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The detector was in this configuration from 23 September 2022 until 11 
September 2023, when seven further lines were installed. After remov-
ing data acquired in the detector commissioning phase and during 
detector calibration periods, 287.4 days of data taking were selected for 
analysis with this configuration. During this period, about 110 million 
events were triggered and KM3-230213A is the highest-energy event 
observed. KM3-230213A is visualized in Fig. 1. A total of 28,086 hits 
were registered by the 21 detection lines. Owing to the large amount of 
detected light, the PMTs closest to the muon trajectory are saturated. 
As expected for very-high-energy muons, at least three large showers, 
probably because of energy-loss processes, are observed along the 
track (more details are provided in the Supplementary Materials).

The muon trajectory is reconstructed from the measured times and 
positions of the first hits recorded on the PMTs, using a maximum- 
likelihood algorithm, described in Methods. KM3-230213A is the event 
with the best track log-likelihood among all those collected in this detec-
tor configuration, indicative of a highly relativistic muon travelling 
several hundreds of metres through the detector. The direction of KM3-
230213A is reconstructed as near-horizontal, originating 0.6° above 
the horizon at an azimuth of 259.8° (azimuth angles increase clock-
wise, with north at 0°). The uncertainty on the direction is estimated  
to be 1.5° (68% confidence level), dominated by the present systematic 
uncertainty on the absolute orientation of the detector. The origin of 
this uncertainty is described in Methods. A dedicated sea campaign 
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Fig. 1 | Views of the event. a, Side and top views of the event. The reconstructed 
trajectory of the muon is shown as a red line, along with an artist’s representation 
of the Cherenkov light cone. The hits of individual PMTs are represented by 
spheres stacked along the direction of the PMT orientations. Only the first  
five hits on each PMT are shown. As indicated in the legend, the spheres are 
coloured according to the detection time relative to the first triggered hit. The 
size of the spheres is proportional to the number of photons detected by the 

corresponding PMT. The locations of the secondary cascades, discussed in 
the Supplementary Material, are indicated by the black spheres along the muon 
trajectory. The north direction is indicated by a red arrow. A 100-m scale and 
the Eiffel Tower (330 m height, 125 m base width) are shown for size comparison. 
b, Zoomed-in view of the optical modules that are close to the first two observed 
secondary showers in the event. Here light-blue spheres represent hits that 
arrive within −5 to 25 ns of the expected Cherenkov arrival times.
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observed at the coordinates of KM3-230213A and 90% confidence level 
upper limits on the one-flavour neutrino flux normalization at 1 GeV, 
Φν ν+

1GeV, assuming a neutrino spectrum of Φ E Φ E( ) = ( (GeV))ν ν ν ν+ +
1GeV −2,  

were set and are reported in Methods. The most stringent limit on the 
point-source origin is 1.2 × 10−9 GeV−1 cm−2 s−1. Although these searches 
are also sensitive to very-high-energy events, the signal for an E−2 spec-
trum is expected in the TeV–PeV range and the reported limits are 
therefore applicable in this area.

Cosmic neutrino flux
To associate a flux to the event, the exposure of the detector for very- 
high-quality and high-energy tracks is computed through simulations. 
The exposure corresponds to selection criteria that require a good 
track-reconstruction likelihood (log-likelihood ratio larger than 500), 
a long track length within the detector (larger than 250 m) and 
N > 1,500trig

PMT .
Considering the central (90%) 72 PeV–2.6 EeV energy range, the 

steady isotropic flux that would produce one event is

E Φ E( ) = 5.8 × 10 GeV cm s sr ,2
−3.7
+10.1 −8 −2 −1 −1

for which the confidence intervals are computed according to  
ref. 26. The 95% and 99.7% confidence level intervals are [0.30–29.8] 
and [0.02–47.7] × 10−8 GeV cm−2 s−1 sr−1, respectively. This represents 
the KM3NeT standalone flux measurement in the 335 days of livetime 
of ARCA with 19 and 21 detection lines.

In Fig. 5, the flux measurement is compared with measured and 
predicted neutrino fluxes and limits. The KM3NeT standalone flux 
measurement exceeds present limits from IceCube27 and Auger28. A pos-
sible interpretation is that the KM3NeT event is an upward fluctuation.  

In such a scenario, described in Methods, one event such as KM3-
230213A would be expected in 70 years of observation with this detec-
tor configuration, and the event is an upward fluctuation at the level 
of 2.2σ.

The expected event rates in ARCA for various extrapolations of the 
flux measured by IceCube are discussed in the Supplementary Mate-
rial. Considering extrapolations of the power-law fit of the IceCube 
measurements, these would yield at most 0.12 events in the 335 days of 
analysed KM3NeT data with 19 and 21 detection lines after the selection 
for track events described above. The observation of KM3-230213A, 
marginally consistent with such expectation, may hint at the emergence 
of a new component in the flux.

A viable alternative hypothesis is cosmogenic neutrino produc-
tion8,29,30, in which neutrinos are generated by the interaction of cosmic 
rays with extragalactic background light or the cosmic microwave back-
ground. The expected number of cosmogenic events in the selected 
data varies between 1.5 × 10−3 (ref. 31) and 0.47 (ref. 32), depending on 
the assumed injection spectrum and cosmic-ray mass composition, 
as well as the cosmological evolution of sources31–40. The envelope of 
a selection of cosmogenic models is shown as a grey-shaded band in 
Fig. 5. Other scenarios of diffuse emission from neutrino production 
in the source environment are shown as the yellow-shaded band in 
Fig. 5. Among these are transient emitters such as gamma-ray-bursts 
and tidal-disruption events34,39,41–44, low-luminosity BL Lacs45 and 
flat-spectrum radio quasars46.

Overall, the detection of a muon neutrino with an energy greater 
than 100 PeV provides evidence for the existence of ultra-high-energy 
neutrinos in nature. The new multiPMT optical module design and the 
excellent optical properties of Mediterranean seawater have allowed 
the characterization of the neutrino interaction and have facilitated 
this breakthrough in neutrino astronomy.
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Fig. 5 | Comparison with models and earlier measurements. Shown is the 
energy-squared per-flavour astrophysical flux derived from the observation  
of KM3-230213A with measurements and theoretical predictions, assuming 
equipartition (νe:νµ:ν% = 1:1:1). The blue cross corresponds to the flux needed  
to achieve one expected event after the track selection described in the text,  
in the central 90% neutrino energy range associated with KM3-230213A, 
illustrated with the horizontal span; the vertical bars represent the 1σ, 2σ and 3σ 
Feldman–Cousins confidence intervals on this estimate. The purple and pink 
shaded regions represent the 68% confidence level contours of the IceCube 
single-power-law (SPL) fits (Northern Sky Tracks, NST5) and High-Energy 
Starting Events (HESE)7, respectively: the darker-shaded regions are the 
respective 90% central energy range at the best fit (dashed line), whereas the 

lighter-shaded regions are extrapolations to higher energies. The purple and 
pink crosses are the piece-wise fit from the same analyses, whereas the orange 
cross corresponds to the IceCube Glashow resonance event11. The dotted lines 
are upper limits from ANTARES (95% confidence level47), Pierre Auger (90% 
confidence level, for an E−2 neutrino spectrum28, corrected to convert from 
limits in half-decade to one-decade bins) and IceCube (90% confidence level, 
estimated assuming an E−1 neutrino spectrum in sliding one-decade bins27). The 
grey-shaded band comprises a variety of cosmogenic neutrino expectations 
following several models of cosmic-ray acceleration and propagation, whereas 
the yellow-shaded band comprises several scenarios of diffuse transient and 
variable extragalactic sources, both reported in the Supplementary Material.
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We shall propose Heavy Dirac fermion

DM decay with the RHN portal for this



What’s new?
• Underlying models are basically the same: Heavy spin-1/2 

DM (dark fermion) decays through RHN portals 


• A couple of developments during the last ~10 years or so


• Obervation of GW from BH binary merge  GW opens a 
new window for fundamental physics; dark gauge symmetry 
breaking predicts GW productions from cosmic strings


• Improved predictions for DM pair annihilations or DM 
decays into a pair of SM particles using SCET (HDM 
package by Bauer, Rodd, Webber, 2007.15001 [hep-ph])

→



Contents
• General Ideas on DM model building along the SM 

construction


• AMS02 positron excess from decaying fermionic thermal 
dark matter (P. Ko, Yong Tang,1410.7657, PLB)


• IceCube events from heavy DM decay with RH Neutrino 
portal (P. Ko and Yong Tang, 1508.02500, PLB)


• Similar idea for the recent KM3-230213A HE neutrino 
event (2504.16040, with Sarif Khan, Jongkuk Kim)



Dark Matter Model Building 
along the SM Construction



What is the DM mass ?
• If very light, DM is long 

lived for the kinematical 
reason


• Axion and light sterile ’s 
are good examples

ν

• Charge/color neutral : no renormalizable int’s w/ 


• Eq of State : 


•  or 

γ, g

ρ ≃ 0 (i . e . p ≃ 0)

τDM ≫ τ (Age of the Universe) ∞

• If not, reasonable to 
assume some conserved 
quantum #, either exactly 
or approximately conserved


• Local or global Dark Sym



Local dark gauge symmetry
• Better to use local gauge symmetry for DM stability/

longevity (Baek,Ko,Park,arXiv:1303.4280 )

• Success of the Standard Model 
of Particle Physics lies in “local 
gauge symmetry” without 
imposing any internal global 
symmetries 


• Electron stability : U(1)em gauge 
invariance, electric charge 
conservation, massless photon


• Proton longevity : baryon # is an 
accidental sym of the SM


• No gauge singlets in the SM ; all 
the SM fermions chiral

• Dark sector with (excited) dark 
matter, dark radiation and force 
mediators might have the same 
structure as the SM


• “(Chiral) dark gauge theories 
without any global sym”


•Origin of DM stability/longevity 
from dark gauge sym, and not 
from dark global symmetries, as 
in the SM


• Just like the SM (conservative)



DM Models in literature
• Top-Down: LSP in SUSY models, LKP in KK models, etc.


