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Bump hunting in the diffuse flux of high-energy cosmic neutrinos
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The origin of the bulk of the TeV-PeV astrophysical neutrinos seen by the IceCube neutrino telescope
is unknown. If they are made in photohadronic, i.e., proton-photon, interactions in astrophysical sources,
this may manifest as a bumplike feature in their diffuse flux, centered around a characteristic energy. We
search for evidence of this feature, allowing for variety in its size and shape, in 7.5 years of High-Energy
Starting Events (HESE) collected by IceCube, and make forecasts using larger data samples expected
from upcoming neutrino telescopes. Present-day data reveals no evidence of bumplike features, which
allows us to constrain candidate populations of photohadronic neutrino sources. Near-future forecasts
show promising potential for stringent constraints or decisive discovery of bumplike features. Our results
provide new insight into the origins of high-energy astrophysical neutrinos, complementing those from

point-source searches.
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I. INTRODUCTION

What is the origin of the bulk of the high-energy
astrophysical neutrinos discovered by IceCube [1-7] in
the TeV-PeV energy range? They are likely predominantly
produced by one or more populations of extragalactic
sources capable of accelerating cosmic rays to EeV-scale
energies. Yet, so far, less than a handful of sources have
been identified [8—12]—though more conceivably will be
[13,14]. Unquestionably, looking for individual sources is
challenging [15], due to the need to detect coincident
electromagnetic emission from them, incomplete catalogs,
large trial factors, and low detection rates.

To overcome these limitations, here we adopt a different
strategy: rather than resolving individual sources, we look,
in a single swathe, for the population, or populations, of
sources responsible for the bulk of the high-energy neu-
trinos. We inspect the diffuse neutrino energy spectrum,
made up of the aggregated neutrino emission from all
sources, for evidence of distinct features that may reveal
contributions to it from tributary populations.

We consider two broad classes of candidate high-energy
neutrino sources: those where neutrinos are made primarily
In cosmic-ray interactions with ambient matter—i.e., pro-
ton-proton (pp) sources [16—18]—and those where neu-
trinos are made primarily in cosmic-ray interactions with
ambient radiation—i.e., photohadronic (py) sources
[17,19,20]. In both, neutrinos come from the decay of
the short-lived particles—pions and muons, mostly—born

“damiano.fiorillo @nbi.ku.dk
"mbustamante @nbi.ku.dk

2470-0010/2023/107(8)/083008(30)

083008-1

from these interactions. However, they emit neutrinos with
different energy spectra. Based on this, we use their spectra
as proxies of their contributions to the diffuse neutrino flux.

Neutrinos from pp sources have a power-law spectrum,
inherited from their parent cosmic rays. Candidate pp
sources include starburst galaxies [21-28], galaxy clusters
[29-32], and low-luminosity active galactic nuclei (LL
AGN) [33,34]. Neutrinos from py sources have instead a
“bumplike” spectrum, centered around an energy deter-
mined by the properties of the interacting photons and
cosmic rays [35-39]. Candidate py sources include
gamma-ray bursts (GRBs) [36,40-45], LL. AGN [33,34],
radio-quiet AGN (RQ AGN) [46], radio-loud AGN (RL
AGN) [47-49], BL Lacertac AGN (BL Lacs) [50,51], flat-
spectrum radio quasars (FSRQs) [50,52-54], and tidal
disruption events (TDEs) [55-63].

The above classification is admittedly approximate: in
reality, most candidate source classes may produce neu-
trinos via both pp and py interactions, though not
necessarily in equal measure. However, we do not test
predictions of specific source models, but the presence of
generic spectral features due to pp and py production in the
neutrino data. Still, we do interpret our results, with
caveats, in terms of population properties (Sec. V B).

The bulk of the present-day IceCube data are described
well by a pure-power-law spectrum, i.e., ®, « E77, with
y~237-2.87 [7,64], depending on the data used.
However, the large present-day uncertainty in the measured
energy spectrum might be hiding deviations from a pure
power law. To wit, while there is no marked preference for
alternatives to a pure power law, they are not strongly
disfavored [7] or are slightly favored [64]. More complex

© 2023 American Physical Society
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Evidence for the existence of a PeV bump in the diffuse flux of high-energy astrophysical neutrinos. The discovery potential is

quantified via a Bayes factor (Sec. III) that compares the evidence for a two-component flux fit—a power law plus bump—yvs a one-
component flux fit—a power law—after marginalizing over all flux parameters (Sec. II D). Present-day results (snapshot (A) are
obtained using the 7.5-year public IceCube HESE sample [7,69]; the best-fit parameter values are in Table I. Projections (snapshots B, C,
D) are obtained using scaled-up event rates, adopting the present-day best-fit two-component flux as the true flux. We assume that
upcoming neutrino telescopes will have the same HESE-detection efficiency as IceCube. Left: Evolution of discovery potential with
time, using combined detector exposure. Start times and sizes of upcoming telescopes are estimates for their final configurations (their
vertical placements do not convey exposure or evidence). Right: Best-fit and 68% allowed ranges of the one- and two-component flux
fits for snapshots A-D. A prominent PeV bump may be discovered decisively already by 2027, by combining IceCube, Baikal-GVD,
and KM3NeT. (In contrast, constraining or discovering subdominant bumps will require adding more detectors; see Sec. V.) See Sec. [V

for details.

possibilities are allowed too, e.g., a two-component model
with pp sources dominating up to PeV energies and py
sources dominating above [28,65], or py sources opaque to
gamma rays [66,67] dominating below 60 TeV [68].
Motivated by these works, we perform a systematic
search for the presence of power-law and bumplike diffuse
flux components in present-day IceCube data, and make
near-future forecasts using the combined exposure of
upcoming neutrino telescopes. For our present-day results,
we use the recent 7.5-year public sample of IceCube High-
Energy Starting Events (HESE) [7], which have high
astrophysical purity and energy resolution, and the asso-
ciated Monte-Carlo sample of simulated events [69]. For
our forecasts, we assume that upcoming telescopes will
have IceCube-like HESE-detection efficiency. We model
the power-law spectrum from the general class of pp
sources and the bumplike spectrum from the general class

of py sources with flexible parametrizations that capture
the rich interplay of their relative contributions.

Our goal is two-fold. First, we show that, thanks to larger
event samples, we may soon distinguish decisively between
a single-component (pp only or py only) and a multi-
component (pp and py) description of the diffuse neutrino
flux. Second, we show that, even if future observations
were to favor a dominant power-law diffuse flux from pp
sources, subdominant bumplike contributions from py
sources could still be discovered or constrained. The latter
case would in turn constrain the properties of the py source
population, independently of constraints from point-source
searches [15].

Figure 1 addresses the first of these goals: it shows how
the evidence in favor of a particular two-component diffuse
flux—a power law and a PeV bump, hinted at by present-
day data (Sec. [IV)—may grow with time, assuming this is
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the true flux. Already by 2027, the combined exposure of
IceCube, Baikal-GVD [70,71], and KM3NeT [72-74]
could decisively favor this explanation. Figure 1 illustrates
a key point: larger event samples will allow us to look for
progressively more inconspicuous features of the diffuse
flux, offering powerful discrimination between competing
source models.

Our methods (Sec. III) are not dissimilar from those used
in collider physics to search for particle resonances: like
them, we hunt for statistically significant bumps in an
otherwise smooth landscape—in our case, in a power-law
neutrino spectrum. Discovering a bump would signal the
existence of a population of py sources. Not finding any
would constrain their contribution. Either way, the power of
the method grows with the event sample size.

In Sec. II, we review the current state of the diffuse flux
of high-energy neutrinos and introduce parametrizations
for the power-law and bumplike flux components. In
Sec. III, we describe the present-day IceCube data and
the methods we use to compare them to our flux pre-
dictions. In Sec. IV, we focus on the case of a PeV bump. In
Sec. V, we focus on subdominant bumps in the TeV-PeV
range. In Sec. VI, we list possible future directions. In
Sec. VII, we summarize.

II. THE DIFFUSE FLUX OF HIGH-ENERGY
ASTROPHYSICAL NEUTRINOS

The sources responsible for the diffuse flux of TeV-PeV
astrophysical neutrinos seen by IceCube are unknown. Yet,
different neutrino production mechanisms, prominent in
different candidate source classes, are expected to make
neutrinos with different energy spectra. Thus, we use the
diffuse neutrino spectrum as proxy of the identity of the
population, or populations, of neutrino sources.

A. Overview: One or more source populations?

At present, because the origin of the bulk of high-energy
astrophysical neutrinos is unknown, models of their diffuse
flux are many and varied. Viable models must be able to
explain the diffuse flux seen by IceCube [7,64], or a
fraction of it. But, beyond that constraint, there is signifi-
cant room for variety in the predictions of the flux shape
and size from various candidate astrophysical sources; see,
e.g., Ref. [14] for an overview.

Further, the diffuse neutrino flux could conceivably be the
superposition of contributions from multiple source popu-
lations, each contributing a flux component with a differently
shaped energy spectrum and size. (References [75-77]
estimated the size of these contributions, though, based on
searches for point and stacked sources rather than on the
diffuse flux.) Identifying these components in the diffuse
flux—and, hence, identifying the contribution of multiple
source classes—requires distinguishing between their differ-
ent spectral shapes. Later, in Secs. IVand V, we show that the

main challenge to do that is the paucity in high-energy
neutrino data. Fortunately, this will be surmounted in the near
future.

Below, we consider two broad classes of candidate
sources that roughly map to two different neutrino pro-
duction mechanisms: sources that make neutrinos via
proton-proton interactions and sources that make neutrinos
via proton-photon interactions. Later, we look for their
imprints in the diffuse flux of high-energy neutrinos.

B. Neutrinos from pp vs py sources

Because the diffuse flux of TeV-PeV astrophysical
neutrinos seen by IceCube is seemingly isotropic, the
astrophysical sources responsible for it are likely predomi-
nantly extragalactic. Their identity is presently unknown;
except for a few notable exceptions [8—12]. They are
purportedly high-energy nonthermal astrophysical sources
able to accelerate cosmic-ray protons and charged nuclei to
energies of at least 100 PeV; see, e.g., Refs. [78,79] for an
overview. Thus, in many models, they are also sources of
ultra-high-energy cosmic rays (UHECRs) and high-energy
gamma rays. For simplicity, we frame our discussion
below in terms of UHECR protons; however, the mass
composition of UHECRs is key to understanding the
production of UHECRS and of the associated high-energy
neutrinos [80-82].

In the sources, diffusive shock acceleration may generate
UHECRSs with a power-law spectrum E;y”, where E), is
the proton energy and y, 2 2. UHECRs interact with
ambient matter, in proton-proton (pp) interactions, or
ambient radiation, in photohadronic (py) interactions.
Both pp and py interactions make high-energy pions that,
upon decaying, make the high-energy neutrinos that
IceCube detects, ie., n"™ — u"+v,, followed by
ut — et +v,+10, and their charge-conjugated proc-
esses. Each neutrino carries, on average, 5% of the energy
of the parent proton, i.e., E, ¥ E, /20. However, while both
pp and py interactions can produce high-energy neutrinos,
they may yield markedly different neutrino spectra.

