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1. Introduction

Ultra-high-energy (UHE) neutrinos (E > 107 eV) are key to probing extreme astrophysical
environments and understanding the origin of UHE cosmic rays (UHECRs) [1]. Unlike charged
cosmic rays or high-energy photons, neutrinos travel vast distances unaffected by magnetic fields
or significant attenuation, but their weak interactions make direct detection at UHE challenging.
An effective method involves detecting extensive air showers (EAS) induced by neutrino charged-
current (CC) or neutral-current (NC) interactions in the atmosphere or Earth, a technique employed
by the Pierre Auger Observatory. Located in Argentina and covering 3000 km?, Pierre Auger
Observatory combines a Surface Detector (SD) array of 1660 water-Cherenkov detectors (WCDs)
with a Fluorescence Detector (FD) system comprising 27 fluorescence telescopes at four locations
on its periphery.

The nearly continuous operation of the SD makes it well-suited for neutrino searches, having
set one of the strongest limits on the diffuse UHE neutrino flux [2]. Neutrino-induced showers
are classified as downward-going (DG) or Earth-skimming (ES), with DG further split into high
and low zenith angles (DGH, 6 € [75°,90°) and DGL 6 € [60°,75°]. This analysis focuses on
the DGL range using SD data from 1% January 2014 up to 31 December 2021. A new selection
incorporating all electromagnetic (EM) triggers is developed and tested on simulations, improving
sensitivity to neutrino-induced EASs before being applied to data.

2. The electromagnetic triggers

The SD employs a hierarchical trigger system to identify air showers, starting from local
station-level triggers up to array-wide and physics-level triggers [3]. Each WCD generates local
triggers based on time-dependent signals, expressed in vertical equivalent muon (VEM) units, which
corresponds to the total charge deposited by a single muon passing vertically through the water
volume [3]. The initial triggers include the threshold (TH) trigger, optimized for muonic signals,
and the time-over-threshold (ToT) trigger, more sensitive to EM components of an EAS. These are
tuned to reject low-energy background, such as single muons and consequently pure EM signal.

To enhance sensitivity to EM-dominated showers, especially from neutrinos or photons, two
additional triggers — time-over-threshold-deconvolved (ToT'd) and multiplicity-of-positive-steps
(MoPS) — were introduced in June 2013. Told compresses long exponential tail of diffusely
reflected Cherenkov light associated with muon before applying a ToT condition to reduce back-
ground, while MoPS targets long non-smooth, low-amplitude signals typical of EM cascades. Both
operate at a few Hz and are combined in a logical OR with ToT, effectively lowering the array’s
energy threshold for detecting EM-rich air showers.

3. Search for UHE neutrinos 60° < 0 < 75°

A key challenge in identifying UHE neutrino-induced EASs is distinguishing them from
those initiated by UHECRS, such as protons or nuclei. The SD-based search at the Pierre Auger
Observatory focuses on “young” showers — electromagnetic-rich and developing deep in the
atmosphere—at zenith angles 8 > 60°, where they contrast with “old,” muon-dominated CR
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showers. Young showers produce broader, lower-peak SD signals, while old showers yield narrow,
high-peak signals. At 8 < 60°, this distinction blurs, limiting neutrino searches to more inclined
geometries.

Selection relies on signal-based variables like the fraction of ToT triggers, tuned to broader
signals [2]. Newer EM-sensitive triggers, ToI'd and MoPS, further enhance sensitivity to low-energy
(<1 EeV) neutrinos by rejecting isolated muons. Another key variable is the Area-over-Peak (AoP),
the ratio of the integrated signal to its peak, averaged over photo-multipliers; muon-like signals
yield AoP values near 1, while EM signals show AoP > 1.

3.1 Impact of ToTd and MoPS triggers

To evaluate the improvement in neutrino detection sensitivity from the addition of Tol'd and
MoPS triggers, simulated neutrino events reconstructed without these triggers were directly com-
pared to the same events reconstructed with all triggers enabled. Figure 1 presents the total number
of reconstructed events with and without ToT'd and MoPS triggers across all energies and interaction
channels (CC+ NC) as a function of the zenith angle.
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Figure 1: Reconstructed number of simulated neutrino events for all energies and channels (CC and NC) as
a function of simulated zenith angle 6yc for the sample with A/l (ToTd, MoPS + ToT, TH) triggers
(purple bars) and only ToT+TH triggers (dark green bars). The bottom panel shows the ratio of
the two samples.