• Bottom-Up: ad hoc dark  parities


• Massive dark photon with Stueckelberg mechanism (w/o 
dark Higgs boson): sometimes could be problematic [see 
arXiv:2204.04889, for example]


• DM complementarity can be misleading when applied to 
DM effective theory or simplified DM models w/o full SM 
gauge symmetry (and dark gauge symmetry)

Z2, Z3



Crossing & WIMP detection
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Basic properties of DM
• DM: stable or long-lived ( ): some exact or 

accidental global symmetry 


• No global symmetry from the beginning [like the SM. And it is 
believed to be generically violated by gravity. ]


• Then, there are 3 possibilities within QFT:


• Stable due to exact gauge symmetries or topological reasons


• Long-lived due to some accidental sym. (broken @ dim-6)


• Long-lived since it is very light (axion,  ,…)

τDM ≫ τuniverse

νs



Dark Gauge Symmetry:  
DM Stability/Longevity



Z2 real scalar DM
• Simplest DM model with Z2 symmetry :  

• Global Z2 could be broken by gravity effects (higher dim 
operators)


• e.g. consider Z2 breaking dim-5 op :  


• Lifetime of EW scale mass “S” is too short to be a DM


• Similarly for singlet fermion DM 

S → − S

1
MPlanck

SO(4)
SM

3

not consider dim-3 operators, XRH†H or XIH†H, as-
suming the global dark symmetry GX is broken only by

nonrenormalizable operators.
Then the lifetime of XR or XI decaying into a pair or

photons would be

�(XR(or XI) ! ��) ⇠ 1

4⇡

✓
e2

MPl

◆2

m3
X

⇠ 10�38

✓
mX(GeV)

100

◆3

GeV (3)

This decay rate should be smaller than 10�52GeV, which
is possible only if mX . O(10) keV. If these nonrenor-
malizable operators are induced at lower energy scale
⇤ < MPl, then the DM mass should be lighter than the
above estimate, scaled by (⇤/MPl)2/3. Axion or light di-
lation DM is a good example of this. If these operators
were allowed with O(MPlanck), it would be disastrous for
dark matter physics.

The above argument also applies to global Z2 symme-
try which is invoked very often to stabilize the scalar dark
matter S with the following renormalizable lagrangian :

L =
1

2
@µS@

µS � 1

2
m2

S
S2 � �S

4!
S4 � �SH

2
S2H†H.

The Planck scale suppressed dim-5 operators will make
the weak scale dark matter S decay very fast in this
model too. Namely global Z2 discrete symmetry is not
strong enough to guarantee the stability or longevity of
the scalar dark matter. This is also true for the case of
fermion dark matter, as described in the following sec-
tion.

Local dark gauge symmetry

If dark symmetry U(1)X is unbroken, then the scalar
dark mater will be absolutely stable and there will be a
long range dark force between dark matters. The mass-
less dark photon can contribute to the extra dark radia-
tion at the level of ⇠ 0.06, making slight increase of the

SM prediction for�Ne↵ towards the WMAP9 data. This
issue has been addressed in detail in our recent paper [2],
and we don’t describe it here in any more detail.

If dark symmetry U(1)X is a local symmetry that is
broken spontaneously by h�Xi = v� 6= 0, then the e↵ect
would be similar to the global symmetry breaking with
suitable changes of couplings. The dim-5 operators which
were dangerous in case of global dark symmetry are now
replaced by dim-6 operators since the global dark sym-
metry is implemented to local dark symmetry :

L =
1

M2
Pl

�†
X
XO(4)

SM. (4)

After �X develops nonzero VEV, this operator predicts
that the CDM lifetime is long enough to be safe from
cosmological constraints: However there appears a dim-4
operator which is a disaster for the DM longevity:

L = �XH2�†
X
XH†H +H.c. (5)

After the U(1)X and EWSB, this operator induces a
nonzero VEV for X as well as X ! hh so that X can no
longer be a good CDM candidate.

In order to forbid the above dangerous dim-4 operator,
one has to assign di↵erent U(1)X charges to X and �X :
QX(X) = 1, QX(�X) = 2, for example. Then the model
would possess discrete local Z2 symmetry after U(1)X
breaking, and the lightest U(1)X -charged particle would
be absolutely stable due to the local Z2 symmetry.

L = LSM � 1

4
Xµ⌫X

µ⌫ � 1

2
✏Xµ⌫B

µ⌫ +Dµ�
†
X
Dµ�X � �X

4

⇣
�†
X
�X � v2

�

⌘2
+DµX

†DµX �m2
X
X†X

� �X

4

�
X†X

�2 �
�
µX2�† +H.c.

�
� �XH

4
X†XH†H � ��XH

4
�†
X
�XH†H � �XH

4
X†X�†

X
�X (6)

Due to the µ term, the mass degeneracy between XR and
XI is lifted, and also there could be CP violation from
the µ phase. The model is not so simple compared with
the usual Z2 scalar CDM model:

L =
1

2
@µS@

µS � 1

2
m2

S
S2 � �S

4!
S4 � �SH

2
S2H†H.

Dark matter phenomenology in the model (6) is very rich
and beyond the scope of this letter [1]. On the other
hand, Higgs phenomenology is very simple. There will be
two neutral Higgs-like scalar bosons, the signal strengths
of which are less than 1 independent of decay channels.



Fate of CDM with Z2 sym

• Global Z2 cannot save EW scale DM from decay with long 
enough lifetime

Consider Z2 breaking operators such as

1

MPlanck
SOSM

The lifetime of the Z2 symmetric scalar CDM S is roughly given by

�(S) ⇠ mS

M2
Planck

⇠ (
mS

100GeV
)10�37

GeV

The lifetime is too short for ~100 GeV DM

keeping dim-4 SM 
operators only

3 3

(Baek,Ko,Park,arXiv:1303.4280 )



Fate of CDM with Z2 sym
Spontaneously broken local U(1)X can do the job to some 
extent, but there is still a problem

Let us assume a local U(1)X is spontaneously broken by h�Xi 6= 0 with

QX(�X) = QX(X) = 1

Then, there are two types of dangerous operators:

�†
XXH†H, and �†

XXO(dim�4)
SM

Problematic ! Perfectly fine !

Higgs is not good for DM 
stability/longvity



• These arguments will apply to DM models based on ad 
hoc symmetries (Z2,Z3 etc.)


• One way out is to implement Z2 symmetry as local U(1) 
symmetry (arXiv:1407.6588 with Seungwon Baek and 
Wan-Il Park);


• See a paper by Ko and Tang on local Z3 scalar DM, and 
another by Ko, Omura and Yu on inert 2HDM with local 
U(1)H


• DM phenomenology richer and DM stability/longevity on 
much more solid ground



Scalar dark matter stabilized by local Z2 symmetry
and the INTEGRAL 511 keV � ray

P. Ko
⇤

and Wan-Il Park
†

School of Physics, KIAS, Seoul 130-722, Korea
(Dated: February 13, 2013)

We construct a scalar dark matter model where local Z2 symmetry guarantees the stability of
scalar dark matter. When we include the local U(1)X symmetry as the origin of the local Z2

symmetry, the dark matter appears from a complex scalar which has two real fields. After the
U(1)X ! Z2 symmetry breaking, the mass degeneracy between ..................

INTRODUCTION

If Z2 symmetry were global symmetry, it would be bro-

ken by quantum gravity e↵ects which can be described

by MPlanck scale suppressed nonrenormalizable operators

such as

1

MPlanck

�
SFµ⌫F

µ⌫ , S(H†H)
2, ..

�
(1)

MODEL

Let us assume the dark sector has a local U(1)X gauge

which is spontaneously broken into local Z2 symmetry.

This can be achieved with two complex scalar fields �X

and X ⌘ XR + iXI in the dark sector with the U(1)X

charges equal to 2 and 1, respectively, in the following

lagrangian:

QX(�) = 2, QX(X) = 1

L = LSM +�1

4
Xµ⌫X

µ⌫ � 1

2
✏Xµ⌫B

µ⌫
+Dµ�

†
X
Dµ�X � �X

4

⇣
�†
X
�X � v2

�

⌘2
+DµX

†DµX �m2
X
X†X

� �X

4

�
X†X

�2 �
�
µX2�†

+H.c.
�
� �XH

4
X†XH†H � ��XH

4
�†
X
�XH†H � �XH

4
X†X�†

X
�X (2)

After the U(1)X symmetry breaking by nonzero h�Xi =
v� 6= 0, the µ�term generates

(X2
+H.c.) = 2(X2

R
�X2

I
)

which lifts the mass degeneracy between XR and XI .

