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Impact of coherent scattering on relic neutrinos boosted by cosmic rays
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Ultra-high-energy cosmic rays (UHECR) scattering off the cosmic relic neutrino background have
recently gained renewed interest in the literature. Current data suggest that (UHECR) are predominantly
made of heavy nuclei. Similar to the coherent elastic neutrino-nucleus scattering (CEvNS) observed at low-
energy neutrino experiments, the cross section of heavy nucleus scattering off relic neutrinos will be
coherently enhanced since the energy of relic neutrinos can reach ~O(10) MeV in the rest frame of the
UHECR. We calculate the diffuse flux of relic neutrinos boosted by UHECR after taking into account the
contributions from both coherent and incoherent scatterings. Using current data from IceCube and Pierre

Auger Observatory, we place constraints on the overdensity of relic neutrinos down to ~108. Since the flux
of boosted relic neutrinos peaks at an energy of ~200 PeV, we also entertain the possibility to explain the
recently observed KM3NeT event with boosted relic neutrinos from UHECR.

DOI: 10.1103/188d-zhcq

I. INTRODUCTION

The cosmic relic neutrino background (CvB), a funda-
mental prediction of the standard cosmological model
(ACDM), provides a unique probe of the early Universe
and the evolution of cosmic structure [1-3]. The ACDM
model predicts that the CvB today has an average number
density of 56 cm™ per spin and flavor degree of freedom
with a temperature of 1.95 K [2,3]. Detecting these relic
neutrinos is quite challenging, and requires experiments
with ultralow energy thresholds. The proposed PTOLEMY
experiment [4], which employs the method of capturing relic
neutrinos in tritium, is hampered by the Heisenberg uncer-
tainty principle for storing tritium atoms on a graphene sheet
[5]. The neutrino number density can be greatly enhanced in
a nonstandard cosmological history [6], such as those
involving dark matter decay into neutrinos [7-9], or new
Yukawa interactions of neutrinos [10]. The current strongest
experimental constraint is set by the KATRIN experiment,
with an upper limit on the local CuvB overdensity
7 < 9.7 x 10'° at the 90% confidence level (CL) [11].
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Ultra-high-energy (UHE) cosmic rays (CR) scattering off
relic neutrinos provide a novel approach to probe the
existence of CvB, a concept first introduced by Hara and
Sato in the 1980s [12,13]. Recent studies have used CR
scattering off the CvB to impose constraints on the CvB
overdensity in various contexts. Reference [14] constrains
the overdensity in the ballpark of ~10'3 within the
Milky Way and ~10'" near the blazar TXS 0506 + 056.
A very strong limit of ~10* on the average CvB overdensity
has been placed in Ref. [15]. By considering both elastic
scattering (ES) and deep inelastic scattering (DIS), Ref. [16]
put a constraint on the weighted overdensities in cosmic-ray
reservoirs down to ~10'". Note that Refs. [14,15] only
consider the proton composition in CR with an oversimpli-
fied scattering cross sections, neglecting the significant
contribution from heavy nuclei to boost the CvB.

Current data indicate a dominant heavy-element com-
position for UHECR, with the proton fraction dropping
below 10% for CR energy above 10 EeV [17], which is also
consistent with air shower simulations despite of large
uncertainties in hadronic interactions [18]. A pure iron
model for UHECR composition is even adopted in some
studies [19-21]. In addition, observations from the Pierre
Auger Observatory [17], KASCADE-Grande [22], and
Telescope Array [23] also show an increasing prevalence
of heavy nuclei at the highest energies. Given the signifi-
cant presence of heavy nuclei in UHECR, the contributions
from heavy nuclei in boosting the CvB cannot be ignored.

For neutrinos with an energy of ~O(10) MeV, coherent
elastic neutrino-nucleus scattering (CEvNS) occurs since
neutrinos interact with all nucleons in a nucleus collec-
tively, which significantly increases the cross section at low
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energy neutrino scattering experiments [24]. CEvNS has
been confirmed experimentally by the COHERENT
Collaboration in 2017 using accelerator-based sources
[25]. Subsequent measurements at COHERENT further
validated the existence of CEvNS [26,27], complemented
by observations from the solar [28,29] and reactor
data [30]. In the context of an iron nucleus with an energy
~10 EeV scattering on a relic neutrino of mass 0.1 eV, the
neutrino energy in the rest frame of the nucleus is
~20 MeV, which is within the same energy range in which
CEvNS becomes dominant at low energy neutrino scattering
experiments. Thus, the coherent enhancement of the cross
section for heavy nuclei in scattering off the relic neutrinos
can be significant. In this paper, we study the diffuse flux
of the CuvB boosted by UHECR, taking into account the
contributions from both the coherent and incoherent scatter-
ing channels. In Sec. II, we derive the coherent and
incoherent scattering cross sections for UHECR colliding
with nonrelativistic CvB. In Sec. III, we obtain the UHECR
flux and calculate the boosted CvB flux. In Sec. IV, we use
current data from IceCube (IC) and the Pierre Auger
Observatory (PAO) to derive constraints on the CuvB over-
density. We summarize our results in Sec. V.

II. CROSS SECTIONS

Here, we only consider the lightest neutrino mass
Mijightest 1073 eV (which is larger than the CuB temper-
ature T, ~ 107 eV) for simplicity. Thus, the CvB can be
treated approximately as at rest in the laboratory frame.
As shown in Fig. 1, UHECR nuclei scattering off the
CuB consist of two channels: the coherent elastic neutrino-
nucleus scattering and incoherent scattering [31,32].
Similar to the dark matter-nucleus scattering in
Refs. [33-35], the total differential cross section can be
written as the sum of the two contributions [31,32], i.e.,

: N N;
do*Ni _ dGZoh n do—fncoh (1)
dE, dE, dE, ’

where E, is the energy of the boosted CvB. At a small
momentum transfer, in which the wavelength of Z boson is
comparable to the nuclear radius, the relic neutrino interacts
coherently with the entire nucleus, and the differential cross
section in the laboratory frame is

2 1= El/ _
Wi Ey, 2m,E3,

mj E,

coh

deN' _ Gim,
dE, 7

)F2<q2>, @)

where my, (Ey,) is the mass (energy) of the nucleus N,
m,, is the neutrino mass, ¢ = /2m,E, is the momentum
transfer, F(g?) is the nuclear form factor [36], Qw,; =
Z:gh + N;g} is the nuclear weak charge with Z; (N;) the
proton (neutron) numbers of N, and ¢i" the vector
coupling constants. Note that we assume a lepton-symmetric
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FIG. 1. Schematic diagram showing the CvB boosted by
UHECR. A nucleus N with energy E,  scatters off a relic
neutrino, boosting its energy to E,. At a small momentum
transfer, the wavelength of the Z boson is comparable to the
nucleus, and coherent scattering (dashed line) dominates. At a
large momentum transfer, the individual nucleons inside a
nucleus are resolved by the Z boson, and incoherent scattering
(dotted line) becomes important.

cosmology with a equal number for neutrinos and antineu-
trinos [37,38]. We summed the cross sections over neutrinos
and antineutrinos for simplicity; i.e., we take do*'i/dE, =
(de*Ni/dE, + d6™i/dE,). In Appendix A, we derive the
coherent scattering cross sections for both Dirac and
Majorana neutrinos, and we find that the difference between
them is negligible.