In pp interactions, deep inelastic scattering produces
multiple z* and z~, in roughly equal proportions. Because
UHECR protons collide with ambient protons that are
comparatively at rest, the resulting neutrino spectrum is
entirely determined by the spectrum of the high-energy
protons. Thus, the neutrino spectrum emitted by a pp
source is a power law « E,”, where y =~ Yp» Up to a
maximum neutrino energy E, o = E, nax/20, where
E}, max 1s the maximum energy to which the source can
accelerate UHECR protons. The latter depends on the
properties of the source that drive particle acceleration, e.g.,
the size of the acceleration region, the bulk Lorentz factor
in it, the intensity of the magnetic field, and the fraction of
available of energy that is imparted to nonthermal protons;
see, e.g., Refs. [39,83,84].
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In py interactions, UHECR protons interact with ambi-
ent photons whose spectrum is concentrated around a
characteristic photon energy E;. The value of E7 depends
on the origin of the ambient photon field, e.g., synchrotron
or synchrotron self-Compton emission by accelerated
electrons or protons. Pion production via the A(1232)
resonance dominates around center-of-mass energy of
1.232 GeV, ie., p+y—> At > n+z", and, at higher
energies, deep inelastic scattering yields multiple z* and
zn~, in roughly equal proportions. Thus, the neutrino
spectrum emitted by a py source stems from the interplay
of the interacting protons and photons: to produce a A"
resonance, their energies must satisfy E,E, ~0.2 GeVZ;
see, e.g., Refs. [20,39]. Hence, most A*-producing py
interactions occur between photons of energy E7 and protons
of energy Ej ~0.2 GeVz/E;. As a result, the neutrino
spectrum is bumplike, concentrated around the characteristic
neutrino energy of E, pym, & E5/20 ~ 0.01 GeV?/E;. (The
high-energy neutrino spectrum from certain classes of pp
sources, like starburst galaxies [85], might be a power law
with a spectral kink. In those cases, it may also be
approximated by a bump, centered at the spectral kink;
see Fig. 2.)

Above E, pymp, multipion production may extend the
neutrino spectrum as a power law that follows the cosmic-
ray spectrum. However, for most source models the range
of this power law is narrow, because it is suppressed at
E, ... Multipion production may be significant in GRBs
[20,88], but less so in other sources. It is not expected to
significantly alter the bumplike spectrum typical of py
interactions; see, e.g., Ref. [39]. Further, a bumplike
neutrino component from py interactions on a target of
thermal photons could arise on top of a power-law
component also induced by py interactions on a target
of nonthermal photons; see, e.g., Ref. [89].

In our analysis, we do not model the intrinsic properties
of pp or py sources, particle acceleration, radiation
processes, or specific shapes of the ambient photon field
that are integral to building complete source models of
neutrino production. Instead, for pp sources, we model
directly the neutrino spectra that they emit as a power law
o E,” augmented with an exponential suppression around
E, . For py sources, we model directly the neutrino
spectra that they emit as a bumplike flux, centered at
E, pump- This strategy allows us to describe many different
candidate pp and py source populations under a common,
albeit simplified, framework (see Sec. VI for proposed
refinements). We give details in Sec. II D.

The shapes of the neutrino spectra above are for individual
pp or py sources. However, the diffuse neutrino flux from a
population of pp sources or py sources is expected to
approximately retain the shape of the energy spectra emitted
by the individual sources that make up the population—a
power-law flux or a bumplike flux, respectively. In the
diffuse flux, the spectral features of individual sources are
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FIG. 2. Diffuse neutrino fluxes from representative source
models of neutrino production via py and pp interactions vs.
approximations using the bumplike flux from our work, Eq. (2).
For blazars (mainly py), the flux is scenario 1 from Ref. [50],
with constant baryon loading for all sources. For gamma-ray
bursts (GRBs, mainly py), the flux is from low-luminosity bursts,
from Ref. [86]. For tidal disruption events (TDEs, mainly py), the
flux is from Ref. [87], including interactions with optical and
ultraviolet photons. For starburst galaxies (SBGs, mainly pp), the
flux is from Ref. [85], from pp interactions of UHECRs. For
comparison, we show the 68% allowed flux band from the 7.5-
year IceCube HESE analysis, assuming a pure power-law [7]. We
do not test the source flux models shown in this figure, nor any
specific source flux models; we show them here merely as
representative examples to validate Eq. (2). Our log-parabola
bumplike flux approximates the source flux models reasonably
well, especially where they are highest, and especially if they are
symmetric around their peak energy.

averaged by the spread in the source properties that affect
UHECR acceleration and neutrino production—Iluminosity,
density, magnetic field intensities, etc.—and are softened by
the effect of cosmological expansion on the neutrino ener-
gies, and by the distribution of sources with redshift.
Nevertheless, the fundamental difference between the diffuse
neutrino energy spectra from a population of pp and py
sources remains and is what motivates us to model them as
two differently shaped flux components, a power law and a
bump. By varying the values of their shape parameters in fits
to data (more on this later), we capture the interplay between
them and, indirectly, the effects of spectral averaging and
softening on them.

(A subtle point is that, for py sources, the bumplike
spectra emitted by individual sources may not result in a
bumplike diffuse flux if the source population parameters
are roughly correlated in such a way that the superposition
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of the individual spectra produces a diffuse flux whose
envelope is a power law. The exploration of such a scenario
lies beyond the scope of the present work. Our results are
obtained instead under the implicit assumption that the
superposition of the individual bumplike spectra survive
does result in a bumplike diffuse flux.)

C. Overview of source candidates

The diffuse flux of high-energy astrophysical neutrinos
might be due to a single population of pp sources, a single
population of py sources, a superposition of pp and py
source populations, or a population of sources that make
neutrinos via pp interactions in certain energy range
and via py interactions in a different range. For compari-
son, the unresolved diffuse flux of GeV-TeV gamma rays
is likely due to various population of sources, see, e.g.,
Refs. [90-92], including unresolved blazars, star-forming
galaxies, and radio galaxies, which, incidentally, may also
be neutrino sources. In contrast, identifying the contribu-
tions from multiple source populations in the diffuse flux of
high-energy neutrinos is hampered by low neutrino event
rates. Nevertheless, weak hints in present-day observations
of the diffuse neutrino flux suggest that different source
populations may contribute at different energies. We sketch
them below.

In the 10-100 TeV range, the flux of astrophysical
neutrinos seen by IceCube suggests an origin in py
sources that are opaque to gamma rays [68]. These sources
must be opaque, i.e., must attenuate gamma rays via
electron-positron pair production, in order for the flux of
gamma rays co-produced with neutrinos not to exceed the
isotropic diffuse gamma-ray background seen by Fermi-
LAT [66-68]. Various candidate py sources with potential
high opacity have been proposed, including low-lumi-
nosity and choked GRBs [43,93-95] and supernovae
[96-99], and hidden cores of AGN [100]. Notably, in
AGN corona models [100] neutrino production via py and
pp might be comparable. Nevertheless, because our
analysis uses detected events with energies above
60 TeV (Sec. III A)—to reduce the contamination of
atmospheric backgrounds—it is largely insensitive to
bumps that peak below this energy.

Around 100 TeV, the flux of astrophysical neutrinos
seen by IceCube may originate in pp sources. Examples
include cosmic reservoirs, like star-forming galaxies
[21,24,27,28,32,101,102] and galaxy clusters [30-32,
103,104]. Cosmic reservoirs are believed to be cosmic-ray
calorimeters: they confine cosmic rays for a long time,
boosting their chances of interacting with interstellar material
and making neutrinos. They can explain the coincidence
observed between the energy generation rate of UHECRs
and of high-energy neutrinos. However, for some of these
sources, e.g., star-forming galaxies, it is challenging to model
the acceleration of UHECRS and, therefore, the production of
PeV-scale neutrinos [24,27].

In the PeV range, py sources like blazars [50-54,105],
GRBs [36,40,42,44,106], and TDEs [55-63], may domi-
nate neutrino production. This is expected because these
sources are all candidate UHECR accelerators, and they are
all known to contain eV-MeV photon fields that can act as
targets for photohadronic interactions. (There are also
models of PeV-scale neutrino production via pp inter-
actions of UHECRs on nuclei from the host galaxy; see,
e.g., Ref. [85].) Similarly, Ref. [107] argues that the sources
of UHECRs cannot be responsible for the whole of the
diffuse neutrino flux, but they could account for a PeV
bump in the diffuse neutrino flux.

Thus, the picture that tentatively emerges is that a low-
energy population of py sources may dominate neutrino
production below 100 TeV—though our analysis is largely
insensitive to it—pp sources may dominate it up to a few
hundred TeV, and a different population of py sources
may dominate it at higher energies, up to a few PeV.
References [28,65,108,109] proposed multicomponent flux
models based on this tentative picture.

In short, above 60 TeV, where our analysis is sensitive,
the diffuse neutrino flux may be a power law up to a few
hundred TeV, followed by a bump centered at PeV energies.
(Indeed, in Secs. IV and V, we find marginal evidence for
this in present-day IceCube data.) Still, as part of our
analysis, we explore many alternative superpositions of a
power law and bump flux components.

D. Power-law and bump flux components

Following the tenet of our work, laid out in Sec. I B, we
forego modeling in detail the neutrino emission from
individual pp and py sources and computing the diffuse
neutrino flux from the aggregated contributions of their
populations. Instead, we directly model the diffuse neutrino
flux without recourse to any particular source model. This
strategy allows us to describe a vast number of possible
superpositions of pp and py neutrino source populations
within the same framework.

We model the diffuse flux as the superposition of two
components: a power-law flux, representative of neutrino
production in pp sources, and a log-parabola bumplike
flux, representative of neutrino production in py sources (or
pp sources with a spectral kink). The parametrizations that
we adopt for them have the flexibility to capture the variety
in the interplay between power laws and bumps of various
shapes and relative sizes.

The diffuse power-law flux component is

@ E, 2—y b 4
oo rev) ¢ (V)

where @ p; is a normalization parameter, y is the spectral
index, and E,, . is the neutrino cutoff energy. Equation (1)
describes the diffuse flux of neutrinos produced in pp
interactions of UHECRs that have a relatively soft spectrum

Y dE,dAdtdQ
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S E;y” with y, 22, as expected from diffusive shock
acceleration [110,111]; see Sec. II B. Below, instead of
modeling specific flux predictions, we vary the values of
Dypr, v, and E, ., in fits to present-day and projected
samples of detected events.

The diffuse bumplike flux component is

Ao,
gm - (Elabumpq)o,bump)
v

) ©

i.e., alog-parabola, where Ef_bump(lDOAbump is a normalization
parameter, E, .y, i8 the energy at which the bump is
centered, and @y, defines the width of the bump, which is

X exp [—abumplog2<

approximately E, yymp/ atl,l/lfnp. Most of the neutrinos are
concentrated around energy E, p,mp- The value of apyp,

controls whether the spectrum is wide around this energy—
if oty pmp 18 sSmall—or narrow—if @,y is large. Equation (2)

TABLE L.

represents the diffuse flux of neutrinos produced in py
interactions (or in p p interactions with a spectral kink); see
Sec. II B. Below, instead of modeling specific flux pre-
dictions, we vary the values of Ef’bumpdbo,bump, Apump, and
E, pump 1n fits to present-day and projected samples of
detected events.

Figure 2 compares our log-parabola bumplike flux,
Eq. (2), with detailed models of the diffuse high-energy
neutrino emission from various classes of sources, taken
from the literature, both py—blazars [50], low-luminosity
GRBs [86], and TDEs [87]—and pp sources—starburst
galaxies [85]. These models illustrate that, in reality, bumps
may be asymmetric around E, ., and may feature a
plateau rather than a peak. For the case of TDEs, for
example, the flux at energies below the peak flattens out
due to a contribution from py interactions on a second
target of X-ray photons, which is not captured by our
parametrization, Eq. (2). We leave searches for these
features to future dedicated studies (Sec. VI). Figure 2
shows that, in all cases, the log-parabola bumplike flux,

Free model parameters, their priors, best-fit values, and allowed ranges, from a fit to the IceCube 7.5-year HESE event

sample [7,69]. Allowed parameter ranges are 68% one-dimensional marginalized credible intervals. Results are for fits with a pure
power law (“Pure PL”), a power law with an exponential cutoff (“PLC”), and a power law with a cutoff plus a bump (“PLC + B”). The
former two serve as validation of our method; we find parameter values similar to Ref. [7]. For the latter, we only show the values of the
parameters that maximize the posterior, Eq. (9). (We keep some nuisance parameters of the original HESE analysis [7] fixed to their

nominal values.) See Secs. IIIE and IV A for details.

