N , A0 and h−
N are neutral CP-

even, neutral CP-odd, charged scalars, respectively. h0
N , A0 and h−

N acquire masses

from the third, fifth and last terms, meanwhile, only h0
N has an additional mass

from the sixth term; m2
A0,h−

N
∼ µ2

N + λ2v2, m2
h0
N

∼ µ2
N + (λ2 − λ3)v2. Therefore,

if we take the parameters by µ2
N ≪ v2 and λ2 − λ3 = O(10−6) with λ2,3 = O(1),

desirable spectrum such as mh0
N
= O(1 − 10) MeV and mA0,h−

N
! 100 GeV can be

simultaneously obtained. Experimental limit on charged Higgs mass is given by using

t → H+b for mH+ < mt and H+ → τν for mH+ > mt by H+ production via third

generation quarks at the LHC [13]. However, hN does not couple with quarks in the

model, and thus, h−
N is free from the limit. So only LEP constrains h−

N by e+e− →
H+H− → ττνν, and the exclusion limit is mH+ ! 100 GeV by imposing Br(H+ →
τν) = 1 [14]. CP-odd Higgs is still free from any experimental observation since it

only couples with neutrino. Lepton flavor violation is also affected by the charged

Higgs such as µ → eγ induced by the effective operator mµ(g2/Λ2)µ̄RσµνeLFµν where

Λ is a cutoff scale. Experimental limit is given by Br(µ → eγ) " 10−13 [15] which

reads to Λ ! O(100) GeV if we take g = O(0.1) and a loop factor is considered [16].

A crucial experimental limit is for the coupling among h0
N and neutrinos from

meson decays emitting h0
N . Particularly π/K → lνl′h0

N gives a stringent constraint

on the coupling g [17, 18]. Hereafter we denote geffab h
0
N ν̄aνb (a, b = e, µ, τ) as flavor

basis, and the coupling is converted into gij = (U †
PMNS)iag

eff
ab (UPMNS)bj (i, j = 1, 2, 3)

in mass basis using the unitary matrix UPMNS:

UPMNS =

⎡

⎣
1 0 0

0 c23 s23

0 −s23 c23

⎤

⎦

⎡

⎣
c13 0 s13e−iδ

0 1 0

−s13eiδ 0 c13

⎤

⎦

⎡

⎣
c12 s12 0

−s12 c12 0

0 0 1

⎤

⎦

×

⎡

⎣
e−α1/2 0 0

0 eiα2/2 0

0 0 1

⎤

⎦ , (6)

where sij ≡ sin(θij), cij ≡ cos(θij), and δ and αi are Dirac and Majorana phases,

respectively, and we take δ = α1 = α2 = 0, s212 = 0.31, s223 = 0.51 and s213 = 0.023

in our analysis.

In mass basis, if we assume only g33 = 0.1, the experimental limit form meson

decays, |g33|2 " 0.02, can be evaded [18]. Number of neutrinos reaching to the earth

can be approximately estimated by

dNν

dL
(Eν , z) ≃ −Nν(Eν , z)

λ(Eν)
, (7)
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FIG. 3: Exclusion curves in the m1 − G plane. We show the curves for g1, g2 and g3. These curves are for θ13 = 0, non-zero
values of θ13 are more restrictive.

where g is the neutrino-Majoron coupling matrix in the flavor basis and G is the neutrino-Majoron coupling matrix

in the mass basis.

Although it is not valid in general, many models [34, 35, 36] have the following property (at least in some limit)

G = diag(g1, g2, g3) ∝ M = diag(m1, m2, m3) (39)

Following [37], we calculate the allowed region for different values of δ, α1 and α2 and then choose the union of

these regions as the final result, valid for any value of the phases, as shown in Figure 3.

III. CONCLUSIONS

Using three different techniques we were able to constraint the neutrino-Majoron couplings. The strongest con-

straints are shown in Table III. Considering only the limits from meson decays we improve by one order of magnitude

the previous limits on |geα|2 and |gµα|2 [15, 16, 17]. Although the best constraints were obtained from meson decay

rates, we have shown that independent bounds can also be obtained from µ and τ decays. The latter one being

the best to constraint the gτα elements. We stress that the bounds on gτα shown in Table III is probably the first

model-independent constraint for this parameter.