At a high momentum transfer, the Z boson resolves
individual nucleons within the nucleus, which leads to
incoherent scattering. The cross section can be approxi-
mated as a linear superposition of neutrino-nucleon scatter-
ings. In the laboratory frame, the incoherent cross section is

incoh __

dGU”
_ N, 4%Es
dE, i

"dE, dE,

do’! {z dogg ](1—F2(q2))- (3)

Here, the differential cross section of neutrinos scattering
on a nucleon (denoted N) within the heavy nuclei is taken
from the standard elastic scattering process [2,16,39],

dotll  Gim,m} (s —u)?
- PN A (?) + Cu() S 4
dED ”(s _mlzv)z N(q ) + N(q ) m;‘v ( )

where the Mandelstam variables s ~2m, Ey +m3, t & —¢°,
and u~m3 —2m,(Ey —E,) with my (Ey) being the
nucleon mass (energy). The coefficients Ay(g*) and
Cn(g*) depend on the momentum transfer ¢ and the
nucleon form factors. We have checked that Eq. (3) is
consistent with Eq. (46) in Ref. [31] for unpolarized nuclei;
see Appendix A for more details.

To illustrate the coherent and incoherent contributions to
the cross section of different UHECR nuclei, we show the
total cross section as a function of the UHECR energy E
for proton (p), silicon (Si), and iron (Fe) in the upper panel
of Fig. 2 for m, = 0.1 eV. We see that for £, < 10 EeV,
the proton elastic scattering cross section dominates, while
for E,  above ~10 EeV, heavier nuclei Si and Fe exhibit
larger cross sections. As E s increases, the cross section
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FIG. 2. Upper panel: the total neutrino-nucleus scattering
cross section as a function of the UHECR energy E\.. Lower
panel: the differential scattering cross section as a function of
the boosted neutrino energy E, with E,, = 100 EeV. In both
panels, red, blue, and gray solid lines correspond to the CvB
boosted by the iron, silicon, and proton, respectively. The
dashed (dotted) lines denote the coherent (incoherent) contri-
butions. Here, we fix m, = 0.1 eV.

curve reaches a plateau because the coefficients Ay (g?) and
Cn(q?) approach zero at large momentum transfer ¢ due to
the suppression of the nucleon form factors. For a heavier
nucleus with a larger mass number, the suppression of the
nucleon form factor occurs at a higher nucleus energy
since each nucleon carrying a fraction 1/A of the nucleus
energy E ). The lower panel of Fig. 2 shows the differential
cross section as a function of boosted neutrino energy E,
for Eyr = 100 EeV. Since g = +/2m E,, from Eq. (2), we
see that coherent scattering dominates at small E,, where
F%(¢?) ~ 1 and do.,/dE,  N?. From Eq. (3), we see that
incoherent scattering dominates at large FE,, where
F?(¢*) =0 and doiyon/dE, « A;. For E, < 10% GeV, the
differential cross section of Fe is approximately 2 orders of
magnitude larger than the proton elastic scattering cross
section, reflecting the coherent enhancement in the neu-
trino-nucleus scattering. Furthermore, there is a cutoff
for E, for a given E)s, and the cutoff for heavier nuclei
occurs at a lower E,, since the maximum of boosted

neutrino energy EM* = Ef\/ [(Ey, + mjzv /2m,) decreases
as the nuclear mass m,, increases.

III. BOOSTED CvB FLUX

UHECR travel vast distances from their sources to the
Earth and scatter with the CvB along their paths, leading to
a diffuse flux of boosted neutrinos at very high energies.
The differential flux of the boosted CvB at Earth can be
written as

de Zmax c
- = dz— 1 3
dEU ;/Zmin ZH(Z) ’7nt( +Z)

0 da”N"dd)N.
dEy, =N (@M - E)], (5
< | dEn G g e —EL (9

where i and j label the CR nucleus species and the neutrino
mass eigenstate, respectively. Here, n, is the present

CvB number density, # is the overdensity factor, and
dgyr./dEy (z) is the UHECR flux at redshift z. H(z) =

Hy \/ Q,,(1+2)°+Q, is the Hubble expansion rate,
with ¢/Hy = 1.1267 x 10?® cm, Q,, = 0.315, and Q) =
0.685 [40]. The redshift integral spans from z,;, =0 to
Zmax = 0 [15,41].

The differential cross section do*Vi /dE!, depends on the
CR energy E ), and the neutrino energy E, = E,(1 + z) at
redshift z. Note that our Eq. (5) differs from Eq. (1)
in Ref. [15], which uses ¢/EDT* as an approximation for
the differential neutrino-proton scattering cross section
dc*? /dE,. This approach agrees with our results at low
energies. However, at high energies, dc*?/dE, is sup-
pressed by the nucleon form factors, whereas this sup-
pression is absent if o/E}** is used, which will lead to an
overestimation of the cross section and boosted neutrino
flux; see Appendix C for a detailed comparison of the two
Cross sections.

In this work, we obtain the UHECR flux d¢, /dE s (z)
using two approaches: (a) one based on simulations with
the UHECR propagation code PriNCe [42]; (b) one based on
a phenomenological parametrization as in Ref. [15]. As
shown in Appendix B, we find that scattering with the CvB
has a negligible effect on UHECR propagation across most
of the relevant parameter space. Therefore, we use the
UHECR propagation code PriNCe [42] to simulate the
UHECR flux at different redshifts, without including
CuB scattering effects. In our PriNCe simulations, we
consider three representative UHECR source evolution
models. In the main text, we focus on the cosmic star
formation rate (SFR) evolution, while the other source
evolutions, quasistellar objects (QSO) and gamma-ray
bursts (GRB), are presented in Appendix B. For compari-
son, we also adopt the mixed composition Hillas para-
metrization [43,44] to describe the present day CR energy
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spectrum. To ensure consistency with current UHECR
observations, we introduce an overall normalization factor
kpesi.iic = 0.601 for the Hillas model, which is determined
by fitting the model to the energy spectrum measured
by PAO. The UHECR flux at higher redshifts is then
obtained by rescaling the Hillas spectrum with the CR
source distribution function, following the approach used
in previous work [15]. The details of this procedure are
discussed in Appendix B.