The increase in reconstructed events is most pronounced at energies below ~ 1 EeV, largely
due to the enhanced sensitivity of the ToI'd and MoPS triggers to weaker, more electromagnetic-
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dominated signals, which are characteristic of lower-energy neutrino-induced showers. This gain
decreases at higher energies, where the o/d ToT and TH triggers already operate with high efficiency.
Additionally, the effectiveness of ToI'd and MoPS triggers varies with the zenith angle. At smaller
zenith angles, neutrino showers retain a stronger electromagnetic component upon reaching the
ground, making them more likely to be captured by Tol'd and MoPS. At larger zenith angles,
ToT'd and MoPS triggers improve identification primarily for neutrinos that interact closer to the
detector array, where the shower still contains an electromagnetic signature. Additionally, for
shallower interaction points, the resulting showers become increasingly muonic due to atmospheric
attenuation, reducing the added benefit of the ToTd and MoPS triggers. Although not explicitly
shown, the overall gain in reconstructed events is notably greater for CC interactions than for
NC ones. It was also observed that events reconstructed using all triggers typically have a larger
multiplicity i.e. more stations enter in the reconstruction, increasing the possibility of the said event
being selected as a neutrino candidate.
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Figure 2: Distribution of the Fisher variable after the DGL event selection for events with reconstructed
zenith angle 6. € [67.5°,70.5°]. The open histograms show the background training sample
(purple) and the search sample (blue) and the filled histogram (orange) depicts the simulated DGL
v events. Events above the Fisher value indicated by the vertical red dashed line would be regarded
as neutrino candidates populating the blue-colored region.

Neutrino selection in the DGL range builds on the method in [2, 4], with refinements to include
ToTd and MoPS triggers. Events must be fully contained within the SD, have a well-reconstructed
zenith angle, and at least four triggered stations. A stricter EM condition is applied: 75% of stations
closest to the core must have ToT, MoPS, or ToTd triggers to better reject background.
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As in earlier work, Fisher Discriminant Analysis (FDA) [5] is used with five zenith sub-ranges
to incorporate shower age. However, the discriminant now uses the sum of AoP values from the four
earliest triggered stations near the core — shown via simulation to improve separation. The FDA
is trained on 20% of the data selected at random from the analysis period to evaluate a detection
threshold such that the expected background is fewer than one event in 20 years for the entire zenith
angle range. Figure 2 shows the discriminant distribution for data and simulated v-induced showers
along with the evaluated cut in the 6, € (67.5°,70.5°] sub-range. Applying this selection, a search
for neutrino-induced EASs was performed in the Observatory data between 1% January 2014 up to
31% December 2021. No neutrino candidates were found in any of the five DGL sub-regions.

4. Detector exposure and limits to the diffuse flux of UHEvs in the DGL range

To use the non-observation of neutrino candidates for estimating an upper limit to the diffuse
flux of UHEvs in the DGL range, the exposure is estimated using MC simulations and the triangular
shape of the SD grid. A hexagon is treated as the smallest effective detection unit for neutrino
events, with a Brillouin effective area Apex = 1.95 km?. The detector efficiency, &h¢ for a given
hexagon depends on neutrino energy (E,, interaction slant depth X, flavor i, interaction type ¢ (CC
or NC) and zenith angle 6, and the ground impact point of the air shower. Since the configuration of
the SD array changes over time, the number of functional hexagons, npex (¢), recorded every minute,
is used to model the evolution of the detector. The exposure £:°(E, ) is then calculated by folding
in the neutrino-nucleon cross-section o> (E, ), the efficiency integrated over the parameter space
(X, 0), and npex (¢), as shown in Eq. (1),

. Le(E .
EY°(E,) = Um—(NV) 2n// e"“(E,, X, 0) sin@cos@d@dX/Ahexnhex(t) dt . (1)
XJo t