The lagrangian is invariant under X ! �X even after

U(1)X symmetry breaking.

The covariant derivative on X is defined as

DµX = @µX � igXXµX.

In terms of XI and XR, one has

DµX
†DµX = @µXR@

µXR + @µXI@
µXI + 2igXXµ

(XR@µXI �XI@µXR) + g2
X
XµX

µ
(X2

R
+X2

I
) (3)

If the mass di↵erence of XR and XI is of ⇠ O(1) MeV

and the lifetime of the heavier state is ⇠ 10
26�29

sec,

then

XR ! XI�
⇤
h

followed by �⇤
h
! � ! e+e�

could generates the positrons which would be a source of

511 keV � ray lines observed by INTEGRAL.

Note that the local Z2 symmetry guarantees the sta-

bility of the dark matter even if we consider 1/MPlanck-

suppressed nonrenormalizable operators. This is in sharp

contrast with the case of global Z2. However the local

Z2 symmetry requires extra fields compared with a sin-

glet scalar dark matter model with unbroken global Z2

symmetry.

From the model lagrangian Eq. (2), we can work out

the particle spectra at the tree level:

m2
X

= g2
X
v2
�
, (4)
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then
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could generates the positrons which would be a source of

511 keV � ray lines observed by INTEGRAL.

Note that the local Z2 symmetry guarantees the sta-

bility of the dark matter even if we consider 1/MPlanck-

suppressed nonrenormalizable operators. This is in sharp

contrast with the case of global Z2. However the local

Z2 symmetry requires extra fields compared with a sin-

glet scalar dark matter model with unbroken global Z2

symmetry.

From the model lagrangian Eq. (2), we can work out

the particle spectra at the tree level:

m2
X

= g2
X
v2
�
, (4)

etc.

Unbroken Local Z2 symmetry

Gauge models for excited DM

The heavier state decays into the lighter state

The local Z2 model is not that simple as 
the usual 


Z2 scalar DM model (also for the 
fermion CDM)

arXiv:1407.6588 w/ WIPark and SBaek
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I. INTRODUCTION

Positron excess in the energy range E > 10GeV have been observed by PAMELA, FERMI

and AMS02 [1–5]. Assuming its DM-origin 1, this excess can by explained by annihilating

DM with thermally-averaged cross section h�vi ⇠ 10�23cm3/s or decaying DM with decay

width � ⇠ 10�26s�1. It is also well-known that for annihilating DM a large boost factor

⇠ 103 [9–26] is needed, which however is strongly constrained by the CMB data [27–31] and

Fermi/LAT gamma ray measurements [32–38]. On the other hand, O(TeV) DM decaying

into leptons [39–47] can give a consistent explanation, especially for µ± channel.

In this paper, we discuss that the various decay modes resulted from the following e↵ective

operator for decaying fermion DM � can explain positron data,

�L = �e↵ �̄�⌫,

with �e↵ ⇠ 10�26, where � is a new light scalar field that can decay to light lepton pairs and

⌫ is the SM neutrino field. To explain the smallness of �e↵, we construct an underlying dark

matter model with local dark gauge symmetry, where one can induce the above e↵ective

dim-4 operator suppressed by heavy masses.

If identify � as the SM higgs, operator �e↵ �̄h⌫ [48] will also induce � ! Z⌫ and � !

W±e⌥ that may give additonal potential dangerous antiproton or �-ray flux. In this paper,

we focus on the light � case(2me± < m� < 2m⇡0), which is also motivated to give large

self-interaction for DM-DM elastic scattering, see Ref. [49] for example.

This paper is organized as follows. In Sec. II, we propose a model for decaying dark

matter based on local U(1)X gauge symmetry, and show the e↵ective operators generated

after symmetry breaking. In Sec. III, we discuss the main decay modes for DM. Then in

Sec. IV, we present several variant models. In Sec. V, we compare the theoretical calculations

for e± spectra with the experimantal data from PAMELA, FERMI and AMS02. Finally, we

make a conclusion.

1 Note that that this excess could be also explained by astrophysical processes [6–8].
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FIG. 1: Feynman diagram that generates the e↵ector operator �̄��H̃L.

II. MODEL

We consider a local dark gauge symmetry U(1)X with dark Higgs � and two di↵erent

Dirac fermions in the dark sector, � and  . Assign U(1)X charges to the dark fields as

follows:

(Q�, Q , Q�) = (2, 1, 1),

we can write down the possible renormalizable interactions including singlet right-handed

neutrinos N for the model,
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where L↵ is left-handed SM SU(2) lepton doublet (⌫↵ l↵)T , ↵ = e, µ, ⌧ , H is the SM Higgs

doublet, Xµ⌫ is the field strengh tensor of dark gauge field Xµ, Xµ⌫ = @µX⌫ � @⌫Xµ, F
µ⌫

Y

is for SM hypercharge U(1)Y , ✏ is the kinetic mixing parameter, covariant derivatives are

defined as

DµC = (@µ � igXQCXµ)C,C = �, ,�.

and the scalar potential
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To explain the neutrino oscillation, at least two Ns need to be introduced to have two non-

zero neutrino masses. However, for our interested positron excess, we can only focus on the

case with one N . From now on, we shall omit the lower indices for NI , L↵, mN , y↵I and gI .
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III. DECAY MODES

The dim-3 operator, eq. 2.6, is a mass term and would induce a tiny mixing between �

and ⌫ with the mixing angle,

� '
yfg

4
p
2

v2
�
vH

m mNm�

. (3.1)

Then the gauge interactions for � and ⌫ will generate the decay channels,

� ! Z 0⌫, Z⌫, l±W⌥, (3.2)

with decay width ratio ⇠ v2
H
: v2

�
: v2

�
.

And dim-4 operators, eq. 2.7, lead to decays,

� ! h⌫,�⌫, (3.3)

with decay width ratio v2
�
: 4v2

H
. Since mh � m� normally imply vH � v�, we would expect

��!�⌫ � ��!h⌫ . It is also straightforward to get the branch ratio,

Br(� ! �⌫) : Br(� ! Z 0⌫) = 22 : 1. (3.4)

The factor 22 results from 2 in the numerator of the second operator in eq. 2.7, which stems

from two �s in the dim-6 operator in eq. 2.3. On-shell �/Z 0 then decays to light charged

lepton pair, as shown in Fig. 2.

In this model, we can estimate

�e↵ ⇠
yfg

4
p
2

v�
m 

vH
mN

⇠ 10�26. (3.5)

This can be easily achieved if we chose the parameters as

v� ⇠ O(100)MeV, mN ⇠ m� ⇠ 1014GeV, yfg ⇠ 1. (3.6)

5

neutrino N in Fig. 3, the following dim-5 operators would be generated:

yf

mN

�̄�H̃L. (4.2)

Then the e↵ective �e↵ is

�e↵ ⇠
yf

2

vH
mN

⇠ 10�26. (4.3)

In this model we have a di↵erent branch ratio,

Br(�! �⌫) : Br(�! Z 0⌫) = 1 : 1. (4.4)

If the symmetry is global rather than local, then we do not have the gauge boson Z 0,

and correspondingly Br(�! �⌫) ' 1. However, in this case, in the early Universe � is not

thermalized at TeV in the minimal setup and we may also need to add new fields to deal

with the goldstone mode, which is beyond our discussion in this paper.

From the previous discussion, it is easy to see that we can generalize the above mechanism

with n low-scale  s by assigning the U(1)X charges as

(Q�, Q n , ..., Q 1 ,�) = (n+ 1, n, ..., 1, 1). (4.5)

Then the following e↵ective operator will be generated,

yg

(n+ 1)!mN

fn · · · f1
m n · · ·m 1

�̄�n+1H̃L. (4.6)

Feynman diagram is shown in Fig. 4. In this case branching ratio for our interest would be

Br(�! �⌫) : Br(�! Z 0⌫) = n2 : 1. (4.7)

V. POSITRON FRACTION AND FLUX

In this section we calculate the e± flux at earth �e± , which is the sum of two contributions

from DM decay and astrophysical background, �± = �DM
e± +�bkg

e± , and will compare with the

experimental observation. We use PPPC4DMID [51] to compute �DM
e± , and adopt the Einasto

density profile for DM halo profile [52]:

⇢DM = ⇢sexp


�
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, (5.1)
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FIG. 4: Feynman diagram that generates the e↵ector operator �̄�n+1H̃L.

Three-body-decay channels are induced by the dim-5 operators, eq. 2.8, � ! ��⌫ and

�! �h⌫. The decay width is less dominant than two-body decays if m� . 3TeV due to

�3-body

�2-body
/
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�

v2
H

. (3.7)

The 1/(4⇡)2 supression factor comes from the phase space integration. Four-body-decay

�! ��h⌫ is then even suppressed if m� . 3TeV.

IV. VARIANT MODELS

One can consider some variations of the model discussed in the previous section, by

modifying the U(1)X charge assigments to the dark fields, thereby changing the relative

branching ratios of the DM decays into �+ ⌫ and H + ⌫.

