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Ultrahigh-Energy Event KM3-230213A within the Global Neutrino Landscape
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On February 13th, 2023, the KM3NeT/ARCA telescope detected a neutrino candidate with an estimated
energy in the hundreds of PeV. In this article, the observation of this ultrahigh-energy neutrino is discussed
in light of null observations above tens of PeV from the IceCube and Pierre Auger observatories.
Performing a joint fit of all experiments under the assumption of an isotropic £-2 flux, the best-fit single-
flavor flux normalization is E*®!; = 7.5 x 1071 GeVem™2s7!sr™! in the 90% energy range of the
KM3NeT event. Furthermore, the ultrahigh-energy data are then fit together with the IceCube
measurements at lower energies, either with a single power law or with a broken power law, allowing
for the presence of a new component in the spectrum. A slight preference for a break in the PeV regime is
found for one of the three investigated IceCube samples and no such preference for the other two. In all
cases, the observed tension between KM3NeT and other datasets is mild to moderate (1.66-2.95), and
increased statistics are required to resolve this apparent tension and better characterize the neutrino
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landscape at ultrahigh energies.

DOI: 10.1103/yypk-zmb8

I. INTRODUCTION

The highest-energy neutrino ever observed, KM3-
230213A [1], has been recently detected with a partial

configuration of the KM3NeT/ARCA detector [2,3]. The

energy of the event is E, = 2201’15178 PeV, i.e., falling in

the ultrahigh-energy (UHE) region (250 PeV), surpassing
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prior observations by the IceCube Neutrino Observatory
(IC [4]) by one order of magnitude. This detection represents
the highest-energy elementary particle ever observed. Given
the steep decline of the atmospheric neutrino spectrum [5,6]
and the arrival direction of the event, the most plausible
origin for KM3-230213A is astrophysical.

The hunt for high-energy neutrinos from the cosmos has
started with the DUMAND experiment [7] in the 1980s,
followed by the Baikal and AMANDA experiments
[8,9] in the 1990s. Before KM3NeT, the Mediterranean
Sea has hosted several projects, starting with NESTOR and
NEMO [10,11] in the early 2000s and the ANTARES
experiment [12,13], which operated from 2006 to 2022.
A more detailed review is available in Ref. [14]. Only in the
past decade has IceCube discovered neutrinos from our
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Galaxy [15] and beyond [16]. These neutrinos carry vital
information about the origin of cosmic rays, which are
likely produced in the most powerful cosmic accelerators of
our Universe [17,18]. So far, only astrophysical neutrinos
with energies up to approximately 10 PeV have been
observed. In the UHE region, probed for the first time
by KM3-230213A, new neutrino sources are expected to
emerge. Most importantly, cosmogenic neutrinos produced
by the interaction of a high-energy cosmic ray with
extragalactic background light are expected to dominate
the neutrino flux at these energies. This would manifest as a
new component in the astrophysical neutrino flux.

Though the origin of the event has not been identified so
far [1], its provenance may fall into one of the following
broad categories: steady source, transient source, cosmo-
genic origin, or beyond the standard model. In this article,
we consider only the scenario in which the event is
associated with an isotropic diffuse neutrino flux, regard-
less of its origin, and leave the study of other peculiar cases
for separate works [19-21]. Within this hypothesis, we
investigate two important points: first, the likelihood that
KM3NeT observed the first UHE astrophysical neutrino
and, second, whether KM3-230213A indicates the pres-
ence of a new component in the astrophysical neutrino
spectrum. To address the first point, we perform the first
combined fit between multiple UHE neutrino analyses from
different experiments, as discussed in Sec. II. In Sec. III, we
determine the preference between a single- and a broken-
power-law description for the astrophysical neutrino flux,
combining the KM3NeT observation with searches for
high- and ultrahigh-energy neutrinos performed by IC and
the Pierre Auger Observatory (Auger [22]). In this test,
preference for a broken power law would indicate evidence
of a new component in the spectrum.