Parameter Fit to 7.5-yr IceCube HESE sample
Symbol Units Description Prior Pure PL? PLC® PLC + B¢
Physical parameters, 6
Power law D pr. GeV-'cm2s !sr~! Flux norm. Logo-uniform 5972 5917 1.5x 1077
at 100 TeV € [-20, -15]
Y . Spectral index Uniform 2.88+£021 27670 2.3
€ [2.0,3.5]
E, GeV Cutoff energy Logo-uniform 8.977%% x 10° 1.7 x 10
€ [4,8]
Bump E} pump@opump  GEV cm™2 s !sr™! Flux norm. Logo-uniform 3x 1078
at E, jump e [-10,-5]
Qbump Energy width Uniform 34
of bump € [0.1, 10]
E, bump GeV Central energy Log;-uniform 1.4 x 10°
of bump € [4,7]
Nuisance parameters, 77
Nwe Flux norm., Gaussian, 1.08 £0.39 1.09 +0.39 0.96
convent. atm. v n=1,06=04
NPt Flux norm., Uniform € [0, 10] ~ 0.947039 0.90 02 0.17
prompt atm. v
NH Flux norm. atm.  Gaussian, 1.20 +0.46 1,24j8:53g 1.05

u=1,06=05

"Mean value of the one-dimensional marginalized posterior £68% C.L. range. The mean value coincides with the best-fit value.

Mean value of the one-dimensional marginalized posterior +68% C.L. range. The mean value coincides with the best-fit value.

“Best-fit, or maximum a posteriori, value of the full posterior. Because of correlations between parameters in the full posterior,
Eq. (9), this value does not coincide with the mean value when using the 7.5-year IceCube HESE sample; see Fig. 9.

083008-6



BUMP HUNTING IN THE DIFFUSE FLUX OF HIGH-ENERGY ...

PHYS. REV. D 107, 083008 (2023)

Eq. (2), is a reasonable fit to the flux models, especially
close to the peak of the bump, where the flux component
contributes the most to the rate of detected events, and
especially for more symmetric model predictions. This
validates the use of Eq. (2) in our analysis.

(An alternative origin of a bump in the diffuse flux is
from the decay of heavy dark matter particles between
100 TeV and 10 PeV into high-energy neutrinos [112-124].
While our analysis below focuses on bumps as coming
from the neutrino production mechanism, it can be repur-
posed to perform searches for neutrino bumps from dark-
matter decay. Previous studies, e.g., Refs. [121,122], have
shown that including a bumplike high-energy neutrino flux
component from the decay of PeV-scale dark matter can
marginally improve fits to IceCube data; see, however,
Refs. [125,126]. Below, we find a similar result, though
motivated differently.)

Thus, our diffuse flux model is two-component, the
superposition of the power-law and bump components,
Egs. (1) and (2), i.e.,

d®py, (E,,; Dy pr,7s Ev.cut)

E2d,(E,) = E
vPu(E) =E, dE,dAdtdQ

n dq)bump (Ev; Elz,,bumpq)o.bump ) abump ) Ev.bump)
dE,dAd1dQ ‘

(3)

The physical parameters of our model are @y py, 7, E, cyrs

Ef.bumpd)o,bump, pump> and E, y,mp. Later, in our statistical

analysis in Sec. III, we introduce additional nuisance
parameters, related to atmospheric neutrino and muon
backgrounds. Table I summarizes the free parameters of
our analysis.

We assume that the diffuse flux is made up of v,, v, v,
Ues Uy, and U, in equal proportions. This is the canonical
expectation for high-energy neutrinos produced in pion
decays (Sec. II B), after flavor oscillations have acted on
them en route to Earth [127,128], and is compatible with
IceCube measurements [129]. Uncertainties in the pre-
dicted flavor composition should be rendered negligible in
the next decade by upcoming oscillation experiments [ 128],
so we ignore them.

Figure 3 illustrates the role of the different flux param-
eters on the shape of the neutrino diffuse flux, and singles
out the impact that varying the width, ayyyp, has on the
bump component. Also, the dip in the flux in-between the
cutoff of the power-law component and the rise of the bump
component is a feature that could reflect the transition from
a pp to a py source population.

The IceCube Collaboration itself has explored various
possible shapes of the diffuse neutrino spectrum when
fitting to detected data, including their default pure
power law, i.e., one without a high-energy cutoff, a double
power law, a pure log-parabola, a segmented power law,
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FIG. 3. [Illustration of the power-law and bump flux compo-
nents used in our analysis, Egs. (1)—(3), and effect of their free
parameters. For this figure only, the values of the flux parameters
are fixed to their best-fit values obtained in a two-component flux
fit to the public 7.5-year IceCube HESE data [7,69]; see Table 1.
In our analysis, we allow the values of the parameters to vary in
fits to data, either present-day or projected. See Table I for a
summary of the parameters and Sec. II D for details.

and fluxes from different astrophysical models; see
Refs. [3-5,7,64,130-134]; see also Refs. [28,65,108,109]
for independent analyses. Present-day statistics are insuffi-
cient to yield a conclusive preference for any of these
models. Below, we reach the same conclusion when
comparing the present-day preference for a one-component
flux model vs a two-component flux model.

III. HUNTING FOR BUMPS

We look for bumplike features in the diffuse flux of high-
energy neutrinos by using IceCube High-Energy Starting
Events (HESE), with high astrophysical purity. We account
for detector effects and the irreducible contamination from
atmospheric neutrinos and muons by using the public
IceCube Monte Carlo HESE sample to compute event
rates. We scan wide ranges of possible values of the flux
model parameters (Table I) and, when computing evidence,
account for the appearance of spurious bumplike features
(the “look-elsewhere effect”).

A. IceCube high-energy starting events

IceCube is the largest high-energy neutrino telescope in
operation: roughly 1 km? of underground Antarctic ice
instrumented with photomultipliers. It is an optical
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Cherenkov detector: it collects the light made by radiating
secondary particles in showers born from neutrinos
interacting in the ice. The main interaction channel is
neutrino-nucleon deep inelastic scattering (DIS). In it, a
high-energy neutrino scatters off of a constituent parton
of the nucleon—a quark or a gluon—and breaks up the
nucleon in the process. The high-energy final-state
particles—electrons, muons, tauons, and hadrons—initiate
showers whose charged particles emit Cherenkov radiation
that propagates through the ice and is recorded by the
photomultipliers. From the amount of light deposited, and
from its spatial and temporal distribution, IceCube recon-
structs the neutrino energy, direction, and flavor, with
varying degrees of precision [135].

In our analysis, we focus on IceCube high-energy
starting events (HESE). These are events where the
neutrino interaction occurs inside the instrumented volume.
They undergo a self-veto that reduces the contamination
from atmospheric muons, which would otherwise be
dominant. By design, HESE samples are the most astro-
physically pure out of all of the event samples selected by
IceCube. See Refs. [2,3,136,137] for details. This, coupled
to the fact that their energy resolution is the best, makes
them the most suitable kind of events to look for features in
the neutrino energy spectrum. Later (Sec. VI), we comment
on the use of the other main event sample, of through-going
muons. When making projections that involve other detec-
tors, we assume that they will also collect HESE samples, a
capability that they will arguably likely have, and that their
HESE-detection efficiency will be equal to that of IceCube,
which is admittedly a necessary simplification, born from
the absence of details on future detectors.

In the TeV-PeV range, there are two main light-profile
topologies of HESE events: cascades and tracks. Cascades
are made mainly by charged-current DIS of v, or v, (i.e.,
v+ N — [+ X, where [ = e, 7, N is a nucleon, and X are
final-state hadrons), and also by neutral-current DIS of all
flavors (i.e.,v; + N = v, + X, where [ = e, u, 7). Tracks are
made by charged-current DIS of v, (i.e.,v, + N — pu + X),
where the final-state muon leaves an track of light in its wake,
km-scale in length.

In a DIS interaction, on average, the final-state hadrons
receive about 25% of the initial neutrino energy, and the
final-state lepton receives 75% [138-140]. Thus, in
cascades, essentially all of the neutrino energy is deposited
in the ensuing shower, which grants them good energy
resolution. In tracks, because the track escapes the instru-
mented detector volume, energy resolution is somewhat
poorer (but the muon energy can be approximated by how
much energy the track deposits inside the detector [135]).
The energy resolution of HESE events is about 10% in
the logarithm of the event energy. Conversely, because
cascades have a roughly spherical light profile centered on
the neutrino interaction vertex, their angular resolution may
be as poor as tens of degrees, while tracks, because they are

elongated, have subdegree angular resolution. For details,
see Ref. [135].

At a few PeV, in addition, charged-current DIS of v, may
produce “double bangs” or “double cascades” [141]. In
them, the neutrino-nucleon DIS produces a first cascade;
the final-state tauons propagate away from the interaction
vertex, decay, and produce a second cascade. Recently,
IceCube identified the first two candidate double bangs
[142]. However, they are not captured by the public
IceCube HESE Monte Carlo sample on which we base
our analysis [7,69] (Sec. 111 B).

Beside neutrino-nucleon DIS, high-energy neutrinos are
also detected via neutrino-electron scattering. This inter-
action channel is negligible except in a narrow energy range
around 6.3 PeV—the Glashow resonance [143]—where 7,
may produce an on-shell W boson, which enhances the
expected event rate massively [144-150]. Recently,
IceCube observed the first Glashow resonance candidate
[151]. The public IceCube HESE Monte Carlo sample
that we use (Sec. Il B) does contain contributions from
Glashow resonance, but it does not contain the dedicated
analysis that was needed to discover that one candidate,
which was a partially contained shower, rather than a fully
contained one.

Thus, IceCube HESE events are cascades, tracks, and
double cascades; we keep this classification also when
making forecasts for future detectors. Because we have
assumed equal proportion of v,, v,, and v, in the flux
(Sec. II D), we do not attempt to infer the flavor compo-
sition from the relative numbers of events of different
classes, like Refs. [127,128,132,133,142,152-154] do.

After neutrinos reach the surface of the Earth, they
propagate underground, for a length of up to the diameter of
the Earth, until they reach IceCube. Inside Earth, they
undergo DIS on nucleons [138—140], which dampens their
flux. The effect is stronger at higher energies, where the
neutrino-nucleon cross section is larger, and for neutrinos
that travel longer paths inside the Earth, which encounter a
larger column depth of nucleons. For v, in particular,
charged-current DIS produces tauons which decay back
into v, with lower energy, that partially counteract the
dampening of its flux; this is known as “v, regeneration.”
While this effect is present in our analysis, it is significant
mainly at energies above 100 PeV, higher than the
ones we use. Overall, the propagation of high-energy
neutrinos inside the Earth affects their flux in an energy-,
direction-, and flavor-dependent manner; see, e.g.,
Ref. [138-140,155-158] for explicit examples.

The above effects are built into the public IceCube HESE
Monte Carlo sample that we use in our analysis. The
sample is generated assuming the neutrino-nucleon cross
section from Ref. [159], for the propagation of neutrinos
inside Earth and their detection at IceCube, and the
Preliminary Earth Reference Model [160] for the internal
matter density of Earth. For details, see Ref. [69].
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B. HESE public data and Monte Carlo

Recently, the IceCube Collaboration made public the
7.5-year HESE sample [7] and an accompanying
Monte Carlo (MC) simulation of the performance of the
detector [69]. We build our analysis on them.

The 7.5-year HESE sample contains 102 events in total.
In our analysis, we use only the 60 events with recon-
structed shower deposited energy larger than 60 TeV;
there are 41 cascades, 17 tracks, and 2 double cascades.
Above 60 TeV, the irreducible contamination from atmos-
pheric neutrinos and muons that pass the HESE self-veto
(Sec. IIIC) is small [136,137,161], since their fluxes
decrease faster with energy than the flux of astrophysical
neutrinos. Because of the event selection, most events are
downgoing, i.e., coming from the Southern Hemisphere.
For details, see Ref. [7].

