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IceCube 3-years data, 37 events

Big Bird

Ernie

Bert
1-2 PeV

•consistent with Waxman-Bahcall bound 
•Atmospheric origin excluded 
•consistent with equal neutrino flux  

  
•The Best fit power law

E2
⌫�(E⌫) = 1.5⇥ 10�8(E⌫/100TeV)�0.3GeVcm�2s�1sr�1

IceCube, PRL 113, (2014)

IceCube has observed high Energy Neutrinos

⌫e : ⌫µ : ⌫⌧ = 1 : 1 : 1

1. Introduction



A gap in the flux between 400TeV(700TeV)-1PeV

•Astrophysical origin 
            e.g. two different sources 

•Particle physics origin  
            related with neutrinos (leptons) 

IceCube has observed high Energy Neutrinos
1. Introduction

No(less) Events observed



– 6–

-700 -600 -500 -400 -300 -200 -100 0

aµ  –  aµ    exp × 10–11

BN
L-E821 2004

JN 09 (e+e–-based)

DHMZ 10 (τ-based)

DHMZ 10 (e+e–)

HLMNT 11 (e+e–)

BNL-E821 (world average)

–301 ± 65

–197 ± 54

–289 ± 49

–263 ± 49

0 ± 63

Figure 2: Compilation of recent published re-
sults for aµ (in units of 10−11), subtracted
by the central value of the experimental av-
erage (3). The shaded band indicates the size
of the experimental uncertainty. The SM pre-
dictions are taken from: JN [4], DHMZ [17],
HMNT [21]. Note that the quoted errors in
the figure do not include the uncertainty on the
subtracted experimental value. To obtain for
each theory calculation a result equivalent to
Eq. (15), the errors from theory and experiment
must be added in quadrature.

(with all errors combined in quadrature) represents an inter-

esting but not yet conclusive discrepancy of 3.6 times the

estimated 1σ error. All the recent estimates for the hadronic

contribution compiled in Fig. 2 exhibit similar discrepancies.

Switching to τ data reduces the discrepancy to 2.4σ, assuming

the isospin-violating corrections are under control within the

estimated uncertainties (see Ref. 32 for an analysis leading to a

different conclusion).

An alternate interpretation is that ∆aµ may be a new

physics signal with supersymmetric particle loops as the leading

candidate explanation. Such a scenario is quite natural, since

August 21, 2014 13:17

Muon Anomalous Magnetic Moment

aSMµ = (11 659 182.8± 4.9)⇥ 10�10

K. Hagiwara et al, J.Phys. G38 (2011)

aexpµ = (11 659 201.1(5.4)(3.3))⇥ 10�10

PDG (2014)

�aµ
world average

theory

�aµ = 288(63)(49)⇥ 10�113.3σ discrepancy
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The Gap and (g-2)μ can be explained by Lμ-Lτ gauge boson

1. Introduction



2. Gauged U(1)Lμ-Lτ model

• Minimal extension of the SM 
• Anomaly free 
• Large neutrino mixing

le eR lµ µR l⌧ ⌧R
Lµ 0 0 1 1 0 0
L⌧ 0 0 0 0 1 1

R. Foot, Mod.Phys.Lett. (1991),  
He, Joshi, Lew, Volkas, PRD (1991)

Choubey, Rodejohann, Eur.Phys.J, (2005) 
Ota, Rodejohann, Phys.Lett. (2006)

The Lagrangian without the kinetic mixing,

Note: In this work, we do not consider the origin of Z’ mass.  
A minimal model is to introduce one scalar to break U(1)Lμ-Lτ,  
which will not affect the following discussions.

+g0Z0
µ(µ̄�

µµ + ⌫̄µ�
µ⌫µ � ⌧̄ �µ⌧ � ⌫̄⌧�

µ⌫⌧ )

L = �
1

4
Z0µ⌫

Z0
µ⌫ +

m2
Z0

2
Z0

µZ
0µ

new interactions for μ and ν



IceCube gap and muon g-2
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FIG. 3. The cosmic neutrino fluxes calculated with the
Lµ − Lτ gauge interaction are compared with the three-
year IceCube data [3]. The model parameters are taken as
MZ′ = 11 MeV and gZ′ = 5 × 10−4. The lightest neutrino
mass is set to be m1 = 0.08 eV and the normal mass hierarchy
is chosen. The SFR is assumed as the redshift distribution of
the cosmic neutrino sources. The cutoff energy of the original
flux is placed at Ecut = 107 GeV. The three different values
of the spectral index sν are examined.