In the upper panel of Fig. 3, we show the UHECR flux at
Earth obtained from the PriNCe simulation with the SFR
source distribution, while the UHECR flux obtained from
the Hillas model is shown in the lower panel of Fig. 3. The
two approaches yields UHECR fluxes that agree with the
measured data at PAO [45]. However, they predict different
nuclear composition fractions, and the Hillas model shows
a larger fraction of heavy nuclei compared to the PriNCe
simulation. Even though transport codes such as PriNCe can
simulate the UHECR flux, our knowledge of extragalactic
cosmic rays remains limited [46,47]. In particular, different
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FIG. 3. Upper panel: the UHECR flux at Earth obtained from
the priNCe simulation with the SFR source distribution. Lower
panel: the UHECR flux described by the Hillas model normalized
by a factor kpeg. = 0.601. Different colors represent flux
contributions from different CR elements, while the black solid
line shows the total flux. The data points are taken from the PAO
measurement [45].

UHECR injection composition fractions remain compatible
with current PAO observations [46]. In earlier studies, such
scenarios included a proton-dominated mixed composition,
a pure iron composition, or a mixed composition containing
roughly 30% iron, all of which were consistent with the
UHECR observations available at that time [20,48,49].

In general, cosmic rays must reach sufficiently high
energies to escape magnetic confinement in their host
galaxies [47]. Composition and anisotropy measurements
indicate that the transition between Galactic and
extragalactic cosmic rays occurs near the second knee at
~5 x 108 GeV [50]. This is consistent with the results of
the PriNCe simulations used in this work. As shown in the
upper panel of Fig. 3, the priNCe simulations also indicate
that CR above 5 x 108 GeV are predominantly of extra-
galactic origin. Thus, we only consider CR with energy
above 5 x 108 GeV, and we have verified that CR with
energy below 5 x 10 GeV contribute negligibly to the
boosted CvB flux.
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FIG. 4. The boosted CvB flux as a function of neutrino energy
E, forn =1 and m; = 0.1 eV. Contributions from different CR
nuclei are shown for comparison. The upper panel uses the
UHECR flux simulated with priNcCe, while the lower panel uses
the Hillas model to parametrize the UHECR spectrum. Different
colors represent various CR nuclei, with dashed and dotted lines
indicating the coherent and incoherent contributions. The gray
line shows the proton ES contribution, and the black line depicts
the total flux. The SFR model is used for the CR source evolution.
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The relative contributions of different UHECR nuclei to
the boosted CvB flux at Earth are shown in Fig. 4 for
m; = 0.1 eV. We assume the normal neutrino mass ordering
with Am3, =7.42x1075eV? and Am%; =2.51x 1073 eV?
[51]; results for different m; values and the inverted ordering
are provided in Appendix D. In the upper panel of Fig. 4, we
show the boosted CvB flux computed using the UHECR
flux obtained from the PriNCe simulations. For E,, < 10° GeV,
the coherent scattering of heavy nuclei yields a non-
negligible contribution. As E, > 10'° GeV, the contribution
from incoherent scattering of heavy nuclei becomes impor-
tant. The elastic scattering of protons with the CvB provides
the dominant contribution to the boosted CvB flux across
the entire energy range.

In the lower panel of Fig. 4, we show the boosted CvB
flux obtained from the Hillas model. In this case, coherent
scattering from heavy nuclei dominates the boosted flux
at E, < 10" GeV due to the coherent enhancement for
heavier nuclei. At higher energies, E, > 107 GeV, the

10

contributions from proton elastic scattering and incoherent
scattering of heavy nuclei become dominant. As we can
see from Fig. 4, the predicted boosted CvB flux depends
strongly on the UHECR composition.

IV. CONSTRAINTS ON THE OVERDENSITY

In the left panels of Fig. 5, we show the boosted CvB flux
with different values of m; for an overdensity n = 108. We
see that the boosted CuvB flux decreases as the lightest
neutrino mass becomes smaller. We also compare the
boosted CvB flux with the current high energy neutrino
data and projected sensitivity limit of various observatories.
The boosted CvB flux has a peak of ~200 PeV, which can
be probed at IC and PAO. We use IC and PAO to constrain
the overdensity # of the CuvB. The expected number of
events from the boosted CuB is given by

Epnax d¢y
Nevents = 4T . dEv d? (”I, ml)Aeff<Ey), (6)
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FIG. 5. Left panels: the all-flavor boosted CvB flux as a function of neutrino energy E, for different lightest neutrino masses m;. Red,
blue, and green solid lines represent the flux for m; = 0.1 eV, 0.05 eV, and 0.01 eV, respectively. Varying shades of blue correspond to
the 1o, 20, and 30 ranges for the KM3-230213A event [61]. Also shown are limits on the diffuse cosmogenic flux from IC (90% CL)
[52,58], PAO (90% CL) [53], and ANTARES (95% CL) [62], as well as the measured astrophysical neutrino spectrum from IC HESE
[63], NST [64], and DPeV [65]. Gray curves show representative cosmogenic neutrino flux models [66—68]. The overdensity is set to
n = 10%. Right panels: constraints on the CuB overdensity 7 as a function of the lightest neutrino mass #1,. The green and orange curves
denote the 90% CL constraints from IC and PAO, respectively. The blue shaded region indicates the parameter space compatible with the
KM3-230213A event, while the gray band marks the current KATRIN exclusion at 90% CL. The upper two panels are based on the
UHECR flux simulated with priNCe, while the lower two panels are based on the UHECR flux parametrized by the Hillas model. All

panels use the SFR model for the CR source distribution.
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where T is the data-taking time of 12.6 yr and 9.7 yr for
IC [52] and PAO [53], respectively. A (E,) is the energy-
dependent effective area for all flavors extracted from Fig. 4
in Ref. [54]. For IC, three neutrino events are observed at
PeV energies [55-58]. We conservatively take the three
events as the background and obtain the 90% CL Feldman-
Cousins upper limit by requiring n!$,,. < 1.08 [59]. For
PAO, the Feldman-Cousins upper limit is set by nf4, . <
2.39 which takes into account the uncertainties in the
exposure [60].