The third alternative used was an analysis of the spectrum of muon decay. Despite its potential for constraining the

gµα elements, the experimental values are not precise enough to make such an analysis useful. Our best constraints

are |geα|2 < 5.5 × 10−6, |gµα|2 < 4.5 × 10−5 and |gτα|2 < 5.5 × 10−2, α = e, µ, τ at 90 % C. L. .
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3.  Viable models

only                  is assumed

Inverse seesaw model with a neutrinophilic scalar doublet

since the neutrino has much higher energy than the neutrino mass. Therefore, the

absorption line scenario requires a new interaction involving left-handed neutrino so

that the cosmic-ray neutrino scatter with CνB, and power of the interaction should

be enough strong to be shorter MFP compared to kpc scale. Other intriguing source

is gamma ray bursts (GBRs) [12] whose distance is O(1) Gpc from the earth. In

this case, necessary coupling strength becomes smaller since required MFP is longer

than the case of SNRs.

3.1 Inverse seesaw model with a neutrinophilic scalar dou-

blet

At first, we examine a model where neutrinophilic scalar doublet hN and additional

neutrino components N̄R and NN are introduced:

L ⊃ ghN lNN + yhlN̄R +MN̄RNN +mNNNN . (4)

In the model, we impose charges of the lepton number L and the discrete symmetry

Z2 as shown in Table 1. The last three terms induce the tiny neutrino mass mν ≃
y2v2(m/M2) by the inverse seesaw mechanism where v is the vacuum expectation

value (VEV) of Higgs and m ≪ M ≪ yv is assumed.

l NN N̄R h hN

L +1 +1 −1 0 −2

Z2 + + − + −

Table 1: Charge assignment of the model of Eq. (4).

Under the symmetry, the scalar potential is given by

V = −µ2
h|h|2 + λ(h†h)2 + µ2

N |hN |2 + λ1(h
†
NhN)

2

+λ2|h|2|hN |2 − λ3|h†hN + h.c.|2 (5)

where hN does not acquire a VEV #2, and parameters µ2
h, µ2

N , λ, λ1, λ2 and λ3

are defined as positive values. We can estimate the scalar mass spectrum of hN by

#2Suppose that m in Eq. (4) are spurions of explicit breaking of the lepton number, it has the

charge L = +2. Therefore, hN and h mix with each other in a form of m∗hN ↔ h, whose mixing

is of order m/M ≪ 1 via one-loop diagram, and consequently the VEV of hN is negligible against

quantum corrections.
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* Meson decay

decomposing into hN = (h0
N + iA0, h−

N)
T in which h0

N , A0 and h−
N are neutral CP-

even, neutral CP-odd, charged scalars, respectively. h0
N , A0 and h−

N acquire masses

from the third, fifth and last terms, meanwhile, only h0
N has an additional mass

from the sixth term; m2
A0,h−

N
∼ µ2

N + λ2v2, m2
h0
N

∼ µ2
N + (λ2 − λ3)v2. Therefore,

if we take the parameters by µ2
N ≪ v2 and λ2 − λ3 = O(10−6) with λ2,3 = O(1),

desirable spectrum such as mh0
N
= O(1 − 10) MeV and mA0,h−

N
! 100 GeV can be

simultaneously obtained. Experimental limit on charged Higgs mass is given by using

t → H+b for mH+ < mt and H+ → τν for mH+ > mt by H+ production via third

generation quarks at the LHC [13]. However, hN does not couple with quarks in the

model, and thus, h−
N is free from the limit. So only LEP constrains h−

N by e+e− →
H+H− → ττνν, and the exclusion limit is mH+ ! 100 GeV by imposing Br(H+ →
τν) = 1 [14]. CP-odd Higgs is still free from any experimental observation since it

only couples with neutrino. Lepton flavor violation is also affected by the charged

Higgs such as µ → eγ induced by the effective operator mµ(g2/Λ2)µ̄RσµνeLFµν where

Λ is a cutoff scale. Experimental limit is given by Br(µ → eγ) " 10−13 [15] which

reads to Λ ! O(100) GeV if we take g = O(0.1) and a loop factor is considered [16].