We consider the KM3NeT bright-track selection
described in Ref. [1], corresponding to a 335-day data-
taking period with 19 and 21 lines out of the envisaged
230 [23]. The sky-averaged effective area for this selection
from 100 TeV to 100 EeV is provided in Ref. [24].
The bright-track selection has a negligible background
[O(1073)/yr] from atmospheric origin [1], which is, there-
fore, neglected in the following computations. The IceCube
and Auger datasets are detailed in Appendix B.
Measurements by other experiments [25-27] are not
considered in our analysis, as IC and Auger are the most
sensitive in the relevant energy region.

To understand the implications of KM3-230213A within
the context of global data, we perform a joint analysis of the
neutrino flux from TeV to EeV, for both single- and broken-
power-law flux hypotheses, and estimate the preference
between these two scenarios. This analysis serves as a
model-independent test to assess whether KM3-230213A
reveals the emergence of a new spectral component. The
methods introduced in this study constitute an important
benchmark for future multiexperiment investigations of

ultrahigh-energy neutrinos. This is especially relevant as
we expect additional searches in the UHE neutrino regime
in coming years from the full KM3NeT/ARCA detector
[23], IceCube, and Baikal-GVD [28] and in the next decade
from proposed detectors such as P-ONE [29], TRIDENT
[30], and IceCube Gen-2 [31].

The article is organized as follows. In Sec. II, we assess
the compatibility between the KM3-230213A observation
and IC/Auger nonobservations by combining all datasets at
the KM3-230213A energy range. In Sec. III, we addition-
ally incorporate the IC high-energy (HE) measurements for
energies below 10 PeV obtained using high-energy starting
events (HESE [32]), enhanced starting track event selection
(ESTES [33]), or Northern-sky tracks (NST [34]). Finally,
in Sec. IV, we assess the compatibility between the IC HE
measurements and only the KM3-230213A observation,
before summarizing our findings in Sec. V.

II. COMPATIBILITY WITH UHE LANDSCAPE

As detailed in Ref. [1], the observation of KM3-
230213A can be associated to a per-flavor isotropic
diffuse flux measurement of E?®) (E)=5.8"%" x
1078 GeVem™2s7!sr~!, when assuming an E~2 spectrum
in the central 90% energy range of the event (72 PeV—
2.6 EeV) and equipartition of neutrino flavors. If the
nonobservations in the IC extremely-high-energy sample
(IC-EHE [35]) and Auger [22], detailed in Appendix B, are
incorporated in the total exposure and following the same
statistical methods as in Ref. [1], the best-fit flux becomes
7553 x 10719 GeVem™ s~ sr7!. In Fig. 1, these values
are compared with existing UHE constraints and IC HE
observations. The probability of observing one event in
KM3NeT and zero in both IC-EHE and Auger assuming
the flux resulting from the joint fit is about 0.5% (2.60).
In the following, we extend our investigations to spectral
shapes beyond an E~2 spectrum.

The compatibility with UHE nonobservations by IC and
Auger is estimated by performing a joint fit under the
assumption of a single power law (SPL), parametrized as

. E =71
‘D;Sra(EQQ ={d.11}) = x <m> . (1)