The upper-right panel of Fig. 5 shows the constraints on
the overdensity factor 7 as a function of the lightest neutrino
mass for the normal ordering, based on PriNCe simulations.
At m; =0.01 eV, IC (PAO) imposes an upper limit on
17 <8.4x 108 (8.6 x 10°) at the 90% CL. For m; < 0.01 eV,
the constraints become flat as the dominant contributions
arise from heavier mass eigenstates with m, and ms. As the
lightest neutrino mass increases, the constraints on 7
become more stringent. At m; = 0.1 eV, the bounds from
IC and PAO can reach 7 < 7.8 x 107 and 7.0 x 108,
respectively. As shown in the lower panels of Fig. 5, the
boosted CvB flux obtained with the Hillas model is nearly 1
order of magnitude higher than that obtained from PriNCe
simulations, leading to correspondingly stronger limits
on 7. The constraints for other CR source distributions
and the inverted ordering are presented in Appendixes B
and D, respectively. We see that the GRB source distribu-
tion provides the strongest constraints, with approximately
an order of magnitude stronger than the QSO case. For the
inverted ordering, the constraints are approximately 50%
stronger than those for the normal ordering when the
lightest neutrino mass is less than 0.01 eV. Note that both
IC and PAO set a stronger constraint than the current
KATRIN upper limit of 7 < 9.7 x 10!° from the relic
neutrino capture process [11].

Recently, the KM3NeT Collaboration reported a
record-breaking event KM3-230213A with an energy of
2201’15178 PeV [61]. Interestingly, the energy aligns with the
peak of the boosted CvB flux as shown in the upper panel
of Fig. 5. This coincidence allows us to entertain the
possibility of explaining the KM3NeT event by the boosted
CvB from UHECR. We plot the 90% CL allowed region
that explains the KM3-230213A event in the upper-right
panel of Fig. 5. We find that explaining KM3-230213A
requires an overdensity within [5.9 x 10°,2.3 x 10'!] for
m; = 0.01 eV, which remains below the current KATRIN
bound [11]. Note that the allowed region is in tension with
the IC bound, which is well-known and consistent with the
3.5¢ tension between IC and KM3Net for the diffuse
neutrino flux as IC has a larger effective area and a longer
runtime [54,69]. This tension can be alleviated in the
presence of new physics such as sterile-to-active neutrino
transitions under nonstandard matter effects [70], or neu-
trino self-interactions [71].

With the enhanced sensitivity of upcoming telescopes
such as IceCube-Gen2 [52], Trinity-18 [72], RNO-G [73],
TAMBO [74], POEMMA [75], and GRAND [76], detec-
tion of the boosted CvB may become possible, providing a
direct evidence of the existence of relic neutrinos. However,
distinguishing the boosted CvB signal from background
neutrinos, such as astrophysical and cosmogenic neutrinos,
remains a significant challenge. As shown in the upper
panel of Fig. 5, these background neutrinos exhibit char-
acteristic energy spectra that differ from the boosted CvB,
enabling potential discrimination with increased statistics.
In addition, astrophysical and cosmogenic neutrinos are
often accompanied by cascaded gamma-ray emission in
the GeV to TeV range [77], detectable via multimessenger
observations with imaging air Cherenkov telescopes and
air-shower gamma-ray observatories. Astrophysical neutri-
nos may also be associated with signatures like gravitational
waves from neutron star mergers. Such multimessenger
correlations could help rule out the boosted CvB hypothesis.
Conversely, if no electromagnetic or gravitational-wave
counterparts are observed, it could strengthen the case for
identifying the neutrinos as boosted CvB.

V. SUMMARY

In this paper, we study the process of the CvB boosted
by UHECR by taking into account both the coherent and
incoherent scattering channels. We derive the scattering
cross sections for UHECR colliding with both Dirac and
Majorana relic neutrinos, and show that the difference
between the two cases is negligible. We find that the cross
section of UHECR scattering off relic neutrinos can be
coherently enhanced, which is similar to the CEvNS process
observed at low-energy neutrino scattering experiments.

We compute the boosted CvB flux produced during
the propagation of UHECR from their sources to Earth. The
UHECR flux is obtained by using simulations with the
UHECR propagation code PriNCe as well as a phenomeno-
logical parametrization based on the Hillas model.
Compared to the PriNCe simulation, the Hillas model yields
a larger fraction of heavy nuclei. Our results show that
both coherent scattering of heavy nuclei and incoherent
scattering contributions to the boosted CvB flux are non-
negligible.

Using current data from IC and the PAO, we set
constraints on the CvB overdensity parameter 5. Based
on the results of the PriNce simulation, we find that for
m; = 0.1 eV the bounds from IC and PAO reach 7.5 x 10’
and 2.7 x 10°, respectively. Since the recent observed
highest neutrino event KM3-230213A has an energy
aligning with the peak of the boosted CvB flux, we also
entertain the possibility of explaining the KM3-230213A
event with the boosted CvB. Future observatories, such as
IceCube-Gen2 and POEMMA, may enable the first detec-
tion of the boosted CvB, and potentially distinguish it from
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cosmogenic neutrinos through differences in the energy
spectra and multimessenger observations.
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APPENDIX A: CROSS SECTIONS

Kinematics. To analyze the scattering of a CR nucleus
N; off a relic neutrino at rest, we define the four-momenta
as follows: P, = (E,p)=~(m,,0) for the incoming
neutrino, and P, = {E,, p,} for the outgoing neutrino;
Ky ={Ey,py} for the initial nucleus and K, =
{E);, pl\} for the final nucleus. Given the energy scales
involved, we apply the approximation Ey;, > myy, > m,,
which holds for UHECR interactions. Using energy-
momentum conservation, the Mandelstam variables are
approximated as given by

s & 2m,Ey + m3;, t=—qg*~-2m,E,,

urmy, —2m,(Ey —E,), (Al)

The maximum energy of the scattered neutrino, E}, is
given by

2
E/\/i + m?\/l/(zmv)

E}™(Ey,)

. .
EN,» if E./\/i > Wpl s
~ 2m,,Ei,_ . mi,‘ (AZ)
Lt if EN; < ﬁ .

N

m

Coherent neutrino-nucleus scattering cross sections.
Before deriving the scattering cross sections, we first
clarify the helicity and chirality properties of the CuvB.
Because the weak interaction couples only to left-chiral
fermions, neutrinos are produced in left-chiral states, while
antineutrinos are produced in right-chiral states. During
subsequent free streaming, helicity is conserved, whereas
chirality is not for massive neutrinos, since the neutrino
mass will mix the left- and right-chiral components under

free evolution [38]. For clarity, we use helicity eigenstates
to describe the neutrino and antineutrino spinors, i.e.,

WK — VE = h[pl&,

’ NCENTIYA
U([_?) h): hvE+h|ﬁ|§—lz

’ ~h/E-hplEy)

where (o - f))tjh = h&,, o denotes the Pauli matrices,
p= p/Ip|, and &, is a two-component Weyl spinor
with definite helicity h. The spinors are normalized as
5;5,,/ = 0y, and h = +1 corresponds to right- and left-
helical states, respectively. For a neutrino in a helicity
eigenstate, the left- and right-chiral components are
given by u,; = P;u and u,r = Pru, and their relative
weights are

(A3)

1+ hp
2 b

E—hp| _1-hp

I ="3g 2

Jr =

(A4)

with # = |p|/E. In the ultrarelativistic limit (f ~ 1), a left-
helical neutrino (h = —1) is predominantly left chiral,
whereas in the nonrelativistic limit (f ~0), it becomes
an approximately equal admixture of left- and right-chiral
components. The CvB neutrinos today are in the non-
relativistic regime, and since only the left-chiral component
participates in weak interactions, the scattering amplitude is
suppressed by the corresponding weight factor f;.