Let us first consider the following assignments:

(Q�, Q�) = (1, 1). (4.1)

Then we can have Yukawa interaction term f �̄�N , and we do not need  to induce � to

decay. However, in this case, we need tiny Yukawa couplings. Integrating out the heavy RH
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Br(�! �⌫) : Br(�! Z 0⌫) = 1 : 1. (4.4)

If the dark symmetry were global rather than local, then we would not have the dark

gauge boson Z 0, and correspondingly Br(� ! �⌫) ' 1. However, in this case, in the early

Universe � would not be thermalized at TeV in the minimal setup and we may also need

to add new fields to deal with the Goldstone mode, which is beyond our discussion in this

paper.

From the previous discussion, it is easy to see that we can generalize the above mechanism

with n low-scale  ’s by assigning the U(1)X charges as

(Q�, Q n , ..., Q 1 ,�) = (n+ 1, n, ..., 1, 1). (4.5)

Then the following e↵ective operator will be generated,

yg
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Feynman diagram is shown in Fig. 4. In this case branching ratio for our interest would be

Br(�! �⌫) : Br(�! Z 0⌫) = n2 : 1. (4.7)

V. POSITRON FRACTION AND FLUX

In this section we calculate the e± flux (�e±) on earth. It is the sum of two contributions

from DM decay 2 and astrophysical background, �± = �DM
e± + �bkg

e± , and will compare with

2 In principle both �� pair annihilation and � decay can give rise to e±. However in our interested parameter

ranges, we have checked that � decay is the dominant one even taking the enhancement factor into account

for � pair annihilation. Therefore we shall only focus on the signature from � decays.
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After gauge sym breaking, 
these operators are generated

that the dark Higgs boson decays dominantly into heavier particles, thus being naturally

flavor dependent, unlike the dark photon Z
0
. DM �’s scattering o↵ nucleus then is possible

by exchanging a � or Z 0, whose cross section depends on ��H , ✏, v�,m�,mZ0 . It is easy to

choose these parameters and evade the stringent constrains from DM direct detection, see

Ref. [47] for example.
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does not su↵er much from the constraints from antiproton and gamma-ray fluxes on the
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FIG. 5: Positron fraction in three di↵erent sets of parameters. MDM and total decay width � are

chosen to visually match the positron fraction data. Data are extracted from Ref. [58].

and the fluxes for following three cases in Fig. 5,

1 : MDM = 2.0TeV, � = 0.16⇥ 10�26s�1, Br = 0.5, (5.6)

2 : MDM = 3.0TeV, � = 0.20⇥ 10�26s�1, Br = 0.8, (5.7)

3 : MDM = 3.5TeV, � = 0.24⇥ 10�26s�1, Br = 1.0. (5.8)

Cases 1 and 2 correspond to the e↵ective operators with local gauge symmetry, ��H̃L and

���H̃L, respectively, whereas case 3 corresponds to the ��H̃L with global symmetry or

��nH̃L when n is very large (see Eq. (4.7)).

As shown in Fig. 5 for positron fraction, when the branching ratio of � ! �⌫ increases,

we need to increase the DM mass MDM and decay width � too. This feature can be easily

understood as follows. Since Z 0
! e+e� gives harder e± spectra than � ! µ+µ� does,

decreasing the contribution of Z 0
! e+e� would need to be compensated by larger MDM

and �.

For completeness, we also show the positron flux �e+ and the electron+positron total

flux �e�+e+ in Fig. 6 with the same sets of parameters chosen above. Note that there is

no considerable di↵erence in three cases we considered, except in the high energy regime

& 500GeV. Since µ+µ� is the dominant channel (µ+µ� : e+e� & 3.7 : 1), we would expect
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FIG. 6: Positron flux (left) and electron+positron flux (right) [59–61] for three di↵erent sets of

parameters described in the text, Eqs. (5.6)-(5.8).

that all cases can give reasonable fits to both �e+ and �e�+e+ .

Since our discussions are focused in the mass range, 2mµ < mZ0/� < 2m⇡0 , there is no

hadronic decay modes for Z 0/�. Then it would not generate additional antiproton flux. The

potential constraints come from the �-ray flux which are generated by the e± and µ±. It is

expected that constraint would be more stringent for smaller Br(� ! �⌫), since e± gives

larger �-ray flux than µ± does. The constraint from the �-ray, especially from the galaxy

center region in case of DM pair annihilation, is also largely dependent on the assumed DM

density profile. For example, the gamma-ray constraint from the galaxy center will exclude

the preferred region if NFW profile is assumed [27]. However, the bound could be much

weaker if a flatter Einasto-like profile is used. And the �-ray constraint is even weaker for

decaying dark matter scenario (see Ref. [62] for comparison for example). Therefore, in

our scenario with decaying DM for AMS02 positron excess, the µ±-channel should be safely

allowed.
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FIG. 2. Neutrino flux from DM �’s decay with m� ⇠ 5PeV and lifetime ⌧� = 1/� ⇠ 2 ⇥ 1028s
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astrophysical neutrino flux with a red dot-dashed curve. DM’s contributions and total flux are
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UPL
0 = 2.1⇥10�8GeV/cm2/s/sr

and ⌧� ⇠ 2⇥ 1028s (right).

There are some crucial di↵erences between our model and some others in the literature.
For example, the authors in Ref. [23, 29] considered the e↵ective operator, yL̄ eH� with
y ⇠ 10�30, which induces mainly two-body decay of DM �,

� ! ⌫h, ⌫Z, l
±
W

µ
.

In this scenario, the neutrino spectrum shows that there should be no gap between 400 TeV ⇠

1 PeV [26]. Our model predicts that the dominant decay mode are

� ! �/Z
0 + h+ ⌫, �/Z

0 + Z + ⌫, �/Z
0 +W

± + l
⌥
,
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II. MODEL

We consider a dark sector with a dark Higgs field � and a Dirac fermion DM � associated
U(1)X gauge symmetry. Their U(1)X charges are assigned as follows 2:

(Q�, Q�) = (1, 1).

We begin with the following renormalizable and gauge invariant Lagrangian including just
one singlet right-handed (RH) neutrino N and one lepton flavor (more Ns and/or flavors
can be easily generalized):

L =LSM +
1

2
N̄i/@N �

✓
1

2
mNN̄

c
N + yL̄ eHN + h.c.

◆
�

1

4
Xµ⌫X

µ⌫
�

1

2
sin ✏Xµ⌫F

µ⌫

Y

+Dµ�
†
D

µ�� V (�, H) + �̄
�
i /D �m�

�
�� (f �̄�N + h.c.) , (2.1)

where L = (⌫ l)T is a left-handed (LH) SM SU(2) lepton doublet, H is the SM Higgs
doublet, Xµ⌫ = @µX⌫ � @⌫Xµ is the field strength for U(1)X gauge field Xµ, F

µ⌫

Y
is for SM

hypercharge U(1)Y , and ✏ is the kinetic mixing parameter. Two types of Yukawa couplings,
y and f , can be taken as real parameters, ignoring CP violation for simplicity. We define
covariant derivative as Dµ = @µ � igXXµ. Since we are interested in explaining the IceCube
PeV events in terms of DM � decay, we shall take m� ⇠ PeV. Other parameters in our
model are free variables.

The scalar potential V of this model is given by

V = �H

✓
H

†
H �

v
2
H

2

◆2

+ ��H

✓
H

†
H �

v
2
H

2

◆✓
�†��

v
2
�

2

◆
+ ��

✓
�†��

v
2
�

2

◆2

, (2.2)

Both electroweak and dark gauge symmetries are spontaneously broken by the nonzero

vacuum expectations values of H and �: hHi =
�
0, vH/

p
2
�T

, h�i = v�/
p
2 . Here vH '

246GeV is the same as SM value but v� might be taken as a free parameter. In the unitarity
gauge, we can replace the scalar fields with

H !
1
p
2

✓
0

vH + h(x)

◆
and � !

v� + �(x)
p
2

. (2.3)

Note that h and � shall mix with each other thanks to the Higgs-portal operator, (the ��H

term) 3. Through this mixing, � can decay into SM particles. Another important mixing
happens among three neutral gauge bosons, photon Aµ, Zµ and Xµ. Such a mixture would
enable an extra mass eigenstate Z

0
µ
(mostly Xµ) to decay SM fermion pairs. Then DM

� scattering o↵ nucleus is possible by the Z
0 exchange, and the cross section essentially

depends on ✏, v�,mZ0 . It is easy to choose small ✏, or heavy masses to evade the constraints
from DM direct detection [54].

When the right-handed neutrino N is much heavier than �, we can integrate it out and
obtain an e↵ective operator,

yf

mN

�̄�H†
L+ h.c., (2.4)

2 A similar setup with di↵erent dark charge assignments has been considered for the AMS02 positron

excess [48]. One may also use discrete symmetries, see Ref. [49] for example.
3 The �h� term can also help to stabilize the electroweak vacuum [50–53].
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0 exchange, and the cross section essentially

depends on ✏, v�,mZ0 . It is easy to choose small ✏, or heavy masses to evade the constraints
from DM direct detection [54].

When the right-handed neutrino N is much heavier than �, we can integrate it out and
obtain an e↵ective operator,

yf

mN

�̄�H†
L+ h.c., (2.4)

2 A similar setup with di↵erent dark charge assignments has been considered for the AMS02 positron

excess [48]. One may also use discrete symmetries, see Ref. [49] for example.
3 The �h� term can also help to stabilize the electroweak vacuum [50–53].