The HESE MC sample contains 821764 simulated
HESE events, generated using the same detector simulation
used in the analysis of the 7.5-year HESE sample by the
IceCube Collaboration. They are initiated by all neutrino
flavors, produce cascades, tracks, and double cascades,
from all directions, and cover the energy range that is
relevant for our analysis.

Events in the MC sample were generated assuming a
reference diffuse high-energy astrophysical neutrino flux;
see Ref. [69] and Sec. I E. In our analysis, we compute
HESE events corresponding to different choices of the
high-energy astrophysical neutrino flux by reweighing the
events in the MC sample; we describe the procedure in
Sec. IIID 1. Thus, our predicted event rates inherently
include the detailed IceCube HESE response.

Compared to the 7.5-year analysis by the IceCube
Collaboration [7], we adopt a simplified treatment of
three nuisance detector systematic uncertainties—the
efficiency of digital optical modules, the head-on effi-
ciency, and the lateral efficiency—in order to reduce the
time needed for our computations. Whereas the IceCube
analysis allows the values of these parameters to float in
fits to observed data, with narrow prior distributions, we
keep their values fixed to their nominal expectations, i.e.,
where their priors are maximum. (For the same reason, we
also keep the shapes of the atmospheric background
distributions fixed; see Sec. III C.) In Sec. III E, we verify
that the impact of fixing their values is limited, by
approximating closely the IceCube fit from Ref. [7].

For each simulated event in the MC sample, we use its
primary neutrino quantities—neutrino energy, flavor, and
zenith angle—and its reconstructed event quantities—
reconstructed deposited energy, reconstructed zenith angle,
and event topology. In our statistical analysis (Sec. 111 D),
we compare predicted vs observed event rates using
reconstructed quantities, since these are accessible exper-
imentally, but reweigh events in the MC sample using
primary neutrino quantities.

C. Irreducible atmospheric backgrounds

The HESE sample contains events initiated not only by
astrophysical neutrinos, but also by the irreducible back-
ground flux of atmospheric neutrinos and muons, created in
cosmic-ray interactions in the atmosphere of the Earth, that
escape the HESE self-veto [136,137,161]. There are three
contributions to it—conventional atmospheric muons, con-
ventional atmospheric neutrinos, and prompt atmospheric
neutrinos—born from the decay of mesons and muons
produced by the cosmic rays. For all of them, we use the
same flux prescriptions as the IceCube 7.5-year HESE
analysis [7], via their implementations in the HESE MC
sample. Below, we sketch them; for details, see Ref. [7],
especially Figs. IV.3, IV.4, and IV.6 therein.

The conventional atmospheric muon flux comes from the
decay of pions and kaons. Compared to the parent cosmic
rays, the atmospheric muon spectrum is softer due to the
energy losses of the pions and kaons prior to their decaying
and of the muons themselves. The baseline muon flux
prescription that we use comes from air-shower simulations
made with CORSIKA [162], using the Hillas-Gaisser H4a
cosmic-ray flux model [163] and the SIBYLL 2.1 hadronic
interaction model [164].

The conventional atmospheric neutrino flux comes from
the decay of pions, kaons, and muons. Like the conven-
tional atmospheric muon flux, because of energy losses, its
spectrum is softer than that of the parent cosmic rays. The
baseline conventional neutrino flux prescription that we use
is from Ref. [165], obtained using the modified DPMJET-
IIT generator [166].

The prompt atmospheric neutrino flux comes from the
decay of charmed mesons. Because they are short-lived, they
experience little to no energy losses before decaying. As a
result, the spectrum of prompt neutrinos that they produce is
harder than that of conventional atmospheric neutrinos, and
closer to that of the parent cosmic rays. The baseline prompt
neutrino flux prescription that we use is from Ref. [167]. To
date, the prompt neutrino flux remains unobserved; still, we
include its possible contribution to the HESE rate.
Accordingly, in all our fits to HESE data below, we find
that the contribution of prompt atmospheric neutrinos is
compatible with zero.

Later, as part of our statistical analysis (Sec. III D 2), we
let the normalization of the conventional muon flux,
conventional neutrino flux, and prompt neutrino flux float
freely in fits to HESE data, like the IceCube analysis in
Ref. [7], and using the same priors. Reference [7] included
extra parameters that affect the shape, not just the nor-
malization, of the energy spectra of the atmospheric
backgrounds: the spectral index of the cosmic-ray spec-
trum, the ratio of kaons to pions produced, and the ratio of
neutrinos to antineutrinos produced. In our analysis, we
keep these shape parameters fixed at their nominal values,
given in Table IV.1 of Ref. [7], to reduce the time needed
for our computations. This is justified because the
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atmospheric backgrounds are subdominant in the HESE
event rate above 60 TeV, i.e., in the energy range of our
analysis. Like for detector systematics (Sec. III B), we
verify in Sec. III E that the impact of fixing the shape
parameters is limited.

D. Statistical procedure

Our analysis compares expected HESE event rates—
induced by our two-component astrophysical neutrino
flux model (Sec. IID) and by atmospheric backgrounds
(Sec. III C)—against the public IceCube 7.5-year HESE
sample [7,69] (Sec. III B), and against projected versions of
it with larger statistics. To compute event rates for arbitrary
flux choices, we reweigh the HESE MC sample and, when
making projections, rescale it by longer detector exposure
times. To compare event-rate predictions with observations,
we adopt a Bayesian approach, binned in reconstructed
event energy and direction (Sec. III B), and allow astro-
physical and background flux parameters (Table I) to float
freely. Below, we describe this in detail.

1. Astrophysical neutrinos

The set of flux parameters introduced in Sec. II D,
0 = (q)O,PL e Et/.cut ’ E;%ybump (I)O,bump ’ abump s Ey,bump) > defines
a specific realization of our two-component diffuse flux
of high-energy astrophysical neutrinos, Eq. (3). In the fits to
HESE data below, we let the value of each parameter float
independently of each other.

For a given realization of @, we compute the expected
mean number of HESE events due to the corresponding
astrophysical neutrino flux by reweighing the sample of
MC HESE events; we explain the reweighing procedure
below. After reweighing, the mean number of astrophysical
events in the i-th bin of reconstructed shower energy, Eqcp,
and the j-th bin of reconstructed direction, cos@7*,

is ufj“tSt(H), we introduce our choice of binning later

(Sec. MID3). We keep track of events of each
topology (t), i.e., cascades (c), tracks (tr), and double
cascades (dc). We do the same for atmospheric events.

The flux-reweighing procedure is as follows: from the
public HESE data release [7,69], we extract the weight
wk . associated with the k-th MC event of topology t,
generated by a neutrino of energy E, ;. Events in the MC
sample were originally generated assuming as reference
flux the best-fit pure-power-law flux from the 7.5-year
HESE analysis [7], @, . = @t (E,/100 TeV)~>%, with
Dot = 5.68 x 10718 GeV~' em™2 s~ sr™!, and exposure
time T\ = 2635 days. Given a new flux ®,, i.e., our two-
component model in Eq. (3), and exposure time 7, the
mean number of events of topology t is

v, as! (Dl/ El/, 70 T
ey = 3 DB OT |, 4)

& q)u,ref(Ey.k)Tref et

where the sum is restricted to MC events whose recon-
structed deposited energy, Egep . falls within the i-th bin
and whose reconstructed deposited direction, cos Hf,i falls
within the j-th bin.

2. Atmospheric neutrinos and muons

To account for the irreducible atmospheric background
(Sec. III C), we extract from the IceCube HESE MC sample
[69] the baseline number of conventional atmospheric
neutrinos, N/, prompt atmospheric neutrinos, N, ' » and
atmospheric muons, N¥ ;.- (In practice, we do this by setting
the astrophysical flux to zero in the MC reweighing, and
extracting the resulting event rates, which are purely
atmospheric.) The baseline atmospheric event rates in
the MC sample were produced using the MC generator
of Ref. [168]; see Sec. III C for details.

We keep the shape of the atmospheric background event
distributions fixed (Sec. III C), but allow their normaliza-
tion constants, N, N*P* and N'¥, to float independently
of each other. For a specific choice of their values, the
number of background events of topology t is

() = NVN5 -+ NN+ NN (5)

(NF NP ),

where 7 =

3. Likelihood function

The mean number of HESE events of topology t in each
bin, of astrophysical and atmospheric origin, is

pij(0.m) = 55 (0) + i (). (6)
We use the same binning as in Ref. [7]: Ng, = 21 bins
evenly spaced in log;o(Egep/GeV), between 60 TeV and
10 PeV, and N 4= = 10 bins evenly spaced in cos 67,
between —1 and 1.

To compare our predicted HESE event rate, y;;, vs the
observed 7.5-year HESE sample or projected versions of it,

N?jﬂ?, we use a binned Poissonian likelihood,

NEdep NL(.)l'CC {er dc}

HH H £l]t0n (7)

i=1 j=

where the likelihood in each bin, for event topology t, is

dzm
M e Hij(0.m) (8)
Ndata |

1.t

‘Cij,t(09 n =

The likelihood in Eq. (7) accounts for the contribution of
events in all energy and direction bins, and of all topol-
ogies. The associated posterior probability distribution is
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_ LO.m)=O)x(n)

P(o’ 11) Z ’

©)

where 7(@) and z(#) are the prior distributions for the
astrophysical-flux parameters, @, which are physical, and of
the atmospheric-background parameters, n, which are
nuisance. In Eq. (9), the denominator is the evidence,
i.e., the posterior marginalized over all parameters,

Z= /d@/dﬂﬁ(ﬂ,n)ﬂw)ﬂ(n). (10)

We use UltraNest [169], an efficient importance nested
sampler [170,171], to maximize the posterior, find the best-
fit and allowed ranges of parameter values, and compute the
evidence.

4. Parameter priors and look-elsewhere effect

Table I summarizes our choice of priors. For the physical
parameters, @, we adopt uniform priors over wide ranges to
avoid introducing bias in the fit. We use log-uniform priors
for the flux normalization of the power-law and bump
components, @, p; and Ef’bumptb,,,bump, the energy of the
exponential cutoff of the power law, E, ., and the central
energy of the bump, E, pypp. This allows them to more
easily vary over wide ranges of values in order to capture a
vast array of possibilities for the relative contributions of
the power-law and bumplike components. For the power-
law spectral index, we restrict y > 2, as typically expected
for pp sources with diffusive shock acceleration (Sec. II).
For the energy width of the bump, ap,m,, wWe choose
Qpump > 0.1, to avoid introducing bumps so wide as to
be mistaken for hard power laws over the entire energy
range of our analysis, and ap,,, < 10, since narrower
bumps are likely unrealistic; see Appendix A for details.

For the nuisance parameters, 7, we adopt the same priors
used in the IceCube 7.5-year HESE analysis [7], which are
extracted from Ref. [172]. They represent the uncertainty in
the underlying models of cosmic-ray spectrum and had-
ronic interaction. For the prompt neutrino flux normaliza-
tion, N'*P' we adopt a uniform prior up to 10, rather than a
positive unbounded one as in Ref. [7]. Since our fits below
are all compatible with A"**P* = 0 (see Table I), our use of a
more restrictive prior does not modify our results signifi-
cantly compared to Ref. [7].

In analogy with searches for resonances in collider data, in
searching for bumplike features in the diffuse high-energy
neutrino spectrum we must account for the trials factor, or
“look-elsewhere effect.” This is the decrease in the statistical
significance with which the existence of a bump can be
claimed due to the possibility of there being spurious
bumplike features, mere random statistical fluctuations of
the eventrate, anywhere in the energy range that is relevant to

our analysis. In a Bayesian approach like ours, integrating the
likelihood over wide prior ranges in order to compute the
evidence, Eq. (10), automatically accounts for the look-
elsewhere effect by penalizing large prior volumes.