where ¢ and y; represent the flux normalization and the
spectral index, respectively. First, we use the likelihoods
Ei;, for each dataset d (KM3NeT, IC-EHE, Auger) and
within (“in”) the energy range of KM3-230213A, as
defined in Eq. (A2), and Wilks’ theorem [38] with two
degrees of freedom (d.o.f.) to obtain contours in the SPL
parameter space. The preferred region from KM3-230213A
and constraints from IC-EHE and Auger are shown on the
left in Fig. 2. Then, we use the same approach with
Line(0) =11, £™®) to perform the joint fit, as shown
on the right in Fig. 2.
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FIG. 1. Per-flavor energy-squared diffuse astrophysical neutrino flux, assuming flavor equipartition. Measurements based on the
KM3-230213A observation are compared with existing limits at ultrahigh energies and measurements at lower energies. The KM3NeT-
only measurement [1] and the joint flux including as well IC-EHE and Auger nonobservations, in the central 90% neutrino energy
range associated with KM3-230213A, are shown with the gray and blue crosses, respectively. The purple- and pink-filled regions
represent the 68% CL contours of the IC single-power-law fits, NST [34] and HESE [32], respectively. The segmented fits from the
same analyses are shown with purple and pink crosses, while the orange cross corresponds to the IC Glashow resonance event [36].
The dotted lines correspond to upper limits from ANTARES (95% CL [37]), Auger (90% CL [22]), and IC-EHE (90% CL [35]).
The blue-filled region shows the 1o envelope of the broken-power-law fit, using the HESE constraint below the break, as detailed
in the text. The vertical spans of all crosses represent the 1o uncertainties, and the 2 — 36 ones for the KM3NeT-only point, in
lighter shades.
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FIG. 2. Fit results of the KM3NeT/IC/Auger data to a single-power-law flux model. Left: preferred regions and constraints from each
dataset individually. The UHE datasets are all fit within the 90% CL energy range of KM3-230213A, while the lower-energy IC datasets
are fit within their own defined energy ranges, always below that of the UHE datasets. The KM3-230213A contours are shown at the
1-2-36 CLs (solid, dash-dotted, and dotted lines, respectively), while all other contours are shown at the 16 CL. Right: result of a joint fit
to the UHE datasets. The star indicates the best-fit point for y; = 2. The resulting tension from the PG test, detailed in the text, is also
reported.
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To quantify the tension between the UHE datasets, the
parameter-goodness-of-fit (PG) test [39] is performed. To
compute this, we first define 72 as

)_(izn(d)’ 7/1) :)(izn(qs’ yl) - D?l,in’ (2)
d

with  y7 (. 71) = —2log Ly (¢.71)  and fi,in =
min,, ) [~2log £} (¢.y,)], where the sum runs over the
three UHE datasets and the hatted parameters indicate
the best-fit values, maximizing the likelihood. The PG test
statistic tpg = min<¢,yl))_(12n(¢v y1) follows a y? distribution
with one d.o.f. We obtain a p value of ppg = 0.006 and a
one-tailed z score of zpg = 2.5¢. This number stays
relatively consistent with the value quoted at the beginning
of the section and shows only a moderate tension between
the UHE datasets.

Similarly, we define a Bayesian analysis probing the same
compatibility. The posterior P(® = {¢,y,}) is the product
of the UHE likelihood L:(¢.7;) and noninformative
uniform priors Ujy g-10(¢p) (in GeV~'s™'em s sr7!)
and Uy 4(y1), where U, ;) denotes the continuous uniform
distribution between a and b. The tension is computed using
the posterior predictive check (PPC) approach [40]. The joint
probability is

P(Nip|®)P(©)dO,  (3)
Nrcp‘p(Nrcp‘@)Sp(NnbsI@)

Prrc =

where Ny, and N, denote, respectively, the observed
number of events in each sample and the number of events
in replicated toy data following the posterior P(®) and
P(Nyep|®) is the Poisson probability of this replicated data
assuming parameters ©. It can be converted to a z score
using the one-tailed convention. A final z score of 1.8¢ is
obtained, slightly smaller than the value from the PG test, as
reported in Table I

The tension estimated in both approaches relies on
minimal assumptions on the shape of the astrophysical
flux, namely, that such a flux is well modeled by an SPL
within the energy range of interest. Therefore, this tension
is a consequence of the difference in the current exposure at
UHE between the three experiments.