We first compute the coherent elastic neutrino-nucleus
scattering cross section for a CvB composed of Dirac
neutrinos. The scattering cross sections for left-helical
neutrinos and right-helical antineutrinos are evaluated
separately. We assume a lepton-symmetric cosmology,
such that neutrinos and antineutrinos have equal number
densities [37,38]. For coherent scattering, the axial-vector
nuclear responses can be neglected, and we treat the
nucleus as a spin-0 scalar target [79]. Assuming an
incoming neutrino with helicity 4 and an outgoing neutrino
with helicity #’, the tree-level amplitudes for neutrino and
antineutrino scattering in the Dirac case are

. V2
lMli) = lTGFQWF(qz)(KNi + Kj\/i)”

x a(P', W)y (1 =y u(P, -), (AS)
iMY = igGFQWF(QZ)(KNi + Kj\/[)u
x B(P, +)y*(1 = y)v(P, K). (A6)

The nuclear weak charge is given by Qy; = Z;g} + N;g}.
with gy =1-2sin*0y, ¢} = — 1, and sin” Oy, = 0.231 [40].
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The polarized spin density matrices take the form

u(P.—)a(P.—)=3(P+m,)(1+y$) and v(P.+)5(P.+)=

l(}"—m,,)(l—ky ,8') where the polarization four-vector is
(lp‘ L 5), satisfying S - P = 0 and 5> = —1. In the

nonrelatwistic regime f# < 1, these expressions reduce to
the simplified forms given below,

u(P.=)(P.=) =2 (0 + 1)(1+ 7B 7).

o(P,+)B(P,+) =24 (/= 1)(1 = 1°B - 7). (A7)

I\)‘S

For an isotropic relic neutrino background, terms linear in ;3
vanish upon angular averaging. As a result, the spin density
matrices reduce to the compact forms u(P,—)a(P,—) ~
Ze(*+1) and v(P,+)9(P,+)~% (" —1). For the
unobserved final-state helicity, we employ the complete-
ness relations > . u(P,h)a(P',h') =P +m, and
Sy (P W)o(P' ) =P —m,. After taking the
Dirac traces, all terms that distinguish the v and ¥ leptonic
tensors vanish because they contain an odd number of y
matrices, and the two tensors become identical,

Ly = Trlu(P.=)a(P, =) (1 = ) (P £ m,)y*(1 = 7)]
= 4my(5”()P/” ‘i— 5U0P/” - g”DP/O) + 4imu€m/(loga0'
(A8)

The antisymmetric ¢#**’ term vanishes upon contraction
with the symmetric nuclear current, so that only the
symmetric part contributes. As a result, the squared ampli-
tudes are identical for neutrino and antineutrino scattering,

IMp P = |Mp[?

Ey, 2myEy )

(A9)

— 166304 (P i (1 -

We now consider the coherent elastic neutrino-nucleus
scattering cross section in the Majorana case. For a
Majorana field satisfying v = v¢, the vector current van-
ishes, Dy#v = 0, while the axial current remains nonzero,
Dy*ydu # 0. As a result, the leptonic vertex is purely axial
and acquires an additional factor of 2 at the amplitude level
compared to the Dirac case,

iMiy = iV2Gr OwF(4*) (K, + Ky ),

x (P, W )y*yu(P, h). (A10)
Since both helicity states are present in the present-
day CuvB, we average over the initial helicities,
IS pu(P h)a(P,h) =% (P +m,), which in the extreme

nonrelativistic limit reduces to 1 (P +m,) =% (y* + 1).
For the unobserved final-state helicity, we use the com-
pleteness relation, >, u(P',h)a(P',h') = P' + m,. The
corresponding leptonic tensor is

LYY = 2m, (8 oP" + &oP* — P + m,g"), (A1)

and the squared amplitude in the Majorana case reads

|ME,|? = 2G2 0% F?(q )(K/\/,- +Ki\fi)/4(KNi +Ki\ff)”LK’l;

= 16GL 03 F*(¢*)mER,
2 2
E, mykE, my.
x< v N O(TN)) (A12)
Ey, 2m,E3, B,

Note that we have taken the differential scattering cross
section of Dirac neutrinos as the sum of neutrino and
de*VNi/dE, = (do*VNi/dE, +
de™Ni/ dE,). For Majorana neutrinos, both helicity states
are present in the CuB. Since the number density of
Majorana neutrinos equals the sum of the left-helical
neutrino and right-helical antineutrino densities in the
Dirac case [38], the scattering cross section for the
Majorana case is taken to be twice that of an averaged
helical neutrino contribution.

Comparing Egs. (A9) and (A12), we can see that the
cross sections between Dirac and Majorana neutrinos only
differ by a term proportional to O(mjz\/, / Ejzv) It is well-

antineutrino contributions,

known that, in the rest frame of nucleus, the difference
between the cross sections of Dirac and Majorana neutrinos
is generically suppressed by O(m,/E,)% Our result is
consistent with this expectation. Indeed, after performing a
Lorentz transformation to the nuclear rest frame, where
E, = (Ey,/my;,)m,, the correction term O(m3. /E3 ) is
seen to correspond directly to O(m,/E,)*. Since
my, < Ey,, we see that the difference between the cross
sections of Dirac and Majorana neutrinos are negligible.

In the following analysis, we consider Dirac neutrinos
and calculate the corresponding differential scattering cross
section as

vN; 2 2 E
dog,y,' _ Gypm E my, £y
=—"LF(P0y (1 -—-- ’ . (A13
= PG (1 ) (A1

It should be emphasized that the coherent scattering
cross section derived here cannot be obtained by a simple
Lorentz transformation of the CEuvNS cross sections
derived in the rest frame of nucleus, such as those presented
in Ref. [79]. This is because chirality is Lorentz invariant.
In Ref. [79], the incoming neutrinos are ultrarelativistic
and therefore, effectively left-chiral, whereas today’s CvB
neutrinos are nonrelativistic helicity eigenstates containing
both left- and right-chiral components. Consequently,
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applying a Lorentz boost to CEUNS cross sections derived
in the nuclear rest frame leads to an overestimation of the
coherent scattering cross section by approximately a
factor of 2.