5. Bump discovery Bayes factor

We evaluate the preference for a two-component, power-
law-plus-bump flux model (PLC + B), Eq. (3), vs a one-
component, power-law flux model (PLC), Eq. (1), via the
Bayes factor

ZpLeiB
B=———. 11
ZpLc (1

We compute the evidence Zp . using Eq. (9), and the
evidence Zpc using Eq. (9) with Ez,bumpq)o,bump =0, 1ie,
with only the power-law flux component. The higher the
value of B, the higher the preference of the data for the two-
component flux model. Broadly stated, narrow bumps are
hard to identify—unless they are very tall—because they
only affect the event rate within a narrow energy window,
while wide bumps are hard to identify because they may
resemble a power law. In-between these extremes, discovery
may be more feasible. We adopt Jeffreys’ criteria to classify
the preference qualitatively into barely worth mentioning,
10° < B < 10%3; substantial, 10°3 < B < 10'; strong,
10! < B < 10'3; very strong, 10'° < B < 10%; and deci-
sive, B > 102

Our likelihood, Eq. (7), is valid but approximate.
Because our predicted astrophysical HESE event rates
are obtained by reweighing the HESE MC sample
(Sec. IID 1), Ref. [173] proposed using a more sophis-
ticated, though computationally expensive, likelihood pre-
scription that accounts for random fluctuations intrinsic to
the MC sample itself. However, in our analysis, we forego
this after verifying, in Sec. III E below, that our approach
reproduces closely the best-fit values and allowed intervals
reported in the analysis performed by the IceCube
Collaboration [7] using a one-component power-law-flux
fit to the 7.5-year HESE sample.

E. Validation: Power-law fits to present-day data

As validation of our method, we fit a pure power law and
a power law with exponential cutoff to the 7.5-year HESE
event sample, as in the IceCube analysis in Ref. [7].

Table I shows the best-fit and 68% confidence intervals
for the free parameters in each case (“Pure PL” and “PLC”).
In both cases, our results approximate those of Ref. [7]. For
the power law with exponential cutoff, the best-fit value
of E, ., is at a few PeV, as in Ref. [7], but has a large
uncertainty, so it should be treated only as a weak
suggestion, which we do below.
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IV. A PEV BUMP?

First, we apply our methods above to the present-day,
7.5-year IceCube HESE data sample. We find marginal
preference (B ~ 0.7) for a one-component flux model—a
power law flux with a cutoff at a few hundred TeV—vs a
two-component flux model. Then we adopt the best-fit two-
component flux that we find—a steep power law with a
bump centered at roughly 1 PeV—as template for a
possible real two-component flux scenario. We use it to
forecast what detector exposure would be needed to
discover a PeV bump, which would require combining
contributions of several neutrino telescopes.

A. Bump hunting in present-day IceCube data

Applying the statistical procedure introduced in Sec. III D
to the present-day, 7.5-year IceCube HESE sample, we find a
value for the Bayes factor, Eq. (11), of B=0.7£0.1.
Following Jeffreys’ criteria, this represents mild preference
for a one-component power-law flux, to explain the data vs a
two-component power-law-plus-bump flux. Table I shows
the best-fit values of the model parameters and their allowed
ranges in each case, i.e., “PLC” vs “PLC + B”. Appendix B
contains details on the full posterior for the latter case.

Figure 1 (also Fig. 3) shows the present-day best-fit two-
component flux: a steep power law, with y = 2.75 and
cutoff at E, ., = 170 TeV, followed by a prominent,
relatively wide bump centered at E,p,m, = 1.4 PeV.
This flux explains the dearth of HESE events between
300 TeV and 1 PeV (see snapshot A in Fig. 1) by this being
the energy range where the power-law flux from a
population of p p sources vanishes and before the bumplike
flux from a population of py sources becomes appreciable.
A PeV bump could be indicative, e.g., of blazars [50],
low-luminosity GRBs [86], or TDEs [87] as sources of
PeV-scale neutrinos; see Fig. 2.

Although we find evidence against a two-component
flux model to explain the present-day HESE data, in what
follows we entertain the possibility that instead the present-
day best-fit two-component flux is borderline preferred, for
two reasons. First, the present-day preference against the
two-component flux is only marginal. Small changes to the
priors, data, or analysis methods, could conceivably change
the value of B = 0.7 0.1 that we find into 5 > 1, which
would represent no preference between the one-component
and two-component flux models, or marginal preference
for the latter. Second, our preference for a two-component
flux with a PeV bump is compatible with similar results
from previous works [28,65,134], obtained using different
methods or event samples (see also Ref. [122] for an origin
in dark matter decay).

Thus, below we adopt our best-fit two-component flux to
forecast the near-future prospects of discovering a PeV
bump, using larger HESE samples. (Later, in Sec. V, we
consider bumps centered at other energies.)

B. Modeling near-future neutrino telescopes

1. Assumptions about future neutrino telescopes

Following Sec. IV A, we forecast the discovery prospects
of our best-fit two-component flux (Table I) based on larger
HESE event sample made possible by upcoming TeV-PeV
neutrino telescopes, currently in operation, construction,
and planning stages [14]. Because detailed information
about their detection capabilities, or simulations of them,
are not publicly available at the time of writing, and
because all of them are in-water or in-ice optical
Cherenkov detectors (with the exception of TAMBO
[174], see below), we model each as a rescaled version
of IceCube. While this simple procedure admittedly does
not capture the differences between detector designs,
photomultiplier efficiency, backgrounds, attenuation and
scattering length of light in water and ice, systematic errors,
and analysis techniques, it allows us to produce informed
estimates of upcoming event rates.

Figure 1 shows the effective volume of each detector,
relative to IceCube, and their tentative start dates, which
may change. By 2030, we expect nearly an order-of-
magnitude increase in the combined detector exposure to
high-energy astrophysical neutrinos, thanks to the contin-
uing operation of IceCube and the completion of Baikal-
GVD [70,71] and KM3NeT [72,74]. After 2030, we expect
a faster growth of the event rate thanks to the construction
of new detectors IceCube-Gen2 [175], P-ONE [176],
TAMBO [174], and TRIDENT [177].

To compute future event samples of a detector, we
rescale the number of events in the IceCube MC sample
by a factor equal to the size of the detector relative to
IceCube. We only account for the contribution of a detector
after it has reached its full target size; by doing this, we
ignore possible contributions from partially finished detec-
tor configurations, which may be small.

Given the commonalities between detectors, we safely
assume that they will all be capable of detecting HESE or
HESE-like events. (This is less clear for TAMBO, which is
the only detector among the ones that we consider that is a
surface array of water Cherenkov tanks. However,
TAMBO, whose science case is specific to multi-PeV v,
detection, represents only a small contribution to the total
event rate.) Further, we assume that their efficiency to
detect HESE events will be the same as in IceCube. This is
likely an optimistic assumption, which implies that the
bump discovery prospects that we find later are, too. This
assumption could be revisited in revised forecasts, as
details on upcoming detectors become available. Below,
we sketch the relevant features of each detector.

(Combining multiple neutrino telescopes at different
locations into a global monitoring system, like PLEvM
[178], would also increase the field of view to high-energy
neutrinos and significantly boost the chances of discovering
point sources. See Ref. [178] for details.)
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2. Overview of near-future neutrino telescopes

Baikal-GVD [70,71], the successor of Baikal NT-200
[179], is an in-water detector currently under construction
in Lake Baikal, Russia. It has been operating in partial
configuration since 2018; in 2022, its effective volume was
about 0.35 km?. Recently, it reported the detection [180] of
a high-energy astrophysical neutrino from the TXS 0506 +
056 blazar previously observed by IceCube [8,9], and of the
IceCube diffuse flux of high-energy astrophysical neutri-
nos, with a significance of about 3¢ [181]. We assume a
start date for the full Baikal-GVD of 2025, with an effective
volume of 1.5 km?.

IceCube-Gen2 [175] is the envisioned upgrade of
IceCube. We consider its in-ice optical array, composed
of 120 new detector strings, that will extend the effective
volume of IceCube. Because the new strings will be more
sparsely deployed than in IceCube, the HESE detection
efficiency of IceCube-Gen2 might be lower; this is not
captured by our forecasts. (There is an additional envi-
sioned radio-detection component that targets the discovery
of ultra-high-energy neutrinos [182].) We assume a start
date for the full IceCube-Gen?2 optical array of 2030, with
an effective volume of 8 km?.

KM3NeT [72,74], the successor of ANTARES [183], is
an in-water detector currently under construction in the
Mediterranean Sea. Its high-energy component, ARCA,
targets high-energy astrophysical neutrinos. Of the 230
detection units planned at ARCA, 19 units are already
deployed and operating in 2022. It is expected that a
building block of 115 units will be able to measure the
diffuse flux detected by IceCube in about a year of
observation. We assume a start date for the full
KM3NeT of 2025, with an effective volume of 2.8 km?>.

P-ONE [176], the Pacific Ocean Neutrino Experiment, is
an in-water detector, currently under planning and proto-
typing, to be deployed in the Cascadia Basin, Canada.
P-ONE will have 70 detector strings with 20 detector
modules each, instrumented over a cylindrical volume with
radius 1 km and height 1 km. The first prototype string is
expected to be deployed in 2023. We assume a start date for
the full P-ONE of 2030, with an effective volume of 3.2 km?.

TAMBO [174], the Tau Air-Shower Mountain Based
Observatory, is a proposed surface array of water
Cherenkov tanks to be located in a canyon in Peru. It
targets Earth-skimming v, with energies of 1-100 PeV that
interact on one side of the canyon and produce a high-
energy tauon whose decay triggers a particle shower that is
detected on the opposite of the canyon. The detection
strategy of TAMBO is different from IceCube, and its
energy range, while overlapping, extends to higher values.
However, because detailed simulations are unavailable at
the time of writing, we model it as a small version of
IceCube. We assume a start date for the full TAMBO of
2030, with a target effective volume of 0.5 km3.

TRIDENT [177], The tRoplcal DEep-sea Neutrino
Telescope, is a proposed in-water detector to be located
in the South China Sea. TRIDENT is expected to be able to
detect a transient neutrino source like TXS 0506 + 056
[8,9] with 10c significance and the steady-state neutrino
source NGC 1068 [12] within two years of operation. We
assume a start date for the full TRIDENT of 2030, with a
target effective volume of 7.5 km?.

C. Projected discovery prospects

In the near future, the increased event statistics provided
by the combined exposure of the above detectors will
enhance our ability to discriminate between a one-
component and a two-component diffuse flux model. To
quantify this, below we forecast and compare future HESE
event rates for both flux models. For benchmarking, we
assume that the true diffuse flux is the present-day best-fit
two-component flux found in Sec. IV A—a steep power law
followed by a PeV bump. We follow the same procedure
detailed in Sec. IV A to compute the projected Bayes factor,
Eq. (11), that compares the evidence for the benchmark
two-component flux vs the evidence for the one-component
flux. We do this for increasing values of the IceCube-
equivalent combined detector exposure, as delineated in
Sec. IV B, from halfway through the year 2017—the end of
data-taking of the 7.5-year HESE data sample—to the year
2035; see Fig. 1.

To produce our forecasts, we assume that the future
observed event rates coincide with the expected event rates,
which amounts to using an Asimov data sample [184] to
find representative results for the Bayes factor. In a real
future event sample, Poisson fluctuations would naturally
be present, which could bias the value of the Bayes factor.
By using an Asimov data sample, we obtain the median
value of the logarithm of the evidence, Eq. (10), for each
flux model, i.e., Zp c,p and Zp ¢ in Eq. (11). If the
distribution of the Bayes factor is Gaussian, as expected
from the central limit theorem, this median value coincides
with the expected value. Further, for growing detector
exposure, the relative size of the Poisson fluctuations in the
observed event sample shrinks by a factor of 1/v/N, where
N is the total number of observed events, so that their
impact on the Bayes factor wanes at longer exposures.