3

Integrating out the RH neutrino, we get

which would make � decay possible but long lived. After spontaneous gauge symmetry
breaking, we have several higher dimensional e↵ective operators from the aforementioned
operator Eq. (2.4) as follows:
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1

mN

�̄�h⌫, (2.5)

with the common factor
yf

2
for all these operators. If kinematically allowed, all the above

operators induce � decays into di↵erent channels with fixed relative branching ratios. Within
the heavy � limit, m� � m�,mZ0 ,mh,mZ ,mW , the mass operator �̄⌫ in Eq. (2.5) would
induce a tiny mixing between � and ⌫ with the mixing angle � approximately given by

� '
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mNm�

. (2.6)

Then the gauge interactions for � and ⌫ will generate the decay channels,

� ! Z
0
⌫, Z⌫,W

⌥
l
±
, (2.7)

with their branching ratios being proportional to ⇠ v
2
H

: v2
�
: 2v2

�
. Two dim-4 operators,

�̄h⌫ and �̄�⌫, would lead � to the following decays,

� ! h⌫,�⌫, (2.8)

with their branching ratios being proportional to ⇠ v
2
�
: v2

H
. It is also straightforward to get

the following relation for the branching ratios,

Br(� ! �⌫) : Br(� ! Z
0
⌫) ' 1 : 1 . (2.9)

Therefore, all the decay branching ratios are basically calculable and completely fixed in
this model 4. Note that the decay modes with Z

0 or � are unique features of DM models
with dark gauge symmetries 5.

Another interesting phenomenon in this model is that three body decay channel � ! �h⌫

is dominant over all other channels when m� � v�:

�3 (� ! �h⌫)

�2 (� ! h⌫,�⌫)
'
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m
2
�

v
2
�
+ v

2
H

� 1, (2.10)

since we actually have an enhancement from heavy m� even though there is a phase space
suppression from three-body final states. There are another three-body decay channels that
are equally important:

� ! �/Z
0 + h+ ⌫, �/Z

0 + Z + ⌫, �/Z
0 +W

± + l
⌥
,

with branching ratios 1 : 1 : 2 due to the Goldstone boson equivalence theorem. In the
following, if not otherwise stated explicitly, we use � ! �h⌫ to represent all these channels
and in numerical calculations we take all of them into account.

4 This is also true in the model for the AMS02 positron excess [48].
5 This is also true of three-body decays of DM discussed in the following paragraph.
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FIG. 2. Neutrino flux from DM �’s decay with m� ⇠ 5PeV and lifetime ⌧� = 1/� ⇠ 2 ⇥ 1028s
and IceCube Data [1]. The left (right) panel used a broken (unbroken) power law (BPL) for
astrophysical neutrino flux with a red dot-dashed curve. DM’s contributions and total flux are
labeled with purple dashed and blue solid curves, respectively. See details in the text.
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FIG. 3. Same as Fig. 2 but with preliminary updated results based on 4-year data [61], with
J
BPL
0 = 5.6⇥10�8GeV/cm2/s/sr and ⌧� ⇠ 1.5⇥1028s (left) , and J

UPL
0 = 2.1⇥10�8GeV/cm2/s/sr

and ⌧� ⇠ 2⇥ 1028s (right).

There are some crucial di↵erences between our model and some others in the literature.
For example, the authors in Ref. [23, 29] considered the e↵ective operator, yL̄ eH� with
y ⇠ 10�30, which induces mainly two-body decay of DM �,

� ! ⌫h, ⌫Z, l
±
W

µ
.

In this scenario, the neutrino spectrum shows that there should be no gap between 400 TeV ⇠

1 PeV [26]. Our model predicts that the dominant decay mode are

� ! �/Z
0 + h+ ⌫, �/Z

0 + Z + ⌫, �/Z
0 +W

± + l
⌥
,
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FIG. 1. Neutrino spectra from DM � decay with m� ⇠ 5 PeV and lifetime ⌧� = 1/� ⇠ 2⇥ 1028s.
The left panel shows individual contribution of di↵erent final states from �’s decay, ⌫ (blue dot-
dashed curve) and h/� (red dashed curve), respectively. The right panel presents the galactic (blue
dashed curve) and extragalactic (red dot-dashed curve) neutrino flux.

10�6GeV/cm3 and ⌦� ' 0.27 is DM �’s fraction. The Hubble parameter H is related to its
present value through

H = H0

p
⌦⇤ + ⌦m(1 + z)3 + ⌦r(1 + z)4,

⌦�, ⌦m and ⌦r are energy fractions of dark energy, all matter, and radiations, respectively.
We shall use the latest results from Planck [57] for numerical evaluation.

IV. NUMERICAL RESULTS

To compute the neutrino flux from DM decay, we first need to calculate the total and
di↵erential three-body decay width for � ! �+h+⌫. In the heavy � limit, we have obtained
the total width

� '
m

3
�

768⇡3

✓
yf

mN

◆2

, (4.1)

and normalized di↵erential decay widths

1

�

d�

dE⌫

' 24E2
⌫
/m

3
�
, 0 < E⌫ < m�/2, (4.2)

1

�

d�

dEh

' 12Eh (m� � Eh) /m
3
�
, 0 < Eh < m�/2, (4.3)

1

�

d�

dE�

' 12E� (m� � E�) /m
3
�
, 0 < E� < m�/2. (4.4)

The details of the calculation are given in the Appendix where complete formulas with
nonzero mass parameters are also presented. The above di↵erential widths are essential
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FIG. 2. Neutrino flux from DM �’s decay with m� ⇠ 5PeV and lifetime ⌧� = 1/� ⇠ 2 ⇥ 1028s
and IceCube Data [1]. The left (right) panel used a broken (unbroken) power law (BPL) for
astrophysical neutrino flux with a red dot-dashed curve. DM’s contributions and total flux are
labeled with purple dashed and blue solid curves, respectively. See details in the text.
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FIG. 3. Same as Fig. 2 but with preliminary updated results based on 4-year data [61], with
J
BPL
0 = 5.6⇥10�8GeV/cm2/s/sr and ⌧� ⇠ 1.5⇥1028s (left) , and J

UPL
0 = 2.1⇥10�8GeV/cm2/s/sr

and ⌧� ⇠ 2⇥ 1028s (right).

There are some crucial di↵erences between our model and some others in the literature.
For example, the authors in Ref. [23, 29] considered the e↵ective operator, yL̄ eH� with
y ⇠ 10�30, which induces mainly two-body decay of DM �,

� ! ⌫h, ⌫Z, l
±
W

µ
.

In this scenario, the neutrino spectrum shows that there should be no gap between 400 TeV ⇠

1 PeV [26]. Our model predicts that the dominant decay mode are

� ! �/Z
0 + h+ ⌫, �/Z

0 + Z + ⌫, �/Z
0 +W

± + l
⌥
,
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FIG. 4. Same as the right panel of Fig. 3 but with m� = 8PeV, ⌧� ⇠ 1.7 ⇥ 1028s (left), and
m� = 10PeV, ⌧� ⇠ 1.5⇥ 1028s (right).

.

which is a consequence of U(1)X dark gauge symmetry and the dark charge assignments of
the dark Higgs and dark matter fermion �. The neutrino spectra from primary � decay and
the secondary decays of h and � have di↵erent shapes and could account for the possible
gap. However, we should note that the current data can not favor one over another yet due
to its low statistics. Also the neutrino flux in our model is softer than the one predicted in
Ref. [23, 29], for example.

In Ref. [32], leptophilic three-body decay induced by dimension-six L̄↵l�L̄�� was consid-
ered with global U(1) or A4 flavor symmetries. Besides the neutrino spectrum di↵erence,
our model involves an additional gauge boson which mediates the DM-nucleon scattering,
and could be tested by DM direct searches.

Our scenario is also di↵erent from those in which DM decay is also responsible for the
low-energy flux [24]. The DM lifetime in Ref. [24] should be around 2 ⇥ 1027s, as mainly
determined by the low energy part of events. This is partly due to the reason that the
branching ratio into neutrinos and bb̄ there should be about 10% and 90%, respectively, to
account for the possible gap. On the other hand, in our scenario 1/2 of the decay channels
have prompt neutrinos. Another main di↵erence is that three-body-decay usually gives
broader spectra at PeV range than two-body-decay considered in Ref. [24], but more data
is required in order to discriminate this di↵erence.

Assuming the dark photon Xµ is much heavier than Z, the DM-nucleon scattering cross
section can be roughly estimated as

��N ⇠

✓
m

2
Z

m
2
X

◆2

sin2
✏⇥ 10�39cm2

. (4.8)

10�39cm2 is the typical cross section value for SM Z-mediating DM-nucleon process. Com-
paring it with the direct detection bound for 100GeV DM, we should have

��N < 10�45cm2
⇥

m�

100GeV
, (4.9)
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Relic density of χ

• : above the Unitarity bound for 
thermal DM


• Nonthermal productions (freeze-in), gravitational 
productions, etc..