III. JOINT GLOBAL FIT

Measurements using the IC HE analyses—HESE,
ESTES, or NST—can also be incorporated into the analysis
so that the full energy range from TeV to EeV is considered.
The UHE measurements are also extended to the full
PeV-ZeV region, as detailed in Appendix A. In this
section, we define Lyyg(®) = [[, L4(0), where the prod-
uct runs over KM3NeT, IC-EHE, and Auger and L, is
defined in Eq. (A4).

TABLE 1. Summary of the computed tension. Each row
corresponds to one specific set of samples, and the different
columns correspond to different fit assumptions (E~2 spectrum,
SPL, BPL). In each cell, the values estimated with a parameter-
goodness-of-fit test for the frequentist approach and a posterior
predictive check of UHE observations for the Bayesian case,
separated with a slash, are reported.

Samples® Flux assumption
UHE HE

K I A I E? SPL BPL

v /7 X 2.76/2.060  2.56/1.8¢c

v /7 H 2.06/2.5¢  2.96/2.30
N A E e 1.66/2.16  2.96/2.16
v /7 N e 1.66/2.1c  2.96/2.0c
X X H 2.80/2.60

X X E e 2.2¢/2.1c

X X N e 1.66/1.7¢

“K: KM3NEeT, I: IceCube, A: Auger, HE: IC measurements at
high energies (H = HESE, E = ESTES, N = NST).

A. Single-power-law scenario

First, the joint fit of HE and UHE measurements is done
with the assumption that the flux follows an SPL spanning
from TeV to EeV. The combined likelihood is

LE (or1) = Lomp(dor) x L2(por1), (@)

where the second term is defined in Eq. (B1) and a refers to
any of the three IC HE samples.

The analysis is performed using a Bayesian approach,
where the posterior P@(¢,y,) is the product of the
likelihood in Eq. (4) and the uniform priors,
Upp.axio)(¢) (in GeV~'s™ em™ s™ sr™h) and Uy 4(ry).
The procedure is repeated separately for the HESE, ESTES,
and NST IC datasets; a combined fit including all these
datasets is beyond our scope due to the nontrivial overlap
between the datasets.

The corresponding 2D contours are shown on the left in
Fig. 3, compared to the IC measurements alone. Because
of the large lever arm provided by the inclusion of UHE
datasets, improved constraints on the slope of the SPL
spectrum can be achieved. The best-fit spectral indices
converge toward similar values, in line with the IC “global
fit” [41]. The best-fit fluxes are estimated by finding the
maximum [¢, 7, = arg max((/),yl)P(“)(gb,yl)], and the high-
est-posterior-density lo intervals are extracted from pro-
filed posteriors. Alternatively, in the frequentist approach,
we derive the 2D contours and 1D intervals using the
likelihood defined in Eq. (4) and Wilks’ theorem. The best-
fit flux parameters obtained in both approaches are in good
agreement, and only the results of the Bayesian fits are
reported in Table II.
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FIG. 3. Joint fit of IC measurements in the TeV-PeV region and KM3NeT /IC / Auger UHE measurements. Left: Bayesian fit with a single

power law in the (7, ¢) plane. Right: broken-power-law fitin the (log,o E,, 7») plane, after marginalizing over ¢ and y . The different colors
correspond to different IC measurements: HESE in pink, ESTES in orange, and NST in purple. The filled regions indicate the 1 contours (as
well as the 50% contours in the right). On the left, the star markers are the best-fit points and the 1o contours from IC priors are also shown in
dashed lines. On the right, the triangles on the left axis represent the value of the spectral indices corresponding to the IC SPL best fits.

Akin to the previous section, we compute the joint
probability p,,. of UHE observations as in Eq. (3), and we
perform a PG test to quantify the compatibility between the
different samples used for the SPL fit. For the latter, Eq. (2)
is modified as

Py (d.11) = 2(p71) + TS (. 71) ~min TS, (5)
where TS\ is defined in Eq. (B1) and 7% = —2log Lypg—
> 4min[-21log £,]. The obtained results are summarized
in Table I. The PPC numbers (2.16-2.50) are slightly
higher than the one from the previous section, reflecting the
tension between the UHE datasets. Instead, the tension is
relaxed with the PG test (1.66-2.00), as the IC-EHE and
Auger nonobservations are in line with the SPL flux

extrapolated from IC HE measurements and only KM3-
230213A is an outlier.