Also note that this behavior contrasts with the case of
CuB capture, where the capture rate for Majorana neutrinos
is twice that for Dirac neutrinos [38,80]. The origin of this
factor of 2 enhancement is that, in the capture process,
only neutrinos can be captured, while antineutrinos are
kinematically forbidden. In our scenario, both neutrinos
and antineutrinos in the CvB can be boosted by UHECRSs
and contribute symmetrically to the scattering process. As a
result, no such factor of 2 difference arises between the
Dirac and Majorana cases.

Elastic neutrino-nucleon scattering cross section. Elastic
neutrino-nucleon scattering has been extensively studied in
the literature [2,16,39], focusing on the regime where the
incoming neutrino is ultrarelativistic. The corresponding
scattering cross sections derived in these works [2,16,39]
cannot be directly applied to UHECR-CvB scattering by a
Lorentz transformation. As discussed above, the difference
between Dirac and Majorana neutrinos is negligible, and
we therefore work in the Dirac framework. The leptonic
tensor takes the form given in Eq. (A8). The corresponding
hadronic tensor is given by

1

HY = STr[(K + my)Tz (@) (K + my)T(q)].  (A14)

where the neutral-current nucleon vertex is given by

i
Fo(q) = FPN@)r 45, 3" (¢°)o" g, = GEY(¢")r'r.
(A15)
where FZN and F5V are the Dirac and Pauli electromag-

netic form factors for the weak neutral currents, and they
are defined as F#N = +£1(F/ — F') = 2sin® Oy FY, with
the +(—) sign for N = p(n). The axial form factor is
G%N = +(1/2)G,, with the same sign convention. The
electric and magnetic form factors are defined as [2]

2
GY(q?) = FY(q?) - 15 F¥ (),

4m,2\,
Gy(q*) = FY(¢*) + FY (¢*). (A16)
with  ¢>  dependence given by GY,(¢%) =

GY (0)(1 4+ ¢*/A% )%, where Apy ~0.8 GeV, and
GA(q%) = GA(0)(1 + ¢*/m3)72, with G4(0) ~ 1.245 and
my ~1.17 GeV [81,82]. At zero momentum transfer
(¢*>=0), these form factors become G5(0) =1, G%(0) = 0,
G1(0) =4, /- and Gy (0) =,/ uy where i, /ay =2.79
and u, /puy = —1.91 [40] are the magnetic moments of the
proton and neutron, respectively.

The trace is evaluated using FeynCale [83] and the kinematic
relations E, = g¢?/(2m,) and Ey = (s —2m3,)/(2my) in the
laboratory frame. The resulting expression has the same
functional dependence as those obtained in Refs. [2,39],
but differs by an overall factor of 2. The elastic differential
cross section in the laboratory frame is

dotly  Gim,my ’ S —U
A +B
dE, 2n(s—m%)? (a7) (@) m3,
Loy } (A17)
N

where the =+ sign is for v/p. The coefficient functions in
terms of the neutral-current form factors are

my N
2 2
q zv2 4 7\2
—(1=--L ) |(Fr2 -4 _(F
()l a7
e
+—2FIZF§}, (A18)
N
P
B(q*) = —5 G4(F{ + F%), (A19)
my
2 1 72 7\2 q 7\2
Clq®) = 3 |(G57 + (PP + L (F22]. (a20)
N

Incoherent neutrino-nucleus scattering cross section.
The squared incoherent amplitude for neutrino-nucleus
scattering can be written as a linear sum of the squared
neutrino-nucleon amplitudes multiplied by the factor
1 — F?(q?) [see Eq. (18) in Ref. [31]], i.e.,

[Alcon = (ZiIALPP + N A P) (1 = F2(q?)). (A21)

incoh —

where A? (Af]?) is the amplitude for neutrinos scattering off
individual proton (neutron), and F(g?) is the nuclear form
factor for single nucleons. Therefore, the incoherent differ-
ential cross section for neutrino-nucleus scattering is

uN; vp un
doi .o doyg dotly 2/ o
— e = | Z, + N; 1-F , A22
dE, dE, dE, ( () ( )

where do/dE, and do¥l/dE, are the differential cross
sections for neutrino-proton and neutrino-neutron scatter-
ing, as given in Eq. (A17). For a small momentum transfer
q < Agy(ormy), the g dependence of nucleon form
factors can be ignored, allowing the approximation
Ga(¢?) = G4(0) and GY,,(¢*) = Gy (0). The coeffi-
cients in Eq. (A17) can be simplified to
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q2
Av(0) = 2 (GE (0" = FE¥(0)"]
Cy(0) = 7 [G5Y(0) + F{ (07, (A23)
where G5V (0) = +1G,(0) =g and FZV(0) =+1(F}(0)-

F"(0))—2sin? 0y FY (0) = gl The coefficient By = 0 due

vN; 2
dGmcoh GF my

dE, T

E, _ myE,
Ey 2m,E%

(Z)? + Ni(gh)?) (1 -

to cancellation between neutrino and antineutrino contri-
butions. Using the Mandelstam variables from Eq. (Al)
and the simplified coefficients Ay(0) and Cy(0) from
Eq. (A23), the elastic scattering cross section in Eq. (A22).
After summing the contributions from neutrinos and
antineutrinos, the incoherent scattering cross section is
given by

E, m}E,

)+ @2+ ) (1~ 5 ) (- P,

(A24)

In the present analysis, the relic neutrinos are nonrelativistic, whereas Ref. [31] considered the ultrarelativistic limit. Our
result corresponds to one half of the expression for unpolarized nuclei given in Eq. (46) of Ref. [31], which reads

da-”Ni

dE" N=p.n

where A? = Z; and A" = N, are the numbers of protons
and neutrons in the nucleus N;, respectively. The variable

(Prq) _ s—my ¢ E. The i ;
= = -5 = . e incoherent correction
y (P K’\/ ) s qlznax Ey

factors are given by gy, = CYCYCY [31,32]. Here, CY
is the correction factor arises from the transition from the
nucleus (a multiparticle state) to nucleons (single-particle
states) in the scattering amplitude calculation. The expres-
sion of leV is given in Eq. (82) of Ref. [32], with a value of
about unity [32]. CIZ" is a kinematic correction factor related

incol 2G2mv ZgNgNm y
b= g 2O S Y[ ( 2+ P01 - 92 - 2B (1 ),

(A25)

s —my

to the nuclear excitation energy Ae, with its expression
provided in Eq. (96) of Ref. [32]. For iron nuclei, since the
excitation energies are ~O(MeV) and significantly smaller
than the nuclear mass ~O(50 GeV), the value of C¥ is
approximately unity [32,33]. The correction factor CY
takes into account the nonzero three momentum for the
nucleon in the initial state, and the value can be taken to be
unity in the leading approximation [32]. Consequently, we
adopt g, & 1. For antineutrinos, the couplings are flipped

(9) = gr» gr — 97 ), yielding

N 2
doipcon 2Ggm, N|(.N\2 N2 2 29 grmyy 2/ 2
et = e 3 AN (G + a1 =P - SR (1= (), (426)