Figure 4 shows, as illustration, the event rates expected
in 2035 assuming as true flux the present-day best-fit one-
component flux and best-fit two-component flux (“PLC”
and “PLC + B” in Table I, respectively). The combined
detector exposure corresponds to roughly 159 years of
equivalent IceCube HESE exposure (see Fig. 1) and is
due to all of the neutrino telescopes that we consider
(Sec. IV B). The energy distributions of the events for the
one-component and two-component cases are noticeably
different. As expected, for the latter there is a visible excess
of events in the PeV region due to its PeV bump. In
contrast, the angular distributions of events are nearly
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FIG. 4. Projected HESE event rates by the year 2035. The combined detector exposure is due to all the neutrino telescopes expected at
that time (see Fig. 1): Baikal-GVD [70,71], IceCube, IceCube-Gen2 [175], KM3NeT [72-74], P-ONE [176], TAMBO [174], and
TRIDENT [177]. Events are distributed in reconstructed deposited energy (leff) and reconstructed direction (right). Top: Assuming a
power law with a high-energy cutoff, with flux parameters fixed at their present-day best-fit values (“PLC” in Table I). Bottom:
Assuming a power law with a high-energy cutoff plus a PeV bump, with flux parameters fixed at their present-day best-fit values
(“PLC + B” in Table I). The HESE-detection efficiency of upcoming detectors is assumed to be equal to that of IceCube today [7]; their
combined exposure by 2035 is equivalent to 159 years of IceCube exposure.

identical, since they are mostly driven by the isotropy of the
high-energy astrophysical neutrino fluxes and by neutrino
absorption inside Earth. Differences in the energy spectra
between the two cases only affect the angular distributions
indirectly, by changing the intensity of neutrino attenu-
ation inside Earth; these differences are small in the
TeV-PeV range.

Figure 1 shows how the Bayes factor grows with
combined detector exposure. Its rate of growth increases
when new detectors are added to the combined exposure; in
Fig. 1, this is seen as a kink in the slope of the Bayes factor
curve. As expected, because of growing event rates, the
longer the exposure, the clearer the separation between the
evidence for the one-component and two-component flux
fits. We illustrate the growing separation via four snapshots
of the best-fit and 68% allowed bands of the fluxes, A-D,
from present-day to 2035.

We conclude that the combined exposure of IceCube,
Baikal-GVD, and KM3NeT may provide decisive evidence
in favor of a two-component flux with a PeV bump already
by 2027. (This is contingent on future detectors having
IceCube-like HESE-detection capabilities; see Sec. IV B.)
Alternatively, IceCube plus IceCube-Gen2 may achieve the
same by 2031. In any case, a prominent population of py

sources of PeV neutrinos could be discoverable in the
diffuse flux within only a few years.

V. HUNTING FOR TeV-PeV BUMPS

Section IV explored the discovery of a prominent PeV
bump in the diffuse high-energy neutrino flux, which is
only marginally disfavored by present-day HESE data.
Next, we use the same statistical methods to explore the
more general case of constraining or discovering a bump of
varying size anywhere in the TeV-PeV range.

A. Constraining subdominant bumps

If future HESE observations were to still favor a one-
component power-law description of the diffuse flux, we
could place upper limits on the height of a coexistent bump
component, which must be necessarily subdominant so that
it does not disrupt the preference for a power-law descrip-
tion. We compute the limits as follows.

For given values of the position of the bump, E, pymp.
which we vary in Fig. 5, and of its width, which we keep
fixed at the representative value of ap,y,, = 1 in the main
text, we compute the posterior under the two-component
flux model, Eq. (9), and marginalize it over all the free
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FIG. 5. Upper limits on the height of a bump in the diffuse flux
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nent, Eq. (2), is centered at energy E,pynp has height
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the best fit to the 7.5-year IceCube HESE sample [7] (“PLC” in
Table I), shown for comparison. See Sec. I D and Fig. 3 for the
definitions of the flux components. Today, IceCube limits the
height of a bump centered at a few hundred TeV to be, at most,
comparable to the size of the dominant power-law component. In
the future, the upper limit may be tightened to tens of percent of
the power-law component. Figure 6 shows how this translates
into constraints on candidate neutrino source populations.
See Sec. III for the statistical analysis and Sec. V A for details on
this plot.

model parameters (see list in Table I), except for the bump
height, Ef.bude)oybump. We integrate the resulting one-
dimensional marginalized posterior to find the 95% credi-
ble interval on the bump height, for each value of the bump
position. Differently from our previous results, in drawing
constraints on the bump height we adopt a flat linear prior
on it, rather than a logarithmic one. (Otherwise, because the
posterior is flat for arbitrarily low values of the bump
height, limits drawn using a logarithmic prior would differ
depending on our arbitrary choice of the lower end of the
logarithmic prior.)

Figure 5 shows the results. Present-day limits, based on
the 7.5-year IceCube HESE sample, disfavor especially the
presence of relatively wide bumps, with ap,,, = 1, cen-
tered around 200 TeV, where event statistics are higher. We
choose ayymp = 1 as a benchmark value that lies between
the two extremes of a very wide bump, with apyy,, < 2, and
a very narrow bump, with @y, > 2; see Appendix A for a
detailed justification. (Our choice of a,yy, = 1 for Fig. 5 is

not motivated by the present-day suggestion of a PeV
bump.) For all values of E, pyp, the limit lies above the
present-day best-fit power-law flux, meaning that a sizable
contribution to the diffuse flux from a population of
photohadronic sources cannot presently be excluded.
The limits are weaker for bumps centered at lower energies,
where the atmospheric background is higher, and at higher
energies, where statistics are poorer. The weakening above
500 TeV reflects the fact that a two-component flux with a
bump between hundreds of TeV and a few PeV is only
marginally disfavored in present-day data (Sec. IVA).

Figure 5 shows limits for ay,,,, = 1, but marginalizing
OVer a,mp Yyields comparable results; see Fig. 11 in
Appendix C. If the dominant power-law component is
harder, e.g., x E; 27, the limits weaken at low energies and
strengthen at high energies, but the overall conclusions are
unchanged; see Fig. 12 in Appendix D.

The limits are expected to strengthen with more statis-
tics, made available by the continued operation of IceCube
and by upcoming detectors. We forecast limits using larger
combined detector exposure. To do this, we assume that the
true diffuse flux coincides with the present-day best-fit
power-law flux, “PLC” in Table I. For upcoming detectors,
we use the same IceCube-equivalent exposures as in
Sec. IV B. We choose two reference years, 2025, using
IceCube only, and 2035, using IceCube only, IceCube plus
IceCube-Gen2, and the combination of all detectors avail-
able by then (see Fig. 1).

Figure 5 shows that future HESE data may finally limit
the bump height to be a fraction of the size of the dominant
power-law component, especially at energies below 1 PeV.
The limits strengthen roughly as the square root of the ratio
of future combined exposure to present-day exposure.
Unlike present-day limits, they do not weaken above
500 TeV because they are obtained from Asimov event
samples generated assuming a power-law flux and, there-
fore, are by design inconsistent with the presence of a
bump. Figure 5 shows that by 2035, IceCube could limit the
height of a bump with ap,,, = 1 and centered at 100 TeV
to be 86% of the present-day best-fit power-law compo-
nent; combined with IceCube-Gen2, 66%; and, combining
all detectors, 47%.

The above findings reveal promising power, accessible
by 2035 and with IceCube alone, to constrain a potential
dominant contribution of photohadronic sources at around
100 TeV. With the help of future detectors, constraints may
improve by about a factor of 2 by 2035 and apply also to
bumps at PeV energies, contingent on having IceCube-like
HESE-detection capabilities (Sec. IV B). Below, we discuss
what these limits entail for the properties of candidate
source populations.

B. Constraints on source populations

In Sec. II, we motivated the existence of a bumplike
component in the diffuse flux as coming from a population
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FIG. 6. Upper limits on the local (i.e., redshift z = 0) high-energy neutrino luminosity density of steady-state source candidates. Our
new limits apply to py source populations that emit a diffuse neutrino spectrum with a bump centered at £, = 1 PeV and with width
Qpump = 1; they are interpretations of the limits from Fig. 5. Within a population, all sources are identical; they have the same neutrino
luminosity in their rest frame. We show candidate source classes without distinction between mostly p p and mostly py sources. In each
panel, the neutrino luminosity density evolves with redshift differently: no evolution (left), star-formation rate (SFR) evolution (center),
and strong (FSRQ-like) evolution (right); see Appendix A. For each source class, its local luminosity density is chosen to saturate the
present-day high-energy neutrino flux [185]. Our limits put this assumption to test. Limits from searches for point neutrino sources are
from Ref. [175]. Our limits show that by 2035 the combined exposure IceCube plus IceCube-Gen?2, or of all available detectors, could
constrain the source luminosity density of py to a fraction of what is needed to saturate the diffuse flux at 1 PeV. See Sec. V B for details.

of sources that make neutrinos via py interactions. Below,
we translate the upper limits that we found in Sec. VA on
the bump height into upper limits on the local (i.e., redshift
z = 0) high-energy neutrino luminosity density of candi-
date py source populations. The translation depends on the
values of the bump parameters. As benchmark, we pick
E, bump = 1 PeV for the central energy of the bump and
Opump = 1 for its width. Appendix A shows how we relate
the size of the diffuse neutrino flux to the local neutrino
luminosity density. We show results for steady-state
sources only, though similar results can be obtained for
transient sources.

Figure 6 shows results using present-day, 7.5-year
IceCube HESE data, and the same projections of combined
detector exposure as in Fig. 5. Following Ref. [185], we
consider three different possibilities for the redshift evo-
lution of the source luminosity density, representative of
different candidate source classes: no evolution, evolution
following the star-formation rate (SFR) [186], and strong,
FSRQ-like evolution [187]. Each source class is assumed to
be independently dominant, i.e., to saturate the local high-
energy neutrino luminosity density [185].

Present-day point-source limits from IceCube [175,185]
already disfavor FSRQs, BL Lacs, and galaxy clusters as
the dominant source class. In contrast, our present-day
limits from bump search are too weak to constrain any of
the candidate source classes in Fig. 6 as the dominant py
emitter of PeV neutrinos. This is consistent with our finding

in Sec. VA that present-day data allow for a bump taller
than the power-law component.

By 2035, the situation evolves favorably for our limits
from bump search. There, our limits match the power of
point-source limits drawn from ten years of IceCube-Gen2.
If there is indeed no evidence for a PeV bump, our limits
using the combined exposure of IceCube plus IceCube-
Gen?2 could put to test the independent dominance, as PeV
py sources, of all the source classes in Fig. 6. In fact, using
IceCube alone already provides nearly the same power
(although, if IceCube-Gen2 is present, its contribution
quickly becomes dominant after 2035). The combined
detector exposure of all detectors by 2035 affords even
more stringent limits.

Since Fig. 5 shows that the projected limits on the bump
height strengthen for bumps centered at hundreds of TeV,
we expect the corresponding limits on the luminosity
density of py sources that emit those bumps to strengthen,
too. Similarly, the limits on the luminosity density for wider
and narrower bumps, and for a harder power-law flux
component, trace the limits on bump height shown in
Figures 11 and 12.