hierarchy with the lightest neutrino mass m1 = 0.08 eV4

and set the model parameters as MZ′ = 11 MeV and
gZ′ = 5 × 10−4. For the sources of cosmic neutrinos,
we assume the SFR, which is given in Eq. (10), as their
redshift distribution, and the cutoff energy Ecut, which
appears in Eq. (9), is taken as Ecut = 107 GeV. The
normalization factor Q0 is adjusted so that the magni-
tude of the calculated flux fits the observation. As can
be seen from the figure, the flux is significantly atten-
uated around 400 TeV − 1 PeV. With a spectrum in-
cluding the gap, one can expect a relatively good fit to
the observation, although the gap will be shallower than
the bottom of the calculated spectra once the curves are
averaged over each energy bin. Since the spectrum calcu-
lated with the inverted hierarchy is essentially the same
as the normal hierarchy shown at Fig. 3, we do not repeat
it.
Let us mention the possibility of simultaneous repro-

duction of the gap and the edge. In view of Refs. [10–12],
we here take lower values of sν and try to form the edge
at the upper end of the spectrum by means of the Lµ−Lτ

interaction, instead of setting the cutoff energy by hand.
Note that with an appropriate adjustment of the flux
normalization, lower values of the spectral index can still
give a good fit to the current observed spectrum [7–9].
According to Fig. 2, the mass of the lightest neutrino

4 This leads to
!

mν ≃ 0.25 eV, which is slightly higher than
the 95% C.L. from the combined analysis of cosmological obser-
vations [114]. However, once the cosmological model is extended
to include more parameters, the constraint is expected to be re-
laxed. For instance, simultaneous inclusion of Neff and

!
mν

leads to
!

mν < 0.28 eV [114].
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FIG. 4. The cosmic neutrino flux calculated with MZ′ = 9
MeV and gZ′ = 4×10−4. Here the normal hierarchy is chosen
and the lightest neutrino mass is set to be m1 = 6× 10−3 eV.
The spectral index is taken to be sν = 2.3 and 2.1.

should be smaller than 10−2 eV to split the resonance
energies and distribute them to the positions of the gap
and the edge. The mass of Z ′ should be smaller than
MZ′ ! 20 MeV to place the resonance energies at the
appropriate positions, cf. Eq. (2). In Fig. 4 (5), we set
the mass of Z ′ to 9 MeV, the coupling gZ′ to 4×10−4, and
the lightest neutrino mass m1 (m3) to 6× 10−3 eV with
the normal (inverted) hierarchy of neutrino mass. Here,
the cutoff energy is taken to be sufficiently high so that
the numerical results do not depend on the value. The
gap is successfully reproduced by the scattering with the
heaviest mass eigenestate of CνB. On the other hand,
the resonant scattering for the edge seems insufficient:
the flux is attenuated only between 3 and 7 PeV, which
may be too narrow (and also too shallow) to explain the
required property of the edge, although it is consistent
with the current data.

Lastly, we comment on the effect of the CνB momen-
tum. If the lightest neutrino mass is chosen to be as light
as the CνB temperature, the CνB momentum effect is
expected to become appreciable, which would make the
width of the edge wider. We will study this possibility in
the near future.

B. Source distributions

So far, we have adopted the SFR as the redshift dis-
tribution of cosmic neutrino sources in our calculations.
However, the source has not been specified yet, and some
of the astrophysical objects have been discussed as the
candidate [11–16]. In Fig. 6, we examine the distribution
of gamma-ray bursts (GRBs) [115],

WGRB(z) ∝

!

(1 + z)4.8 0 ≤ z < 1,

(1 + z)1.4 1 ≤ z ≤ 4.5
(16)

⌫C⌫B

⌫
cos

Z0

⌫

⌫

Araki, Kaneko, Ota, Sato, T.S, PRD93 (2016)

400TeV - 1PeV is resonantly scattered by cosmic ν background

Eres '
m2

Z0

m⌫

The resonant energy of comic ν is 

For mZ’ = 10 MeV, 
Eres ' 1 PeV

The scattering cross section is

� =
2⇡g02
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From numerical analysis, 

g0 � 10�4

g0 g0



IceCube gap and muon g-2

IceCube and (g-2)μ can be explained

Araki, Kaneko, Ota, Sato, T.S, PRD93 (2016)

For mZ’ =10 MeV and g’=4×10-4, 

g
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Z’ contribution to (g-2)μ
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In general, there are no reasons to forbid the kinetic mixing,

Lkin = �
1

4
Bµ⌫Bµ⌫ �

1

4
Z0µ⌫

Z0
µ⌫ +

✏

2
Bµ⌫Z0

µ⌫

B : field strength of U(1)Y

2. Gauged U(1)Lμ-Lτ model



In general, there are no reasons to forbid the kinetic mixing,

Lkin = �
1

4
Bµ⌫Bµ⌫ �
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4
Z0µ⌫

Z0
µ⌫ +

✏

2
Bµ⌫Z0
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The kinetic mixing induces new interactions with Z’ and fermions,

Lint = Z0
µ [�"ecW ē�µe + (g0 � "ecW )µ̄�µµ + (�g0 � "ecW )⌧̄ �µ⌧

Z0 e
�

f

f̄
✏cW

(cW = cos ✓W )

Muon and tau have different couplings to Z’. 
Electron also interacts with Z’. 
Neutrinos have the same interactions.

+g0(⌫̄µ�
µ⌫µ � ⌫̄⌧�

µ⌫⌧ )]

2. Gauged U(1)Lμ-Lτ model

B : field strength of U(1)Y



How to search such a light and weakly int. Z’ gauge boson?