Summing over the contributions of both neutrino and antineutrino, the differential cross section becomes

d"iﬁ%h_ dafrﬁi)h_’_do-fr{géh ZG%m ZAN (g))?
dE, \ dE, dE,

N=p.n

Using the vector (axial- vector) couplings, gV = gL + g’,\{
(Y =g —g¥)and y = E—N it is straightforward to show

that Eq. (A27) is the same as Eq. (A24). Neglecting the
g-dependence of the nucleon form factors, our incoherent
cross section reduces to one half of the unpolarized-nucleus
expression given in Eq. (46) of Ref. [31]. Note that
Ref. [31] considered accelerator neutrinos with energies
~O(10) MeV scattering off nuclear targets at rest,
where the momentum transfers are very small, i.e.,

49N QN myy

s —my

@D+ (1 -y - }(1 _F(g). (A27)

q*/ A%, (m3) = 0, allowing the approximation G,(¢?) =
GA (0) and GY,/(¢*) = G¥,,(0). However, UHECR-
boosted CuvB interactions involve significantly larger
momentum transfers, and the g-dependence of nucleon
form factors must be taken into account. Therefore,
our cross section in Eq. (A22), which incorporates the
full g-dependence of the nucleon form factors, is more
general and directly applicable to UHECR-boosted CvB
scattering.
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APPENDIX B: COSMIC RAY SOURCE
DISTRIBUTIONS AND UHECR FLUX

Star formation rate (SFR) source distribution. The
cosmic star formation rate density follows the empirical
parameterization from [41]

_ (a+b2)h
T Gy

where h = H,/(100 kms~' Mpc~!) is the dimensionless
Hubble parameter, with a = 0.0170, b = 0.13, ¢ = 3.3,
and d = 5.3. The normalized source distribution function
f(z) is defined as

Mg yr~' Mpc=3, (B1)

o= (52)

where p(z) represents the raw source density at redshift z,
and z,,;, = O serves as the baseline normalization redshift.

Quasistellar object (QSO) source distribution. The
logarithmic density evolution follows [84]:

p(2)
Mpc—3

log =—ay+ a;z — arz* + a37° — auz*,  (B3)

(2) = exp(logp(z))

= exp(log pmn)) (B4)

with coefficients ag = 12.49, a; =2.704, a, = 1.145,
a; = 0.1796, and a4, = 0.01019.

Gamma-ray burst (GRB) source distribution. The GRB
rate is modeled by scaling the star formation rate (SFR)
density following [85]:

pars(z) = kp(2)(1 +2)°, (B5)
where p(z) is the SFR density defined in Eq. (B1), k = 8.5,
and § = 1.26. The normalized density function f(z) is then
computed using Eq. (B2).

UHECR flux from priNCe simulation. We simulate the
UHECR flux at redshift z produced by different CR source
populations using the numerical propagation code PriNCe
[42]. priNCe solves the transport equations for UHECR
nuclei in energy and redshift, including cosmological
expansion, continuous energy losses due to photoproduc-
tion of electron-positron pairs, and photohadronic and
photonuclear interactions. The injected spectrum for each
nuclear species N; is parametrized as

EN -7
In(En,)=fn, <W>

1, Ex, <ZiRax

X
exp (1 —

(B6)

Ey.
ZiRn':ax) ’ EN’ = Zszax:

where R, denotes the maximum rigidity, y is the spectral
index, and f ), are the normalized elemental abundances
at injection.

The photon fields taken into account in the fit are the
cosmic microwave background, scaling with redshift
as usual, and the extragalactic background light as modeled
by [86], which is also redshift dependent. The photonuclear
losses are described according to the TALYS model [87],
while the photohadronic interactions are described by the
SOPHIA code [88].

The parameters used in our PriNCe simulations are
summarized in Table I. The fitting parameters were
determined in [89] by a fit of PriNCe calculation results
for a given source density to Pierre Auger Observatory
results [45] on the total spectrum, depth of shower
maximum X, and variance of the depth of the shower
maximum o(X,,, ), making use of the companion package
priNce-analysis-tools [90] developed by the
authors of the PriNCe code.

Hillas cosmic ray energy spectrum. We adopt the Hillas
parametrization to describe the present-day CR energy
spectrum observed at Earth. This phenomenological model
provides a standard description of the all-particle CR
spectrum, and we use the parametrization introduced in
Refs. [43,44]. It includes the standard three-population
structure: the knee associated with Galactic supernova
remnants, the ankle corresponding to the transition to
extragalactic sources, and an intermediate region whose
physical origin remains uncertain. The differential flux
of a nucleus of type N; at the present epoch can be
written as [43,44]

doy,
dEy

— i:ai g exp | — Ew, , (B7)
J TN ZiRc,j

ilz=0 j=1

where Z; is the atomic number of the nucleus, R, ; is
the cutoff rigidity of population j, and a;; and y,; are
obtained from fits to cosmic-ray observations. Table II

summarizes the parameters for the five nuclear components
(p, He, N, Si, Fe).

TABLE 1. Fit parameters of the UHECR source models
for SFR, QSO, and GRB distributions used in the PriNCe
simulations [89].

SFR QSO GRB
Rmax (GV) 109425 109420 109425
y -0.8 -1.0 -0.8
Sfu 1.0x 107% 22x 1079 1.7 x 10746
SHe 4.5 x 10746 7.7 x 1074 4.6 x 1074
SN 6.2 x 10747 6.1 x 1074 5.5 x 1074
fsi 4.1x10™8 2.3 x 10748 3.9x 10748
Sre 9.0 x 1070 6.6 x 1070 9.5 x 1070
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TABLE II. Hillas model parameters for different CR popula-
tions and nuclear species [44].
p He N Si Fe

Population 1: 7860 3550 2200 1430 2120
R, = 4PV 1.66 1.58 1.63 1.67 1.63
Population 2: 20 20 13.4 13.4 13.4
R. =30PV 1.4 1.4 1.4 1.4 1.4
Population 3: 1.7 1.7 1.14 1.14 1.14
R, =2EV 1.4 1.4 1.4 1.4 1.4

To match the Hillas model to current UHECR observa-
tion [45], we introduce an overall normalization factor & to
rescale the Hillas parameters [44]. To test this normaliza-
tion factor using the PAO data, we define the )(2 as [91,92]

[Jé) s k‘]ii as]2
)(2(]():2 b GZHH ’

(B8)

where Ji|  denotes the UHECR flux values measured by
PAO [45], Ji is the corresponding flux predicted by
the Hillas parametrization [44], and o, represents the
experimental uncertainty [45]. By minimizing the y?
function with respect to k, we obtain the best-fit normali-
zation factor ky.q_g; = 0.601. This normalization factor is
adopted throughout our analysis whenever the Hillas model
is used to describe the present-day UHECR spectrum.