C. Discovering bumps

In Sec. V B, we placed limits on the height of bumps in
the diffuse flux if no evidence for them is found. Now we
answer a related question: if a bump exists, how large
should the detector exposure be to discover it?
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FIG. 7. Projected discovery potential of a bump in the diffuse
flux of high-energy neutrinos. The bump flux component, Eq. (2),
is centered at energy E, jymp, has height Ef_bumpcbbvbump, and width
pymp = 1, and is overlaid on a power-law flux E;7 B/ Even,
with parameter values given by the best fit to the 7.5-year
IceCube HESE sample [7] (“PLC” in Table I), shown for
comparison. The Bayes factor that quantifies the discovery
potential, Eq. (11), is obtained in a two-component flux fit to
projected event distributions, and is marginalized over the power-
law flux parameters. Figure 5 shows a corresponding plot of
bump constraints; from top to bottom, the snapshots here are the
same as in that figure. Decisive discovery of a subdominant bump
may be achieved by 2035, using IceCube-Gen2 or, more
prominently, using all planned upcoming neutrino telescopes
available at the time (see Fig. 1). See Sec. III for the statistical
analysis and Sec. V C for details on this plot. The white star (5¥)
marks the bump flux parameters chosen to make Fig. 8.

Like in Sec. V B, we take the true flux to be the present-
day best-fit power-law flux (“PLC” in Table I), but now we
add a subdominant bump to it. We vary the bump position,
E, bump» and height, E? D, bump» and, like before, we fix
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FIG. 8. Illustration of the separation between a one-component

vs a two-component fit. We assume as the true flux, picked from
Fig. 7 (marked with Y¢ therein), a bump with normalization
E} fump@ubump = 3.6 X 1078 GeVem ™ s~ sr™!, width apymp = 1,
and centered at energy E, pymp = 141 TeV. From top to bottom,
the snapshots and corresponding combined detector exposure
here are the same as in Figs. 5 and 7. See Sec. III for the statistical

analysis and Sec. V C for details on this plot.

the bump width at a representative value of @y, = 1. For
each choice of parameter values, we compute the Bayes
factor for bump discovery, Eq. (11), following the methods
in Sec. IIL

Figure 7 shows the results computed at the same snap-
shots of combined detector exposure used in Figs. 5 and 6.
For comparison, we include the present-day best-fit power-
law flux and its 68% allowed band. Our results mirror what
we found for the bump constraints in Sec. V B: discovering
a subdominant bump component that is smaller than the
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dominant power-law component will require the combined
exposure of all the detectors available by 2035 (see Fig. 1).
Further, it will only be possible if the bump is located in the
energy region with higher statistics, around 100 TeV.
Appendix D shows results obtained using instead a harder
power-law flux, with y = 2.5, and no cutoff.

Figure 8 illustrates the projected 68% allowed flux bands
obtained from one-component and two-component fits to a
specific realization of the true flux, picked from Fig. 7: a
power law with a subdominant bump centered at 141 TeV.
Broadly stated, the one-component and two-component
explanations can be discriminated between when their
allowed flux bands shrink to a size comparable to the
difference between the true power-law flux and the true
power-law-plus-bump flux. Because such a difference is
tiny, this is only possible with the combined detector
exposure expected by 2035.

VI. FUTURE DIRECTIONS

Using other bump shapes.—We searched for log-
parabola bumps in the diffuse flux as generic proxies
of the different bump shapes expected from different
source classes; see Fig. 2. Future dedicated searches for
the imprints of specific photohadronic source classes
could use alternative bump shapes predicted by source
models.

Varying systematic detector parameters.—In our analy-
sis, we varied the normalization of the atmospheric neutrino
and muon backgrounds, but fixed other parameters asso-
ciated to their shape and to detector systematics to their
nominal expectations (Sec. III B), in order to reduce the
time needed for our large parameter space scans.
Nevertheless, the IceCube HESE MC sample allows for
varying them as well. Doing so would naturally reduce the
sensitivity of our analysis. Yet, the fact that in the analysis
performed by the IceCube Collaboration [7] most of these
parameters affect the fits only weakly might be indicative of
their possibly limited effect on our results.

Using other event types.—So far, our analysis has used
only HESE data. Using other event types would come at the
expense of introducing a larger atmospheric background
and poorer energy reconstruction, but may be worth it.
Including the IceCube 9.5-year sample of through-going
muons [64] would increase the statistics massively.
Reference [178] shows an example of characterizing the
diffuse flux using through-going muons in PLEvM.
Including the sample of medium-energy starting events
(MESE) [130] would allow us to look for bumps below
60 TeV. This is particularly interesting in view of the
suggested photohadronic origin of medium-energy neutri-
nos; see, e.g., Refs. [32,68].

Using priors informed by point-source and stacked-
source searches.—To avoid introducing bias to our results
above, we adopted flat, uninformed priors for the flux
parameters (Sec. III D and Table I). Yet, point-source and

stacked-source searches carried out in parallel may provide
complementary limits, hints, and discoveries on individual
sources and source classes that could be interpreted as
informed priors on the power-law and bump parameters of
our analysis, strengthening it.

Considering more flux components.—Reference [65]
considered, in addition to pp and py neutrino flux
components of extragalactic origin, similar to ours, a pp
neutrino component of Galactic origin, subdominant to the
other components and contributing mainly below about
1 PeV. So far, the contribution of Galactic neutrinos to the
diffuse flux is limited to be at most a few tens of percent of
the total [15,188—191], but this may change with more data.
Further, ANTARES recently reported the detection of TeV
neutrinos from the Galactic Ridge [192]. Thus, future
versions of our analysis could include a Galactic compo-
nent, which may induce a directionally dependent excess of
events towards the Galactic Center in the low-energy range
of the event sample.

VII. SUMMARY AND OUTLOOK

Despite important experimental advances, the origin of
the bulk of the TeV-PeV astrophysical neutrinos discov-
ered by IceCube remains unknown. Recent success in
discovering point neutrino sources [8—12], while out-
standing, accounts for only a small fraction of the total
number of neutrinos detected. Thus, we have explored a
parallel strategy to probing their origin: to glean from the
shape of the diffuse energy spectrum of high-energy
neutrinos—made up of the contributions of all high-
energy neutrino sources—insight into the identity of
dominant, co-dominant, and subdominant classes of
neutrino source populations.

Motivated by previous analyses that looked for differ-
ently shaped diffuse energy spectra [3-5,7,64,130-134] or
contributions of multiple source populations to it [28,65],
we performed a systematic search in the energy spectrum of
present-day IceCube data and made forecasts based on
expected future data. We looked for features that could be
imprinted on the diffuse spectrum by two broad source
classes: sources that make neutrinos via proton-proton (p p)
interactions—Ilike starburst galaxies and galaxy clusters—
and sources that make neutrinos via photohadronic, i.e.,
proton-photon (py) interactions—Ilike active galactic
nuclei, gamma-ray bursts, and tidal disruption events.
Generally, the former are expected to yield a power-law
flux; the latter, a bumplike flux concentrated around a
characteristic energy (Sec. I B).

The strength of our analysis is triple. First, we use the
same observed and mock data as the IceCube Collaboration
uses in their own analysis [7,69], including detailed
detector resolution and geometry, and atmospheric neutrino
and muon backgrounds. Second, because we adopt flexible
spectral shapes for the power-law and bumplike fluxes, we
probe many different shapes and relative sizes of them.

083008-18



BUMP HUNTING IN THE DIFFUSE FLUX OF HIGH-ENERGY ...

PHYS. REV. D 107, 083008 (2023)

Third, we extend our analysis to the expected combined
exposure of multiple upcoming neutrino detectors, to
deliver on the full potential of our methods.

As observed data, we use the recent IceCube 7.5-year
public HESE (High-Energy Starting Event) sample [7,69],
because of its high purity in astrophysical neutrinos
(Sec. IIT A). To test different shapes of the diffuse spectrum,
we used the public HESE Monte Carlo event sample
provided by the IceCube Collaboration [69] (Sec. III B).
Our statistical analysis is Bayesian, and uses wide,
unbiased priors for the model parameters to avoid intro-
ducing bias (Sec. III D).

Overall, we find that hunting for bumps in the diffuse
high-energy neutrino flux may indeed reveal important
insight about a photohadronic origin of the neutrinos.
Below we summarize our findings.

Bump hunting could test whether PeV neutrinos are
made by the same population of pp sources that make
100-TeV neutrinos, or by a separate population of photo-
hadronic sources, a scenario that has been proposed before
[28,65]. We find that present-day HESE data are best
described by a power-law diffuse flux, though that descrip-
tion is only marginally preferred over an alternative one
containing in addition a PeV bump (Sec. IV A). If this bump
is truly present, we find that it could be decisively
discovered already by 2027 using the combined exposure
of IceCube, Baikal-GVD [70,71], and KM3NeT [72,74], or
by 2031 using the combined exposure of IceCube and
IceCube-Gen2 [175] (Sec. IV B).

Even if the diffuse neutrino flux were dominated by a
population of pp sources producing a power-law flux, a
second population of photohadronic sources could still
produce a subdominant bumplike flux. Present-day HESE
data only place weak constraints on the contribution of
this second population (Sec. VA). By 2035, however, the
combined exposure of neutrino telescopes available at the
time may limit the contribution of photohadronic sources
to the diffuse flux at 100 TeV to be no more than a few
tens of percent. This would imply upper limits on the local
high-energy neutrino luminosity density of photohadronic
source populations, based on the spectral shape of their flux
alone (Sec. V B).

In contrast, discovering a subdominant bump in HESE
data, with decisive evidence, will be comparatively more
challenging. Only subdominant bumps centered around
100 TeV are likely to be discovered, and only using the
combined exposure of multiple detectors (Sec. V C).

Our results demonstrate the power to test the possible
photohadronic origin of high-energy astrophysical neutri-
nos by looking for bumplike features in the diffuse flux.
Our results are complementary to those from point-source
and stacked-source searches, but obtained independently
of them. In the coming years, they might reveal not just
the existence of a population of photohadronic neutrino
sources, but possibly also its identity.
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APPENDIX A: CONNECTION BETWEEN BUMP
PARAMETERS AND ASTROPHYSICAL
SOURCE PARAMETERS

Since the diffuse flux of high-energy neutrinos is the
aggregated contribution of all neutrino sources, the bump-
like diffuse flux component, Eq. (2) in the main text, is the
combination of the individual bumps emitted by all photo-
hadronic sources in the population. Connecting the bump
parameters—i.e., height, E, pn,, Width, dpypp, and posi-
tion, E, pymp—rto the parameters that describe the popula-
tion of sources—i.e., the neutrino luminosity density and
the local number density of sources—allows us to translate
the limits that we have obtained on the former into limits
on the latter. Below we describe our procedure; Fig. 6 in the
main text shows the results.

Our approach is approximate and based on simple
physical considerations, the main one of which is that
all sources emit neutrinos with the same spectrum; the only
difference between them is the redshift at which they are
located. We leave refinements, such as using a luminosity-
dependent redshift evolution, for future work.

The comoving neutrino spectrum emitted by any one
source in the population is

dN
2 = Lo(E
l/dEydt l/a)( D)’

(A1)

where L, is the total neutrino luminosity, i.e., the lumi-
nosity integrated over all energies, and @ describes the
shape of the neutrino spectrum, normalized so that

o dE
Yw(E) =1.
A £l

In what follows, we focus on a bumplike spectral shape.
The diffuse neutrino energy spectrum at Earth is

do Lyn, [ »(2)
o P L B MY\ CO RN s S |
VAE,dQ 4z A ZH(z)(1+z)2w[ A(1+2)]

(A3)

(A2)

where H is the Hubble parameter, p is the number density
of sources, normalized so that p(0) = 1, and n,, is the local
source number density. We assume a ACDM cosmology,
with the Hubble constant H, = 67.4 kms~! Mpc~!, and
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adimensional energy density parameters €, = 0.315,
Q) = 0.685 [193].

In Eq. (A3), the product L, n, is the local (i.e., at z = 0)
high-energy neutrino luminosity density that appears in
Fig. 6. The bump width, ., in the diffuse spectrum at
Earth is determined by the two factors: the intrinsic spread
in energy of the bump in @ and the spread in redshift of the
sources in the population, given by p. Connected to the
latter, in the right-hand side of Eq. (A3), @ is evaluated at an
energy (1 + z) times higher than at Earth to account for
cosmological expansion.