• See the paper for an explicit example

mχ ∼ O(1 − 10) PeV



 ray flux from DM decayγ
Ê Ê Ê Ê Ê Ê Ê

Ê
Ê ÊÊ Ê Ê Ê ÊÊ

Ê Ê Ê
Ê

Ê Ê
Ê Ê

Ê

Ê

'
'
'
'
'

Galactic EG ICS Sum

FERMI

KASCADE

0.1 10 1000 105 107
10-12

10-11

10-10

10-9

10-8

10-7

10-6

Eg@GeVD

E g
2
dF dE
g
@G
eV
êcm

2 ês
êsr
D

FIG. 5. The gamma-ray flux from DM decay with m� ⇠ 5PeV and lifetime ⌧� ⇠ 2 ⇥ 1028s,
confronted with constraints from Fermi-LAT [67] and KASCADE [68] data.
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APPENDIX

Here we show the complete di↵erential decay width for � ! h+ �+ ⌫. Throughout the
calculation, we work in the rest frame of �, so �’s momentum is (m�, 0, 0, 0). For unpolarized
�, we have

d� =
1

(2⇡)3
1

8m�

X

pol

|M|2dE⌫dEh =
1

(2⇡)3

✓
yf

2mN

◆2

E⌫dE⌫dEh, (6.1)

where we have used the averaged, squared matrix element,

X

pol

|M|
2 = 2

✓
yf

mN

◆2 �
m�E⌫ �m

2
⌫

�
' 2

✓
yf

mN

◆2

m�E⌫ .
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The detector was in this configuration from 23 September 2022 until 11 
September 2023, when seven further lines were installed. After remov-
ing data acquired in the detector commissioning phase and during 
detector calibration periods, 287.4 days of data taking were selected for 
analysis with this configuration. During this period, about 110 million 
events were triggered and KM3-230213A is the highest-energy event 
observed. KM3-230213A is visualized in Fig. 1. A total of 28,086 hits 
were registered by the 21 detection lines. Owing to the large amount of 
detected light, the PMTs closest to the muon trajectory are saturated. 
As expected for very-high-energy muons, at least three large showers, 
probably because of energy-loss processes, are observed along the 
track (more details are provided in the Supplementary Materials).

The muon trajectory is reconstructed from the measured times and 
positions of the first hits recorded on the PMTs, using a maximum- 
likelihood algorithm, described in Methods. KM3-230213A is the event 
with the best track log-likelihood among all those collected in this detec-
tor configuration, indicative of a highly relativistic muon travelling 
several hundreds of metres through the detector. The direction of KM3-
230213A is reconstructed as near-horizontal, originating 0.6° above 
the horizon at an azimuth of 259.8° (azimuth angles increase clock-
wise, with north at 0°). The uncertainty on the direction is estimated  
to be 1.5° (68% confidence level), dominated by the present systematic 
uncertainty on the absolute orientation of the detector. The origin of 
this uncertainty is described in Methods. A dedicated sea campaign 
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Fig. 1 | Views of the event. a, Side and top views of the event. The reconstructed 
trajectory of the muon is shown as a red line, along with an artist’s representation 
of the Cherenkov light cone. The hits of individual PMTs are represented by 
spheres stacked along the direction of the PMT orientations. Only the first  
five hits on each PMT are shown. As indicated in the legend, the spheres are 
coloured according to the detection time relative to the first triggered hit. The 
size of the spheres is proportional to the number of photons detected by the 

corresponding PMT. The locations of the secondary cascades, discussed in 
the Supplementary Material, are indicated by the black spheres along the muon 
trajectory. The north direction is indicated by a red arrow. A 100-m scale and 
the Eiffel Tower (330 m height, 125 m base width) are shown for size comparison. 
b, Zoomed-in view of the optical modules that are close to the first two observed 
secondary showers in the event. Here light-blue spheres represent hits that 
arrive within −5 to 25 ns of the expected Cherenkov arrival times.
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observed at the coordinates of KM3-230213A and 90% confidence level 
upper limits on the one-flavour neutrino flux normalization at 1 GeV, 
Φν ν+

1GeV, assuming a neutrino spectrum of Φ E Φ E( ) = ( (GeV))ν ν ν ν+ +
1GeV −2,  

were set and are reported in Methods. The most stringent limit on the 
point-source origin is 1.2 × 10−9 GeV−1 cm−2 s−1. Although these searches 
are also sensitive to very-high-energy events, the signal for an E−2 spec-
trum is expected in the TeV–PeV range and the reported limits are 
therefore applicable in this area.

Cosmic neutrino flux
To associate a flux to the event, the exposure of the detector for very- 
high-quality and high-energy tracks is computed through simulations. 
The exposure corresponds to selection criteria that require a good 
track-reconstruction likelihood (log-likelihood ratio larger than 500), 
a long track length within the detector (larger than 250 m) and 
N > 1,500trig

PMT .
Considering the central (90%) 72 PeV–2.6 EeV energy range, the 

steady isotropic flux that would produce one event is

E Φ E( ) = 5.8 × 10 GeV cm s sr ,2
−3.7
+10.1 −8 −2 −1 −1

for which the confidence intervals are computed according to  
ref. 26. The 95% and 99.7% confidence level intervals are [0.30–29.8] 
and [0.02–47.7] × 10−8 GeV cm−2 s−1 sr−1, respectively. This represents 
the KM3NeT standalone flux measurement in the 335 days of livetime 
of ARCA with 19 and 21 detection lines.

In Fig. 5, the flux measurement is compared with measured and 
predicted neutrino fluxes and limits. The KM3NeT standalone flux 
measurement exceeds present limits from IceCube27 and Auger28. A pos-
sible interpretation is that the KM3NeT event is an upward fluctuation.  

In such a scenario, described in Methods, one event such as KM3-
230213A would be expected in 70 years of observation with this detec-
tor configuration, and the event is an upward fluctuation at the level 
of 2.2σ.

The expected event rates in ARCA for various extrapolations of the 
flux measured by IceCube are discussed in the Supplementary Mate-
rial. Considering extrapolations of the power-law fit of the IceCube 
measurements, these would yield at most 0.12 events in the 335 days of 
analysed KM3NeT data with 19 and 21 detection lines after the selection 
for track events described above. The observation of KM3-230213A, 
marginally consistent with such expectation, may hint at the emergence 
of a new component in the flux.

A viable alternative hypothesis is cosmogenic neutrino produc-
tion8,29,30, in which neutrinos are generated by the interaction of cosmic 
rays with extragalactic background light or the cosmic microwave back-
ground. The expected number of cosmogenic events in the selected 
data varies between 1.5 × 10−3 (ref. 31) and 0.47 (ref. 32), depending on 
the assumed injection spectrum and cosmic-ray mass composition, 
as well as the cosmological evolution of sources31–40. The envelope of 
a selection of cosmogenic models is shown as a grey-shaded band in 
Fig. 5. Other scenarios of diffuse emission from neutrino production 
in the source environment are shown as the yellow-shaded band in 
Fig. 5. Among these are transient emitters such as gamma-ray-bursts 
and tidal-disruption events34,39,41–44, low-luminosity BL Lacs45 and 
flat-spectrum radio quasars46.

Overall, the detection of a muon neutrino with an energy greater 
than 100 PeV provides evidence for the existence of ultra-high-energy 
neutrinos in nature. The new multiPMT optical module design and the 
excellent optical properties of Mediterranean seawater have allowed 
the characterization of the neutrino interaction and have facilitated 
this breakthrough in neutrino astronomy.
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Fig. 5 | Comparison with models and earlier measurements. Shown is the 
energy-squared per-flavour astrophysical flux derived from the observation  
of KM3-230213A with measurements and theoretical predictions, assuming 
equipartition (νe:νµ:ν% = 1:1:1). The blue cross corresponds to the flux needed  
to achieve one expected event after the track selection described in the text,  
in the central 90% neutrino energy range associated with KM3-230213A, 
illustrated with the horizontal span; the vertical bars represent the 1σ, 2σ and 3σ 
Feldman–Cousins confidence intervals on this estimate. The purple and pink 
shaded regions represent the 68% confidence level contours of the IceCube 
single-power-law (SPL) fits (Northern Sky Tracks, NST5) and High-Energy 
Starting Events (HESE)7, respectively: the darker-shaded regions are the 
respective 90% central energy range at the best fit (dashed line), whereas the 

lighter-shaded regions are extrapolations to higher energies. The purple and 
pink crosses are the piece-wise fit from the same analyses, whereas the orange 
cross corresponds to the IceCube Glashow resonance event11. The dotted lines 
are upper limits from ANTARES (95% confidence level47), Pierre Auger (90% 
confidence level, for an E−2 neutrino spectrum28, corrected to convert from 
limits in half-decade to one-decade bins) and IceCube (90% confidence level, 
estimated assuming an E−1 neutrino spectrum in sliding one-decade bins27). The 
grey-shaded band comprises a variety of cosmogenic neutrino expectations 
following several models of cosmic-ray acceleration and propagation, whereas 
the yellow-shaded band comprises several scenarios of diffuse transient and 
variable extragalactic sources, both reported in the Supplementary Material.
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230213A event. In this model, we also include super-heavy right-handed (RH) neutrinos.
Such RH neutrinos appear in the type-I seesaw mechanism, which explains the origin of light
neutrino masses. It is worth mentioning that among the three RH neutrinos, two account for
the light neutrino masses, while the remaining one assists in the long-lived DM decay and its
production through an effective operator generated by super-heavy RH neutrino. Since a very
high value of the VEV v� is required in enhancing the two-body decay of DM over the three-
body decay, which demands v� � M�, where M� is the DM mass, typically in the O(100)
PeV scale for explaining the KM3NeT signal. Such a heavy VEV leads to detection prospects
of the present scenario at future GW detectors. Moreover, we have also produced such heavy
DM candidates by the freeze-in mechanism through an effective higher-dimensional operator.
We have found that such a high-mass regime can be easily achieved for such high values of
the VEV without fine-tuning the model parameters. In other words, we can explain the DM
relic density and lifetime using the model parameters described in Sec. 2, with TR ⇠ 1010

GeV,  ⇠ 10�4, MN ⇠ 1012 GeV, and y ⇠ 10�22. The parameters value are natural for the
freeze-in kind of DM production, and a tiny value of y is needed to ensure a DM lifetime of
O(1029) sec, which is typical for all DM scenarios requiring a decaying DM particle.