B. Broken-power-law scenario

The energy of KM3-230213A, significantly higher than
the energy of all neutrinos detected so far, motivates the
exploration of an astrophysical neutrino flux with addi-
tional components beyond an SPL. A broken-power-law
(BPL) flux is, therefore, considered:

E n,
100 TeV ’

E\T Ey 1,
(Eh) (100TeV) s E> Ey,

_ E<E,
5 (E) = ¢ X

introducing two new parameters, y, and E}, characterizing
the spectral index above the break and the energy of the
break, respectively.

Given the motivation for the presence of new compo-
nents, we limit the exploration of the parameter space to
v2 €[1,71], i.e., where the spectrum hardens after the break.
Additionally, as the BPL fit should not affect IC measure-
ments below 1 PeV, assumed to follow an SPL in the
following, and as no measurements are available in the
EeV region, the parameter space in Ey is limited to the
1 PeV-1 EeV range. The combined likelihood is

£1(3af)’L(¢’ Y1:72s Eb) = [’UHE((I’)’ V1,72, Eb)ﬁ%) (¢v yl) (7)

We perform a Bayesian joint analysis by defining the
posterior P(@) (@, 71,72,10810 Ey) as the product of the
likelihood in Eq. (7) and the priors on ¢, y;, 7,, and
log,o Ey,. The same uniform priors as in the SPL fit are
used for ¢ and y,. The prior on y, is 7(y2;71) = Uy ,,)(72)s
and the prior on the logarithm of the break energy is
assumed to be uniform in the considered range:
z(logyo Ep) = Ujs o) (logyg Ep[GeV]).

We marginalize over ¢ and y, to get the 2D posterior and
compute the corresponding contours in the (y,,log; E})
space, as illustrated on the right in Fig. 3. The flux
corresponding to the lo contour obtained using the
HESE sample is shown in Fig. 1. The global best-fit value
for each parameter and the corresponding 1o uncertainty
are obtained by profiling the three other parameters.
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TABLE II.

Summary of the main results of the joint fit of the UHE landscape. Each row corresponds to one specific fit. The sample(s)

included in the fit is (are) indicated in the first four columns. The assumed flux hypothesis (E~2, SPL, BPL) is given in the next column.
The best-fit values and the corresponding 16 intervals on the free parameters are presented in the last four columns. While the first two
rows [1] are obtained in a frequentist approach, the other rows report the Bayesian results, that are also fully consistent with the

maximume-likelihood fits.

Samples®

Best-fit flux

Assumed
UHE E Flux
K I ¢ =@ (100 TeV) GeV~!s~tem™ s~ sr! 71 75 log, Ey,/GeV
X X X E? 58537 x 10718
o/ /X E? 7.55,5" x 10720
Joint global fit
Vv v v H SPL 19703 x 10718 2711504
v v V E SPL 17402 x 10718 2.545008
v v v N SPL 1.5104 % 10718 2.4250%
v v v H BPL 21703 % 10718 287405 2.22303 6473
V v v E BPL 17402 5 10718 25780% 222503 73103
vV v v N BPL 15703 x 10718 2415000 2.4170% 7453
Joint fit of IC HE and KM3-230213A
v/ X X H SPL 1.9104 5 10718 2.70505¢
/ X X E SPL 17402 x 10718 2.5150%
vV X X N SPL 1.3104 % 10718 226101
V X X H  BRL 21704 x 10718 285500 102705 7155
/ X X E BPL 17403 x 10718 257500 1024033 74505
/X x N BPL 14404 5 10718 237401 1.032033 7.7404

*K: KM3NEeT, I: IceCube, A: Auger, HE: IC measurements at high energies (H = HESE, E = ESTES, N = NST).