On the one hand, if w is a very narrow bump peaked at
comoving energy E;, then the width of the bump in the
diffuse spectrum is entirely determined by the spread in
redshift of the sources. In this case, the diffuse flux can be
approximated as

2 40, LB (Ey_ |\
dE,dQ ~ 47 E,"\E

(A4)

where ¢(z) = p(z)/[H(z)(1 + 2)*]. Using for p the star-
formation rate from Ref. [186], we have verified that the
function ¢ has a bump structure that can be fitted by our
log-parabola bump, Eq. (2) in the main text, with a width
Qpump ~ 2. Therefore, we conclude that bumps much
narrower than that one, with @y, > 2, are not realizable
by photohadronic sources, due to the intrinsic spread in
their redshift. Of course, this conclusion depends on the
choice of redshift evolution of the source number density.
Accounting for the spread in other parameters of the
sources, e.g., the comoving neutrino luminosity or the
comoving peak energy, would only increase the width of
the bump in the diffuse spectrum.

On the other hand, for wide bumps in the diffuse
spectrum, with a,,m, < 2, we can assume that the spread
mostly comes almost completely from the intrinsic width of
o, since by itself it is larger than the spread induced by the
redshift distribution of sources.

In the main text, we adopt this approximation already
when we produce results for ap,y,, = 1 in Fig. 6. Doing this
allows us to connect the diffuse spectrum to the emitted
spectrum by the simpler relation

do n,L o p(2)
o i B L MY dz— 2%
VaEde ~ dr ”)A “HE)(1 + 27

(A5)

where we have assumed SFR evolution, so that contribu-
tions mostly come from sources at z & 1. For other choices
of redshift evolution, the relation between the peak energy
of the diffuse spectrum and the peak energy of the
individual source spectrum changes. However, evaluating
the diffuse flux at its peak value, and assuming for @ the
same log-parabola form, Eq. (2), that we use for the diffuse
flux, but normalized according to the condition Eq. (A2),

we can still obtain the connection between the diffuse bump
normalization and the intrinsic source luminosity, i.e.,

n L Xpum © /)(Z)
E2 () =2V -0 / d )
v,bump = v,bump ™ \/T i ZH(Z)(I + Z)Z

(A6)
Numerically, this is
Elzl,bumpq)l/,bump =1.13 x 10_7 GeV Cm—2 s—] Sr‘l
n, L,
X 10-° Mpc—3 10%3 ergs_] \/(Kmp 2
(A7)

where £, is defined as in Eq. (5) of Ref. [194], and is equal
to 2.8 for SFR evolution, 0.6 for no redshift evolution, and
8.4 for strong, FSRQ-like evolution; see also Ref. [185].
We use Eq. (A7) to produce Fig. 6.

APPENDIX B: DETAILS OF THE POSTERIOR
PROBABILITY DISTRIBUTION

In the main text (Sec. III D), we described our statistical
procedure to fit the present-day, 7.5-year IceCube HESE
sample [7,69] using a two-component flux model com-
posed of a power law and a bump, Eq. (3). Here we provide
more details on the fit.

In our fits, we scan over a nine-dimensional parameter
space. Table I shows the free parameters: three physical
parameters describe the power-law flux component (@ p| ,
7, E, ), three physical parameters describe the bumplike

2
flux component (E, .,

parameters vary the normalization of the atmospheric
backgrounds (N#, N'¥¢, NPTy,

Figure 9 shows the resulting 1o and 26 contours of the
posterior in the planes of each pair of parameters, margin-
alized over all the remaining ones. Results are for present-
day IceCube data and for 2035 forecasts, using the
combined exposure of all future detectors (see Fig. 1).

For the present-day results, in the planes involving the
bump parameters, the posterior is multimodal, since the
data can be explained either by a soft power law with no
bump, by a relatively harder power law and a bump at
hundreds of TeV, or by a power law with a cutoff at
hundreds of TeV and a PeV bump; see Table I. The latter
leads to the combination of parameters that maximizes the
posterior, i.e., the maximum a posteriori estimator in
Fig. 9. Qualitatively, this solution is a multicomponent
flux model on par with those proposed, e.g., in
Refs. [28,65], where the power-law component was asso-
ciated with SBGs and the bump component was associated
with photohadronic sources such as blazars or TDEs (see
also Refs. [108,109]).

D bump» Xump)> and three nuisance
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FIG. 9. Posterior probability distribution using present-day HESE data and projected HESE data in the year 2035. Each panel
shows the two-dimensional posterior, Eq. (9) in the main text, for a pair of parameters, marginalized over all the other para-
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present-day maximum a posteriori estimators.

However, the region of parameter space corresponding to
this maximum a posteriori solution is tiny, since it requires
a tuning between the power-law and the bump parameters
such that the bump takes over from the power law after its
cutoff. For this reason, the marginalized two-dimensional
posterior in Fig. 9 favors instead an explanation of the data

with a single power-law component. This is evidenced by
the mean value of the posterior corresponding to a low
value of 10210 E; p,mp Poump-

Figure 9 also shows the projected contours in 2035,
taking the true flux as given by the present-day maximum
a posteriori solution, i.e., a power law followed by a PeV
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FIG. 10.  Upper limits on the height of a bump in the diffuse flux of high-energy neutrinos, for varying bump width, yyy,. Same as
Fig. 5, which assumed a,y, = 1, but for wide bumps (a = 0.5, lef) and narrow bumps (atymp = 2, right). See Sec. V A in the main text

and Appendix C for details.

bump. The contours shrink significantly, which allows a
remarkably precise measurement of the bump parameters.
However, the planes involving the power-law parameters
show evident degeneracy, mainly because our true flux
includes a power law cutoff at a few hundred TeV, which
could just as well be explained by a very soft power law
without a cutoff.

APPENDIX C: LIMITS ON SUBDOMINANT
BUMPS OF DIFFERENT WIDTHS

In the main text (Sec. VA), we showed limits on the
height of subdominant bumps, assuming a fixed bump
width of ayymp = 1; see Fig. 5. Here we show how the
limits change with the bump width.

Figure 10 shows present-day and projected limits on the
height of subdominant wide (apymp = 0.5) and narrow
bumps (@ymp = 2). For wide bumps, the limits weaken
for bumps centered in the high-statistics energy region, i.e.,
around E, % E, pymp ~ 200 TeV, compared to the limits
obtained for ap,,, =1 in Fig. 5. This is because wide
bumps introduce less sharply defined spectral features into
the diffuse flux, spread out over a wide energy range; they
are, therefore, harder to spot. For narrow bumps, in
contrast, the limits strengthen for bumps centered in the
high-statistics region, because they introduce sharper spec-
tral features that are easier to spot using high statistics.
However, for narrow bumps the limits weaken at the lowest
energies, because the HESE sample that we use contains
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FIG. 11. Upper limits on the height of a bump in the diffuse flux
of high-energy neutrinos, marginalized over the bump width,
Opump- Same as Figs. 5 and 10, which assumed fixed values of
Opump = 0.5, 1, 2, but marginalizing the posterior distribution
function Over . See Sec. V A in the main text and Appendix C
for details.
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only events with energy above 60 TeV (Sec. III B), which
makes the analysis sensitive to bumps centered at low
energies only if they are wide enough to affect also higher
energies.

Figure 11 shows analogous limits after the posterior has
been marginalized over the bump width, yyy,. Compared
to Figs. 5 and 10, the limits are significantly weakened at
low values of E) j,mp, because narrow bumps are essen-
tially undetectable if centered below the 60-TeV cut in the
HESE sample. On the other hand, the main conclusion that
we had found in the main text for ap,,, = 1 in Fig. 5 is
fortified: by 2035, the combined detector exposure may
limit the contribution of a population of photohadronic
sources to a fraction of the diffuse flux from 100 TeV to
1 PeV, regardless of the bump width.

APPENDIX D: LIMITS AND DISCOVERY OF
SUBDOMINANT BUMPS ASSUMING A HARDER
POWER-LAW SPECTRUM

In Sec. V and Appendix C, we placed limits on and
computed the discovery potential to subdominant bumps
under the assumption that the true diffuse neutrino spec-
trum is the best-fit one-component flux from present-day
data (“PLC” in Table I), i.e.,y = 2.75 and E,, ., = 10 PeV.
However, a spectrum this soft may be difficult to reconcile
with theory expectations of realistic cosmic-ray acceler-
ation. Thus, here we show how the limits would change if
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the true diffuse spectrum were instead a harder power law
 E;>3, with no cutoff.

To find the normalization of the new power law, we fit it
to the public 7.5-year IceCube HESE sample [7,69]. We
perform two-component fits to the data, present and future,
using the same methods as before (Sec. V), to place upper
limits on the bump height and to compute the bump
discovery Bayes factor.

Figure 12 shows the resulting limits. Compared to Figs. 5
and 11, they are significantly weaker for bumps centered at
high energies, due to the larger number of events there that
can be explained solely by a hard power-law flux compo-
nent, which falls more slowly with energy than in Fig. 11.
Regardless, the main conclusion that we found in the main
text, based on Fig. 11, holds: by 2035, the combined
exposure of all detectors may limit the contribution of a
population of photohadronic sources to a fraction of the
diffuse flux in the 100-500 TeV range.

Figure 13 shows the resulting discovery potential.
Compared to Fig. 7, the main change is at low values of
E, bump» Where the harder power law predicts fewer events
and, therefore, a bump in the spectrum would stand out
more clearly. Here also the main conclusion that we found
in the main text, based on Fig. 7, holds: by 2035, the
combined exposure of all detectors may discover a bump
whose height is comparable to or smaller than the diffuse
flux in the 100-500 TeV range.

10

]

IceCube HESE 7.5 yr (95% C.L.)

107

=
%)
T
(7))
q
g
o
>
7]
S
aQ o
g
'g\ 1 0 -8 Present-day beit-fit / .
e power law « E, 7 ]
o (y=25) 4
E /
jg\ 68% C.L. 2035, all detectors (proj.) B
SIS
a8
o Projected upper limits (95% C.L.):
< 1077 .
50 ---- 2025, IceCube only B
g ---- 2035, IceCube only ]
o ---= 2035, IceCube+Gen2 only b
§ 2035, all detectors i
Q All limits: marginalized over bump width, apump
;10—10 M| L L 1 L

—_ [
(e
N

10° 106
Central energy of v bump, E; bump

FIG. 12. Upper limits on the height of a bump in the diffuse flux of high-energy neutrinos, assuming the true spectrum to be a hard
power law. Same as Figs. 5 and 11, which assumed as true spectrum a power law with y = 2.75 and E,, ., & 10 PeV, but now assuming
as true spectrum a power law with y = 2.5 and no cutoff. Lefi: Assuming a bump width of a,,, = 1; this should be compared to Fig. 5.
Right: Marginalizing Over a,p; this should be compared to Fig. 11. See Sec. VA in the main text and Appendix D for details.

083008-23



FIORILLO and BUSTAMANTE PHYS. REV. D 107, 083008 (2023)

Bayes factor for bump discovery, log,, B

0.0 0.5 1.0 1.5 2.0
Substantial Strong Very strong Decisive
10~° ——— T —
Upper limit (95% C.L.), IceCube HESE 7.5 yr
1077
| o
1078 Present-day best-fit -
E < E, "
‘1 10798 68% C.L. /
n - 2025, IceCube only (proj.)
n 10— 6 I L
92
T o107
£
g 8
> 107°§
e .
= 1079
% - 2035, IceCube only (
5 10— 6 I "
eb
s 1077
g
3
~= 10783
SN} b
< 108
.50 :
<]
< 106
3
5 1077
m

10° 106 107
Central energy of v bump, E, pump [GeV]
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