A crucial experimental limit is for the coupling among h0
N and neutrinos from

meson decays emitting h0
N . Particularly π/K → lνl′h0

N gives a stringent constraint

on the coupling g [17, 18]. Hereafter we denote geffab h
0
N ν̄aνb (a, b = e, µ, τ) as flavor

basis, and the coupling is converted into gij = (U †
PMNS)iag

eff
ab (UPMNS)bj (i, j = 1, 2, 3)

in mass basis using the unitary matrix UPMNS:

UPMNS =

⎡

⎣
1 0 0

0 c23 s23

0 −s23 c23

⎤

⎦

⎡

⎣
c13 0 s13e−iδ

0 1 0

−s13eiδ 0 c13

⎤

⎦

⎡

⎣
c12 s12 0

−s12 c12 0

0 0 1

⎤

⎦

×

⎡

⎣
e−α1/2 0 0

0 eiα2/2 0

0 0 1

⎤

⎦ , (6)

where sij ≡ sin(θij), cij ≡ cos(θij), and δ and αi are Dirac and Majorana phases,

respectively, and we take δ = α1 = α2 = 0, s212 = 0.31, s223 = 0.51 and s213 = 0.023

in our analysis.

In mass basis, if we assume only g33 = 0.1, the experimental limit form meson

decays, |g33|2 " 0.02, can be evaded [18]. Number of neutrinos reaching to the earth

can be approximately estimated by

dNν

dL
(Eν , z) ≃ −Nν(Eν , z)

λ(Eν)
, (7)
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mass basis:

where L is the neutrino traveling path defined by L = (c/H0)
∫
dz(Ωm(1 + z)3 +

ΩΛ)−1/2 Mpc using c = 3 × 105 km/s, H0 = 100h km/s/Mpc, and Ωm and ΩΛ

are energy densities of matter and dark energy, respectively. We use the following

cosmological parameters: h = 0.7, Ωm = 0.27 and ΩΛ = 0.73. In this case, the

absorption line appears at sub-PeV scale as shown in the left panel of Fig. 3, where

relevant neutrino mass is only mν3 while the squared mass differences is given by

∆m2
21 ≡ m2

ν2−m2
ν1 = 7.6×10−5 eV2 and ∆m31 ≡ ||mν3 |2−m2

ν1 | = 2.5×10−3 eV2 [19],

and we assume hierarchical neutrino spectrum in our analysis. We also assume that

the neutrino source locates 1Gpc far from the earth for example.

In flavor basis, the experimental limit for geffab is given by

∑

l=e,µ,τ

|geffel |2 < 5.5× 10−6,
∑

l=e,µ,τ

|geffµl |2 < 4.5× 10−5 and
∑

l=e,µ,τ

|geffτ l |2 < 3.2. (8)

We exhibit the case that only geffττ = 0.3 and other couplings are set to be vanished,

so that the experimental constraint is evaded. The result is shown in the right

panel of Fig. 3 where three absorption lines corresponding to three neutrinos appear.

However, the absorbed region of ν3 is too small to be detected, while other two are

observed as a degenerated line which would make the null-event region around sub-

PeV scale at IceCube.

3.2 Other model

Next let us discuss other possible model to induce the neutrino absorption line at sub-

PeV scale. As previously mentioned, high energy neutrino produced by astrophysical

sources usually left-handed, and the chirality flip is hardly took place because its

energy is much higher that the mass. Therefore, it is natural that an interaction

involving left-handed neutrino is favored.

On the other hand, the chirality flip is potentially allowed if neutrino magnetic

moment µν is large enough. The current experimental limit is given by µν <

5.4 × 10−11µB [20] where µB ≡ e/(2me) is the Bohr magneton, and such a large

µν can be realized in context of supersymmetric models [21]. If neutrino has large

magnetic moment around the upper limit, the chirality flip is took place within the

traveling distance of O(1) kpc with the galactic magnetic field B ∼ 10−6 G in the

supernova SN1987A [22]. In this case, the following interaction produce the neutrino

8

gij = 

Other case (limit for flavor basis couplings)

gττ
eff = 0.5

Attempt 1.
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