Following the approach of Ref. [15], the UHECR flux
at redshift z is obtained by rescaling the present-day CR
spectrum using the source-distribution function. It can be
written as

doy;,
dEy,

do .
@ =15
ilz=0

(B9)

where f(z) denotes the CR source distribution function
corresponding to the SFR, GRB, and QSO evolutions. This
rescaling procedure yields the UHECR flux at redshift z
without including UHECR propagation effects and is used
for comparison with the priNCe simulations. Figure 3 shows
the resulting present-day CR spectrum, which contains a
larger fraction of heavy nuclei than the PriNCe result.

Energy loss of UHECR. Similar to the treatment of
cosmic-ray energy losses induced by scattering with dark
matter [93], we estimate the energy loss of UHECR nuclei
scattering with the CvB. In each UHECR-CvB scattering,
an energy E, is transferred from the UHECR to the relic
neutrino, resulting in an energy loss of the UHECR. In the
continuous limit, the energy loss rate of a UHECR due to
scattering can be written as

d £ do*V'
Q_ cnnDEyLdEw

= _ B10
dt 0 dEU ( )

—
o
=)
z

Q/Ex

ldll 1612 1013

En (GeV)

10° 101

FIG. 6. Energy-loss ratio Q/E ), of CRs for protons, helium,
nitrogen, silicon, and iron nuclei for m, = 0.1 eV and n = 108.
The redshift is integrated from O to 6.

where Q = AE);, denotes the energy loss of a CR
nucleus N, ¢ is the speed of light, and the relation
between cosmic time and redshift is given by
dt = dz[(1 + 2)Hy\/Q,,(1 + z)* + Q,]~". The upper inte-
gration limit EJ'™ denotes the maximal neutrino energy
kinematically allowed in the scattering process, as defined
in Eq. (A2).

To estimate the largest energy loss of UHECR due to
scattering with the CuvB, we consider the longest possible
propagation time that evolved from z = 6 to z = 0. We set
the relic neutrino mass to m, = 0.1 eV and the overdensity
factor to = 10%. The impact of CuB scattering on UHECR
propagation is quantified by the energy loss ratio Q/E ..
In Fig. 6, we show the energy loss ratio Q/E , for different
UHECR nuclear components. The ratio increases with
increasing CR energy at low energies and decreases at
higher energies. The initial rise is caused by the rapid
growth of the scattering cross section with increasing CR
energy. At sufficiently high energies, the cross section is
suppressed by the nuclear form factor and no longer
increases, leading to a decrease of the energy-loss ratio.
This behavior is consistent with the energy dependence of
the scattering cross section shown in Fig. 2 in the main text.
At the peak of the energy loss ratio, the value remains far
below unity, indicating that CvB scattering has a negligible
effect on UHECR propagation. We also notice that if the
CuB overdensity were extremely large, the energy loss of
UHECR could become non-negligible. A detailed analysis
of how to incorporate the CvB scattering into UHECR
propagation is left for future work.

Results for GRB and QSO source distributions. Figure 7
illustrates the boosted CvB flux and the 90% CL constraints
on the overdensity parameter # for different CR source
distributions, including GRB (left panels) and QSO
(right panels) models. For m; = 0.1 eV, IC constrains
7 <3.9x 107, while PAO constrains 75 < 4.1 x 108,
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FIG. 7. Same as Fig. 4 in the main text, except for using the GRB (left panels) and QSO (right panels) model for the CR source
distribution.

With a decrease in the lightest neutrino mass to
m; = 0.01 eV, IC constrains 7 <4.1 x 108, and PAO con-
strains 77 < 5.0 x 10°. Among the source distribution models
considered, the GRB source distribution yields the most
stringent constraints on the overdensity factor #, while the
QSO source distribution leads to the weakest constraints.
The constraints from the SFR source distribution lie between
those obtained from the GRB and QSO source distributions.

APPENDIX C: COMPARISON OF THE ELASTIC
NEUTRINO-PROTON CROSS SECTION

Here, we compare the neutrino-proton elastic scattering
cross section with the analysis of Ref. [15], which result in
an overestimation of the boosted CvB flux and overly
stringent constraints on the overdensity parameter 1. The
key issue lies in their treatment of the differential scattering
cross section for UHECRs interacting with the CuB.
Reference [15] use ¢*7/E]™* as an approximation for
do*? /dE, [see Eq. (1) in Ref. [15]]. However, as shown
in Fig. 8, the ¢*” used in Ref. [15] only agrees with our
results at low energies, and it is several orders of magnitude
larger than ours at high energies. The main reason is that the
c*? used in Ref. [15] has neglected the energy dependence

of the nucleon form factor in do*?/dE,. In particular,
do*? /dE, approach zero at high energies. This oversim-
plification of cross section will lead to an inflated CvB flux
prediction. Similar issues have also been discussed in the
context of boosted dark matter [94].
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FIG. 8. The neutral current neutrino-proton cross section as a
function of the proton energy. The blue line indicates the energy-
dependent cross section adopted in this work, and the gray line
shows the one used in Ref. [15].
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APPENDIX D: IMPACT OF THE LIGHTEST
NEUTRINO MASS AND THE INVERTED
MASS ORDERING

In the case of the normal neutrino mass ordering, we
calculate the contributions of coherent and incoherent
scattering to the boosted CuvB flux for different lightest
neutrino masses, as shown in Fig. 9, considering all nuclei
except for protons. As the lightest neutrino mass i
decreases, the boosted CvB flux decreases. However, for
my < 0.01 eV, the total flux no longer changes, as the
dominant contributions arise from the heavier masses n1,
and mj, which are less affected by the reduction in m;.
Furthermore, since the momentum transfer ¢> = 2m,E,
depends on the neutrino mass, a smaller m, reduces g at a

given energy E,, thereby extending the energy range where
coherent scattering dominates to a higher energy.

To investigate the impact of the mass ordering on the
boosted CvB flux, we plot Fig. 10, which adopts the same
setup as Fig. 4 in the main text except for an inverted mass
ordering with Am3; =2.486 x 107 eV? and Amj, =
7.42 x 1073 eV? [51]. In the left panel, the flux for m; =
0.1 eV and m3 = 0.05 eV shows negligible differences
compared to the normal ordering, indicating that the
boosted flux remains relatively insensitive to these values
for the lightest mass. However, for m; = 0.01 eV, the
neutrino flux increases by approximately 50% compared to
the normal ordering. Similarly, in the right panel, this
feature is also observed for m; < 0.01 eV.
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(excluding protons) in red (m; = 0.1 eV), blue (m; = 0.05 eV), and green (m; = 0.01 eV), with dashed and dotted lines correspond to
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