In the frequentist approach, a negative-log-likelihood
test statistic is considered. The 2D contours in the (y,, E},)
space are obtained following the profiled Feldman-Cousins
approach [42], treating ¢ and y; as nuisance parameters.
The 1D intervals on y, and E;, are computed with a similar
procedure, treating also E, or y, as a nuisance parameter,
respectively. The frequentist best-fit BPL flux parameters
are in good agreement with the Bayesian ones in Table II.
The values reported for ¢ and y, are consistent with IC SPL
best fits.

The tensions are computed in the BPL case, giving
values of about 2.90 (2.10) in the PG (PPC) tests, as
reported in Table I. These reflect the remaining tension
between the UHE datasets despite the additional degrees
of freedom.

C. Preference for a break

It is also instructive to quantify the preference in the data
for the presence of a break in the spectrum. This is
estimated by comparing the SPL and BPL fits presented
in the previous sections.

The Bayes factor is commonly used to quantify such a
preference. It is defined as the ratio of the evidences
E= JoP(©)d® of the two scenarios: B = Egpy/Egpy.
The obtained value can be interpreted using Jeffreys’ scale
[43], where B > 3.2 (B < 0.3) corresponds to a substantial
preference for BPL (SPL). The Bayes factor is computed by
integrating the posterior distribution over the parameter
space using the nested sampling Monte Carlo algorithm as
implemented in the ULTRANEST package [44].

Alternatively, the preference for a BPL flux model can be
estimated in a frequentist approach by means of a like-
lihood ratio (LR) test, for which the test statistic is given by

‘CBPL(éBPL) (8)

where ®SPL and Ogpy. represent, respectively, the param-
eters that maximize the likelihoods in Eqgs. (4) and (7).
A p value is extracted from [1(3{) using Wilks’ theorem for

two d.o.f., given by the difference in the number of free
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TABLE III. Obtained preferences for a broken-power-law
spectrum versus the single-power-law hypothesis.

UHE sample(s) KM3-230213A Global
HE sample HESE ESTES NST HESE ESTES NST

Bayes factor B 27.0 8.7 39 1.2 0.6 0.3
LR p value (%) 04 1.7 59 33 86 100

parameters between the SPL. and BPL models. A low p
value indicates a preference for the BPL. model. The results
from both approaches and for all considered IC samples are
reported in Table III. We find no significant preference for
the BPL hypothesis.

IV. JOINT FIT OF IC HE AND KM3-230213A

For completeness, we perform in the following a joint fit
of each of the IC HE samples and KM3-230213A.
Similarly to what is done in Sec. IIl, we consider SPL
and BPL flux models spanning from TeV to EeV energies
and evaluate the preference for either of the two models.
The likelihood is computed according to Egs. (4) and (7)
for each flux hypothesis, respectively, now defining
Lune(0) = Liws (©).

The corresponding best-fit parameters and tensions are
reported in Tables II and I, respectively. Both Bayes factor
and LR approaches indicate strong preference for a BPL
flux, independently of the IceCube samples considered,
as shown in Table III. This scenario significantly exceeds
the constraints set by IC-EHE and Auger in this energy
range, as suggested by the gray cross in Fig. 1. The BPL
best-fit flux would give 80-90 (100-110) expected events
in IC-EHE (Auger) in the analyzed energy range, corre-
sponding to a 126—136 (140) tension considering their
nonobservations.

V. CONCLUSION

In this article, we study the compatibility of previous
analyses carried out by IC and Auger with the recent
detection of KM3-230213A. In this work, a tension in the
1.80-2.7¢ range is found. This is in line with the inter-
pretation of the KM3NeT event being a possible upward
fluctuation from a flux with a normalization E*®!!; =
7.5 x 107'° GeV em™2 5! sr™!, assuming an E~2 spectrum
in the 72 PeV-2.6 EeV range, as already hinted in Ref. [1].
This is 2 orders of magnitude below the flux calculated for
KM3-230213A alone and is consistent with the nonobser-
vations of IC and Auger.