This paper is organized as follows. In Sec. 2 we introduce our DM model with dark
U(1)X gauge symmetry, heavy right-handed neutrino portal and Higgs portal interactions.
In Sec. 3 we outline the general formalism for calculating neutrino flux from galactic and
extragalactic DM decay. We present both total and differential decay widths for the relevant
three-body decay in our model and compare the numerical results with IceCube data. In
Sec. 5 we discuss a possible mechanism to generate the correct relic density for DM within
our scenario of decaying heavy Dirac fermion DM and detection constraints. In Sec. 4, we
discuss gravitational signature induced by cosmic strings. Finally, we conlcude in Sec. 6.

2 Dark U(1)X model

In this section, we recapitulate the decaying heavy Dirac fermion DM model proposed in Ref.
[39]. Let us start with dark U(1)X gauge symmetry including a Dirac fermion DM � and a
dark Higgs field � [39]. Their charge assignments under the dark U(1)X symmetry are as
follows: (Q�, Q�) = (1, 1). We consider the renormalizable and gauge-invariant Lagrangian
that includes singlet right-handed (RH) neutrinos N ’s which are gauge singlets:

L = LSM +
1
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where L = (⌫, l)T denotes the left-handed (LH) SM lepton doublet, and H is the SM Higgs
doublet. The field strength tensor of the U(1)X gauge field Xµ is given by Xµ⌫ = @µX⌫�@⌫Xµ,
while F

µ⌫

Y
corresponds to that of the SM gauge field for U(1)Y hypercharge. The parameter ✏

represents the kinetic mixing between the SM hypercharge and the new U(1)X gauge boson.
The covariant derivative is defined as Dµ = @µ� igXQXXµ. Here we introduce two new types
of Yukawa couplings, y and , which are assumed to be real for simplicity.
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Both electroweak (EW) and dark gauge symmetries are spontaneously broken by the nonzero
vacuum expectation values of H and �. In the unitarity gauge, the scalar fields read

H =
1p
2

✓
0

vH + h

◆
and � =

v� + �p
2

. (2.3)

Two electrically neutral scalars h and � can mix with each other due to the Higgs-portal
coupling, ��H . Thanks to this mixing, dark Higgs � can decay into SM particles.

Likewise, three neutral gauge bosons, photon Aµ, Zµ and Xµ can mix with each other
due to the kinetic mixing ✏. Here we take the kinetic mixing to be small, ✏ ⌧ 1. New physical
gauge boson Z

0
µ in the mass eigenstate is mostly dark photon Xµ which can decay SM fermion

pairs.
When the RH neutrino NR is significantly heavier than the dark matter �, it can be

integrated out, yielding the dim–5 effective operator [39]:

y

mN

�̄�H†
L+ h.c. (2.4)

This term enables the decay of � by allowing it to couple to light particles. However, dark
matter can remain long-lived due to the superheavy RH neutrino masses and the appropriate
choice of Yukawa coupling constants. After the spontaneous breaking of gauge symmetries, the
operator in Eq. (2.4) leads to the emergence of various higher-dimensional effective operators
[39]:
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If kinematically allowed, all of the above operators induce � decays into various channels with
fixed relative branching ratios. Under the assumption that � is much heavier than �, Z 0, h, Z,
and W , the mass operator �̄⌫ in Eq. (2.5) gives rise to a suppressed mixing between DM and
the active neutrino. The mixing angle ✓ between DM and active neutrino is approximately
given by
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Consequently, the gauge interactions of � and ⌫ induce decay modes for � as follows:
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with their branching ratios being proportional to ⇠ v
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. Therefore, we can evaluate all

the decay branching ratios in this model.
Additionally, this model permits the three-body decay � ! �h⌫, which can dominate

depending on the mass hierarchy between � and v�. We can compare two body decay channel
to � ! �h⌫ three body decay channel:
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Results

Figure 1. Neutrino (left-panel) and Gamma-ray (right-panel) spectra from DM ω decay with
Mω = 440PeV and lifetime εω = 1/! = 5 → 1029s. In the left panel, bounds come from IceCube
[43, 44]. Blue cross corresponds to KM3NeT with 3ϑ C.L [1]. It presents the galactic (blue dotted
curve) and extragalactic (red dotted curve) neutrino flux. In the right panel, orange crosses correspond
to gamma-ray constraints from LHAASO-KM2A [45] whereas EAS-MSU [46] and PAO [47] limits are
shown in brown and green arrows, respectively.

where the critical energy density ϖc =
3H2

0
8ωG = 5.5 → 10→6GeV/cm3 and ”ε ↑ 0.27 is DM ω’s

fraction, ”!, ”m and ”r are energy fractions of dark energy, total matter, and radiations,
respectively. We have adopted the Planck results [41] for the numerical evaluation. Lastly,
sϑ(Eϑ , z) is the neutrino opacity of the Universe, assuming that the neutrinos are massless.
The neutrino opacity sϑ(Eϑ , z) is given by [42]

sϑ(Eϑ , z) =

{
7.4→ 10→17(1 + z)7/2 (Eϑ/TeV) , for 1 ↓ z < zeq
1.7→ 10→14(1 + z)3 (Eϑ/TeV) , for z ↔ zeq

(3.8)

where zeq ↗ 3200 [41] is the redshift value corresponds to the matter-radiation equality epoch
during the Universe evolution.

Now we discuss neutrino and gamma-ray fluxes induced by decaying heavy DM. In the
left panel (LP) of Fig. 1, we show the neutrino flux originated from both our galaxy,(ϱ, b) =
(210.06↑,↘11.13↑), and extragalaxy. The neutrino flavor ratio arriving at the Earth is as-
sumed to be 1 : 1 : 1. Here we consider the arrival direction (RA: 94.3↑, Dec: ↘ 7.8↑) of
KM3-230213A with an angular uncertainty of ±1.5↑ with 1ϑ C.L [1]. In the left panel, we
describe the neutrino spectra from the heavy DM decay. Red crosses denote the IceCube data
[43, 44]. Left dashed line represents the bound coming from the ANTARES data [48]. Right
dashed lines above ↗ 10PeV are upper limits of neutrino flux coming from no-observations of
neutrinos beyond that in IceCube and Auger [43, 44]. The orange cross is the most energetic
neutrino event detected by IceCube neutrino telescope [49]. We also show the preferred flux
of the KM3-230213A event by Blue cross with 3ϑ C.L. Blue and red dotted lines show galactic
and extragalactic contributions from heavy decaying DM, respectively. We can explain the
neutrino event detected by the KM3-NeT neutrino telescope through the decaying heavy DM.

On the other hand, heavy DM ω decay can generate secondary gamma-ray flux. In the
right panel (RP) of Fig. 1, we show the gamma-ray spectra induced by the heavy DM decay,
including photons from the cascade decays. We compute the gamma-ray spectra from the
inner Galactic plane, 15↑ < ϱ < 125↑, ↘ 5↑ < b < 5↑. The orange crosses correspond to
LHAASO-KM2A data [45]. Upper limites from EAS-MSU [46] and PAO [47] Collaborations
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GW production from string

Figure 2. Variation of relic GW density with frequency for di!erent values of string tension. Di!erent
colours represent the sensitivity prospects of various future GW detectors. EPTA data excludes cosmic
string tensions Gµ > 2→ 10→11.

where the contribution to the GW from an individual frequency mode is given by [60],

!(k)
GW

=
1

ωc

2k

f

Fω”(k)
Gµ

2

ε(ε+ ”Gµ)

∫
t0

tF

dt̃
Ceff (t

(k)
i

)

(t(k)
i

)4

[
a(t̃)

a(t0)

]5 [
a(t(k)

i
)

a(t̃)

]3

ϑ(t(k)
i

↑ tF ). (4.7)

In the above expression, Fω = 0.1 denotes the fraction of energy released by long strings
into loops. The parameter tF is the time when the string network reaches the scaling regime,
which occurs shortly after cosmic string formation during symmetry breaking. The quantity
t0 denotes the present time, and t̃ is the time of GW emission, over which the integration runs
from tF to t0. The function Ceff (t(k)i) takes the value 5.5 during the radiation-dominated era
and 0.41 during the matter-dominated era in the early Universe, as obtained from simulation
[58, 59, 61, 62]. The loop formation time contributing to mode k is given by

t
(k)
i

(
t̃, f

)
=

1

ε+ ”Gµ

[
2k

f

a(t̃)

a(t0)
+ ”Gµt̃

]
. (4.8)

In determining the relic GW spectra with the frequency as given in Eq. 4.7, we have used
micrOMEGAs [63] for computing the scale factor a(t) which depends on the relativistic d.o.f
of the universe as well as we have used the inbuilt integration routine in micrOMEGAs for
computing the integration.