How to search such a light and weakly int. Z’ gauge boson?
★ The production cross section is very small due to the small  

coupling const, g’ .

High luminosity is needed. 50 ab-1 @ Belle-II experiment
e+e- collider



How to search such a light and weakly int. Z’ gauge boson?

★ e+e- to charged leptons via Z’ are hidden by photon exchange.
e+e� ! �⇤ ! ll̄e+e� ! Z0⇤ ! ll̄ v.s.

★ The production cross section is very small due to the small  
coupling const, g’ .

High luminosity is needed. 50 ab-1 @ Belle-II experiment
e+e- collider



How to search such a light and weakly int. Z’ gauge boson?

e+

e� �

Z0

e+e� ! �⇤ ! ll̄e+e� ! Z0⇤ ! ll̄ v.s.

★ e+e- to photon+neutrinos can be comparable to the SM BG.
e+e� ! �Z0⇤ ! �⌫⌫̄ e+e� ! �Z⇤ ! �⌫⌫̄vs

�

or μ/τ loop

★ The production cross section is very small due to the small  
coupling const, g’ .

High luminosity is needed.

suppressed due to heavy Z mass

50 ab-1 @ Belle-II experiment

⇥

e+e- collider

e+

e� �

⌫ ⌫

⌫̄ ⌫̄
Z

★ e+e- to charged leptons via Z’ are hidden by photon exchange.



How to search such a light and weakly int. Z’ gauge boson?

e+

e� �

Z0

e+e� ! �⇤ ! ll̄e+e� ! Z0⇤ ! ll̄ v.s.

e+e� ! �Z0⇤ ! �⌫⌫̄ e+e� ! �Z⇤ ! �⌫⌫̄vs

�

or μ/τ loop

★ The production cross section is very small due to the small  
coupling const, g’ .

High luminosity is needed. 50 ab-1 @ Belle-II experiment

⇥

e+e- collider

suppressed due to heavy Z mass“1 photon+missing” at Belle-II can be a good place for Z’ search.

e+

e� �

⌫

⌫̄
Z

★ e+e- to charged leptons via Z’ are hidden by photon exchange.

★ e+e- to photon+neutrinos can be comparable to the SM BG.



3. Numerical Results



Constraints

Belle-II
Ee+=4.0 GeV,   Ee-=7.0 GeV 
Beam angle : 83 mrad (ignored) 
Photon energy : Eγ>0.1GeV 
Angle : 15° < θγ < 135°

Thanks to K. Hayasaka @ Belle collaboration

1. ν-e scattering measured at Borexino

2. ν+N → ν+μ+μ+N measured at CCFR/CHARM-II

3. beam dump experiment at E141, U70

4. electron g-2 less than 5σ

Harnic, Kopp Machado 
JCAP 1207 (2012)

D. Geiregat et al., PLB 245 (1990)
S. Mishra et al., PRL 66 (1991)

Essig et al., Proc of CSS2013

we require short lifetime to decay in a dump.

Harnic, Kopp Machado 
JCAP 1207 (2012)



mZ’=10 MeV,  ε>0



mZ’=10 MeV,  ε>0 electron (g-2) 5σ
ν-e scattering @ Borexino

beam dump exps. ν trident production



mZ’=10 MeV,  ε>0 electron (g-2) 5σ
ν-e scattering @ Borexino
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mZ’=10 MeV,  ε>0 electron (g-2) 5σ
ν-e scattering @ Borexino

beam dump exps. ν trident production

(g-2)μ 2σ
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Br(Z’→νν)<0.9



mZ’=10 MeV,  ε<0



mZ’=10 MeV,  ε<0

Br(Z’→νν)<0.9



mZ’=100 MeV
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mZ’=100 MeV

ε>0 ε<0

Br(Z’→νν)<0.9 Br(Z’→νν)<0.9
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Constraints on Neutrino Trident Production Process

Eν=1.5 GeV (suppose the INGRID det.)mZ’=10 MeV

⌫µ + N ! ⌫µ + µ + µ + N

�SM+NP

�SM



Constraints on Neutrino Trident Production Process

Eν=1.5 GeV (suppose the INGRID det.)mZ’=10 MeV

⌫µ + N ! ⌫µ + µ + µ + N

�SM+NP

�SM

Neutrino Trident Production also can search the light Z’
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Cross Section σSM+NP/σSM

The lower energy of neutrinos is  
more sensitive to NP.

The lower energy of neutrinos has  
smaller cross sections

cf
�CC/E⌫ ⇠ 10�38 cm2GeV�1



4. Summary
We have studied the gauged Lμ-Lτ model with the kinetic mixing,  
motivated by the IceCube gap and (g-2)μ anomaly.

The allowed region for the model parameters. 

The diff. cross section of e++e-→γ+ν+ν at Belle-II. 

The region with ε < 10-4 and g’ > 10-5 can be explored. 

“γ+ missing” will be clear signals of a light Z’.

The ν trident process is also sensitive to small g’ region. 

Most of the allowed region for 10 MeV can be explored.

We have shown