Additionally, we consider a joint analysis that includes
IC measurements at lower energies, where the astrophysical
neutrino flux has been measured using multiple datasets.
We compare two alternative hypotheses: (a) The KM3-
230213A observation is consistent with an extrapolation of
the single-power-law measurements from HESE, ESTES,

or NST samples, characterized by a fixed normalization and
a unique spectral index; (b) there is a break in the neutrino-
energy distribution, originating from the emergence of a
new component, such as cosmogenic neutrinos—created
by cosmic rays interacting with extragalactic background
radiation—or a different production process within astro-
physical sources. The hypothesis (b) is parametrized as a
BPL flux, characterized by the same two parameters as in
(a) and two additional parameters: the break energy E}, and
the spectral index after the break y,. The large energy
of KM3-230213A pulls the SPL fits toward the IC global
best-fit spectral index of about 2.5-2.6. The BPL fit
with the HESE constraint shows a best-fit break energy
in the 1-10 PeV range, with a spectral index of about 2-2.3
above the break, as illustrated in Fig. 1.

Then, we assess the preference between hypotheses
(a) and (b) using both frequentist and Bayesian approaches.
Only when using the constraints from the HESE sample do
the data show a slight preference for the presence of a
break, although not significant. Overall, the observation of
KM3-230213A does not provide enough statistical evi-
dence for an additional component of the diffuse astro-
physical neutrino flux at high energies.

Finally, relaxing the UHE constraints set by IC and
Auger, we investigate how the flux corresponding to the
KM3NeT observation compares to the IC HE measure-
ments. In this KM3NeT-only fit, we assess the preference
for either SPL and BPL flux models and consistently find
hints of a significant increase in the diffuse astrophysical
neutrino flux at high energies with a spectral index
above the break of y, ~1 and the break occurring at
E, ~ 10-50 PeV. However, this is in tension with limits
from IC-EHE and Auger; the corresponding BPL best fit
suggests a 12 — 140 underfluctuation for the null obser-
vations. Further measurements are, thus, essential to con-
firm or refute the emergence of a new flux component in the
UHE region.

In summary, we have shown that the most plausible
explanation of KM3-230213A, under the diffuse flux
hypothesis, is an upward fluctuation of a UHE neutrino
flux in line with an extrapolation of the well-measured flux
at sub-PeV energies. This is only in mild tension with the
lack of UHE neutrino observations by IC and Auger so far.
Our analysis relies on publicly available data from IC and
Auger, leading to some approximations in the treatment of
the backgrounds and systematic uncertainties. Furthermore,
it is based on simplistic parametrizations of the diffuse
neutrino flux and does not account for the possible presence
of more complex features. Within these limitations, current
data do not yet allow us to precisely constrain the shape of
the spectrum, specifically regarding the presence of a break
with respect to well-constrained flux measurements in the
TeV-PeV region. In particular, the absence of events in IC
and Auger datasets above tens of PeV and the measurement
of only one event in KM3NeT leave room for further
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investigations of the UHE neutrino spectrum. This study is
intended to be a step toward combining multiple measure-
ments to characterize the diffuse astrophysical neutrino
spectrum at the highest energies. It lays the groundwork for
combined statistical analyses with data from future obser-
vations, including a larger KM3NeT/ARCA detector con-
figuration [23], increased exposures from IC and Auger,
and upcoming radio instruments exploiting the Askaryan
effect to detect UHE neutrinos [45,46]. This enhanced
global dataset will be crucial to eventually disentangle the
components comprising the ultrahigh-energy cosmic neu-
trino spectrum.
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APPENDIX A: STATISTICAL METHODS
AND NOTATION

In this article, the per-flavor v + v astrophysical flux is
assumed to be isotropic and steady, such that it is uniquely
defined by its energy distribution: d*N/(dEdtdQ) =
@' (E;©) in units of GeV~! s~ em™! s7 sr7!, where ©
denotes the various flux parameters.