In Fig. 2, we show the prospects for GW produced from cosmic strings, as detectable
by various proposed future detectors. In the plot, the low-frequency GW regime primarily
originates from the matter-dominated era, while the high-frequency regime arises from the
radiation-dominated era [60]. The string tension Gµ > 2→10→11 is already in tension with the
EPTA data [37], so we consider Gµ < 10→11 in our analysis. This upper limit is already more
stringent than the bound from the CMB, which is Gµ < 2 → 10→7 [64]. As shown, di!erent
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 by UV freeze-inΩχh2

Figure 3. In the left panel (LP), we show the scatter plot in the (Mω,
ε2

MN
) plane, whereas the right

panel (RP) displays the scatter plot in the (MN , y) plane. The color gradient in the LP represents
di!erent values of the reheating temperature TR, while in the RP, it corresponds to di!erent values of
the coupling ω. The other parameters, which are not shown, have been varied as listed in Eq.(5.10).

Universe due to large Dark Higgs VEV. It has detection prospects at future gravitational
wave detectors.

In the LP of Fig. 3, we show the scatter plot in the (Mω,
ε
2

MN
) plane after imposing the

requirement that the DM mass and its fractional contribution lie within the (1–100)% range,
providing the correct value of ϑω

fω
necessary to explain the KM3NeT signal. An anti-correlation

between Mω and ε
2

MN
is observed, which can be understood from Eqs. (5.8) and (5.9). These

equations show that the DM relic density is proportional to MωTR

(
2ε2

MN

)2
. Therefore, to

achieve a fixed relic density, an increase in one parameter must be compensated by a decrease
in the other, leading to the observed anti-correlation. From the color bar, we also observe
that as ε

2

MN
increases, lower values of TR are required (as seen along the y-axis). Similarly,

along the x-axis, as Mω increases, the required TR also decreases to maintain the correct relic
density. In the RP, we present the scatter plot in the (MN , y) plane, with the color bar
representing di!erent values of ω. The parameters in this plot are related to both the DM
relic density and decay width. As MN increases, the relic density tends to decrease, while it
increases with larger ω. On the other hand, the decay width increases with increasing y. To
obtain the correct value of 1

fω!ω
for explaining the KM3NeT signal, we observe a correlated

variation between MN and y: an increase in MN lowers fω, while an increase in y raises !ω,
keeping the product fω!ω approximately constant. Furthermore, to obtain the correct DM
relic density, MN and ω must also vary in a correlated (roughly linear) manner, as indicated
by the color gradient.

In the LP and RP of Fig. 4, we show the allowed regions in the (Gµ, y) and (fω, εω)
planes, respectively. The color variation in the LP indicates di!erent values of the DM lifetime
εω, while in the RP, it corresponds to the values of ω2/MN . In the LP, we observe an anti-
correlation between Gµ = (vϖ/Mpl)2 and the Yukawa coupling y. This is because the decay
width is proportional to (yvϖ)2; thus, for larger values of Gµ, a smaller value of y is required
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Figure 2. Variation of relic GW density with frequency for different values of string tension. Different
colours represent the sensitivity prospects of various future GW detectors. EPTA data excludes cosmic
string tensions Gµ > 2⇥ 10�11.

5 Dark Mater Production

In this section, we study the relic density estimation of the heavy DM using the freeze-
in mechanism from ultraviolet dependent physics. For O(100) PeV scale DM, the thermal
freeze-out mechanism fails to generate the correct relic density due to the violation of unitarity
bounds [67]. Therefore, we consider an alternative production mechanism, known as freeze-in
[68]. In our model, the right-handed (RH) neutrino is very heavy and beyond the relevant
scale of our study, so it can be integrated out safely. As a result, the interactions between the
DM and other particles are mediated via dimension-5 operators. We consider a UV freeze-in
mechanism for DM production where DM relic density depends on the UV physics e.g. reheat
temperature TR. The squared amplitude for the DM production process �� ! �̄�̄ is given
by:

|M|2
��!��̄

= 2

✓
22

MN

◆2 �
s� 4M2

�

�
(5.1)

and the corresponding cross section is:

���!��̄ =
1

8⇡s

✓
22

MN

◆2
"
s� 4M2

�

s� 4M2
�

#1/2 �
s� 4M2

�

�
(5.2)

where we assume MN � M�,M�. DM production is dominated at very high temperatures,
T � M�,M�, allowing us to safely neglect the masses of the particles compared to the
center-of-mass energy

p
s. Under this approximation, the cross section simplifies to:

���!��̄ =
1

8⇡

✓
22

MN

◆2

. (5.3)

– 10 –



More plots

Figure 4. The LP and RP show scatter plots in the (Gµ, y) and (fω, ωω) planes, respectively. In
the LP, the color gradient represents di!erent values of ωω, while in the RP, it corresponds to values
of ε2

/MN .

to achieve the correct decay width that explains the KM3NeT signal. Consequently, since
the DM lifetime ωω = 1/!ω → 1/(yvε)2, we find that ωω decreases with increasing Gµ and
also with increasing y, consistent with the color gradient in the plot. The cyan region in the
LP corresponds to Gµ < 10→19, which lies below the sensitivity of future GW detectors such
as BBO and hence cannot be probed. However, the other parameter values fall within the
reach of proposed GW detectors, as discussed in Sec. 4. In the RP, we display the scatter
plot in the (fω, ωω) plane, where a sharp correlation emerges, reflecting the requirement to
explain the KM3NeT signal. The DM relic density scales as ”ωh

2 → (ε2/MN )2, while the
DM lifetime follows ωω → 1/(ε/M2

N
). Since both relic density and lifetime also depend on

other parameters such as the DM mass Mω, Dirac Yukawa coupling y, and the VEV vε, we
observe a mixed color distribution—e.g., combinations of green and magenta points—within
the same region of parameter space. As mentioned earlier, all the points shown in Figs. 3
and 4 are consistent with the KM3NeT signal, satisfy the allowed relic density range, and lie
within the reach of future gravitational wave detectors.

6 Conclusion

In this work, we explore dark U(1)X gauge symmetry. This DM model can resolve the KM3-
230213A event in terms of DM decay. Thanks to the heavy RH neutrino portal interaction,
we can naturally obtain very tiny couplings between DM and SM particles. This heavy RH
neutrino can induce DM decays into SM particles, including active neturinos. In the case
of vε ↑ mω, the dominant DM decay channels are ϑ ↓ ϖh, ϖZ, ϱ

±
W

↑ but for the opposite
regime vε ↔ mω DM dominantly decays to three body which case has not been explored in the
present study. To explain the KM3NeT signal, we have considered DM mass at mω = 440 PeV
and its lifetime ωω = 5↗1029 sec as the benchmark point. In calculating the neutrino flux, we
have considered both galactic and extragalactic contributions in determining the neutrino flux
and found the peak at the neutrino energy Eϑ = 220 PeV which can explain the KM3-230213A
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data. In determining the extragalactic contribution we have taken into account the redshift
effect due the matter dilution, dimming of sources and proper length. Moreover, we have also
considered neutrino opacity in determining the extragalactic contribution which reduced the
flux strength by 20%. Additionally, we have also estimated the photon flux predicted by our
work which are below the LHAASO-KM2A and EAS-MSU data. In determining the neutrino
flux as well as the photon flux, we have used the HDMspectra package.

As said we have focussed on v� � m� for the two body dominant decay which results in
the cosmic string production in the early in the detectable range. We have found that cosmic
strings tension in the range Gµ = 10�11 to 10�19 (corresponds to v� ⇠ 1014 GeV to 108 GeV)
can be detected at the different proposed experiments like SKA, BBA/DECIGO, LISA, ET
and CE. The same set of Gµ range can predict the DM mass and lifetime in the correct range
which can explain the KM3NeT data. In estimating the GW spectra in particular the scale
factor and numerical integration we have used the popular package micrOMEGAs. Finally, we
have discussed in detail the PeV-scale DM production using the UV freeze-in mechanism.
We have �� ! �̄� process, suppressed by the heavy right-handed neutrino mass, which is
dimension-5 operator and produces DM in the early Universe dominantly. We have found
that TR ⇠ 1010 GeV,  ⇠ 10�4, MN ⇠ 1012, v� = 1013 GeV and y ⇠ 10�20, we can produce
the DM in the correct range and the low value of y is needed to make the DM decay lifetime
O(1029) sec. We have shown a few scatter plots which can predict DM in the (1 � 100)%
range and at the same time can explain the KM3NeT signal and future possibility to detect
at different GW detectors.
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Conclusion
• Heavy spin-1/2 decaying DM with RHN portals can accommodate 

AMS02/PAMELA positron excess, IceCUBE, and KM3-230213A HE 
neutrino events thanks to 2-body or 3-body decays involving (dark) 
Higgs boson and/or dark photon, depending on  


• For KM3, assuming , the dominant decay channels are 
, all in the SM particles


• Interesting GW from string networks with  , 
, which is in the sensitivity ranges of 

current/future GW detectors


• It is important to impose dark gauge symmetry and dark Higgs boson for 
correct phenomenology

vϕ > = < mχ

vϕ ≫ mχ
χ → hν, Zν, W±l∓

10−19 < Gμ < 10−11

(1010 GeV < vϕ < 1014 GeV)