To characterize the UHE observations, two independent
energy ranges are used throughout the analysis. The central
90% energy range of KM3-230213A, Z;,(0), is defined by
estimating the 5th and 95th percentile of the neutrino
energy distribution given the measured muon energy and
the spectral shape parametrized by ®. The complementary
interval is Z9,(®) = [E%. , E4.\]\Zi,(®), where E. and
E¢,. are extremes specific to each UHE dataset. For
KM3NeT, EEMS = 100 TeV and EXY® = 100 EeV.

Therefore, the number of expected events associated
with a given UHE dataset in an energy range Zp is
given by

EUE) x @ ,(E; ©)dE,
T

ﬂgxp<®;IE> = (Al)

where EY(E) is the experiment-dependent exposure.
Furthermore, for the UHE analyses considered here, the
contribution from background events is neglected.

The analyses presented in this article rely on a simple
Poisson counting to convert UHE observations into con-
straints on the neutrino flux parameters ®:

Ed.in(®) = Poisson (Nd’in' ﬂgxp [9; Iin (G))]) ’

obs ?

(A2)

obs

L0u(©) = Poisson (N4 4 [0:T4,(0)] ), (A3)

L4(©) = L4in(0) X Lyou(®), (Ad)
where Poisson(N; 1) = e*AV/N!, d denotes any of the
UHE datasets (KM3NeT, IC-EHE, Auger), and N4 and

obs

N4 represent the number of observed events in the

intervals Z,, and Z¢,, respectively. In the case of KM3NeT,

KM3,in __ KM3.,out __
we have N ™" = 1 and N =0.

APPENDIX B: EXTERNAL DATASETS
1. IC-EHE

The IC extremely-high-energy exposure is
extracted from the 9-yr analysis described in Ref. [35],
for which the effective area is shown in Ref. [4] (from
1 PeV to 50 EeV). The analysis reports only neutrino
candidates around 10 PeV. As the handling of these events
would require careful treatment of the expected back-
ground and systematics, the integration range is chosen
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FIG. 4. Sky-averaged all-flavor effective areas of KM3NeT/
ARCA bright-track selection [1], IC-EHE [4], and Auger [47]
(summed over Earth-skimming, low-zenith downward-going,
and high-zenith downward-going samples), averaged between
neutrinos and antineutrinos.

: . : IC-EHE __
to start at higher energies, with FE_ "% =20 PeV,

EIGEHE = 50 EeV, and Ny M0 = N PR — 0,

2. Auger

The Auger sky-averaged exposure EAUST is computed
considering their three samples (Earth-skimming, low-
zenith downward-going, and high-zenith downward-
going), using the effective area from the data release
associated to Ref. [47] and the 18-yr live time reported

in the most recent analysis [22], with E22" = 10 PeV and

min
EAUST _ 1 7ZeV. No neutrino events have been identified in

Auger,in __ prAugerout
obs - Nobs =0.

any of the samples: N,

3. IC high-energy measurements

The measurements performed below tens of PeV with
selected IC samples are also considered: HESE [32],
ESTES [33], and NST [34]. For simplicity, the single-
power-law measurements [¢ x (E/100 TeV)™1] from
these three samples are extracted from the scans reported
in the related publications:

1S (¢or) = 2log £ (hy). (BI)
The scans are typically defined in the ranges ¢ €[1,4] x
10718 GeV~!s™'em™!s7!sr7! and y €[1.5,3.5], motivat-
ing the choices of priors in the Bayesian fits.

The effective areas of the three UHE samples are
illustrated in Fig. 4.
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