The total integrated number of hexagons during the search period is Npex = 2.8 x 10'!s, an
equivalent of ~ 6.75 years of full-array operation. A total exposure, &o(E,) = Y; . E0C(E,) is
calculated by summing all the interaction channels and assuming a 1:1:1 flavour ratio at the earth,
and is shown in Fig. 3a. The overall exposure benefits significantly from the addition of the new
MoPS and ToTd triggers, particularly at lower energies (up to a 5x increase) especially in the v,
CC channel, and from the improved FDA at higher energies. The electron neutrino CC interaction
dominates the total exposure (~85%), while the NC contribution remains modest (~5%).
Assuming a power-law differential flux per unit area A, energy, solid angle Q, and time of the

form ¢(E,) = % = k - E;2, an integrated upper limit on & is given by:

Nyo
kDGL — , (2)
P o B Ea(E) - dE,

where Ngg is the upper limit on the number of expected signal events for zero background and
a 90% confidence level. In this work, the Feldman—Cousins approach [6] extended to include
systematic uncertainties [7, 8], is adopted yielding Ngg = 2.39. The systematic uncertainties on
exposure are [—13%, +19.5%] taking into account the shortcomings of the neutrino simulations and
their reconstruction, active hexagon counting and theoretical uncertainties associated with neutrino
cross-section estimations at high energies.
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Figure 3: Comparisons of exposure to UHEv in the DGL angular range for the time period 1 Jan 2014- 31
Dec 2021. The dashed lines are the exposures for this analysis, and the solid lines for the analysis
performed with only ToT and TH triggers for the same time period.

The single flavour 90% C.L. integrated limit gives kg < 1.2 x 1077 GeV em™2s~'sr™! in
the DGL channel only. It applies to an energy range of E,, € [1.3 x 10'® — 2.5 x 10'%3] in which
~90% of the total event rate is expected in the case of an E;,? flux and is shown as a dashed purple
line in Fig. 4. A differential limit can also be calculated by integrating the denominator of Eq. (2)
in bins of width A = 0.5 in log;,(E,). The inclusion of ToTd and MoPS triggers leads to a 25%
improvement of the estimated ngOGL. Although the DGL channel contributes little to the overall
diffuse flux limit—still dominated by ES searches—it remains valuable for point-source studies due
to its distinct field of view as discussed next.

5. Search for point-like sources of UHEvs in the DGL range

Further, a dedicated search for point-like sources of UHE neutrinos using data collected in the
DGL zenith angle range with the SD array of the Pierre Auger Observatory was also performed
using the new ToT'd and MoPS triggers. The method relies on the time-dependent visibility of
candidate sources, which depends on the source declination ¢ and the corresponding zenith angle
0(t), expressed as cos8(t) = sind sind + cos A cos§ sin(2xt/T — @), where A is the latitude of
the observatory and 7 is the duration of a sidereal day. A declination-dependent exposure &(E,, &)
shown in Fig. 3b was calculated by estimating the time-dependent efficiencies and replacing them in
Eq. (1). The exposure is largest for the declinations the source is seen the longest. The exposure is
assumed to be uniform in right ascension within +0.6% for the time period of search as shown in [9].
The non-detection of any neutrino candidates in the time period explored allowed us to set upper
limits on the flux from point sources. Assuming a differential flux of the form ¢(E,) = k*SE;?,

the corresponding 90% confidence level upper limit on the normalization kgg DL .
N
PS,DGL _ 90
e : 3)
Je E?E(Ey, 6) dE,
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Figure 4: Comparison of the limits (1 Jan 2004-31 Dec 2013 with ToT+TH triggers and 1 Jan 2014-31 Dec
2021 with All triggers) to the current upper limits on the diffuse flux of UHE neutrinos. IceCube
limits from [10] are scaled for a E;,? flux assumption. The predicted fluxes from a few cosmogenic
and astrophysical v models are also shown.

Thanks to the improved EM triggers and updated discriminant methods, this analysis achieves a
1.5-fold improvement at the most sensitive declinations compared to the DGL analysis with only
ToT and TH triggers. These results are contextualized within the broader zenith-angle neutrino
search program at Auger, including comparisons with limits from the DGH and ES channels in
Fig. 5. The inclusion of ToI'd and MoPS triggers increases the neutrino detection efficiency at
Auger between declinations ¢ € (~ —85°, ~ 40°), with a certain portion of the sky corresponding
to & < —68° only visible in the DGL channel in comparison to other analyses.

6. Summary and Outlook

The Pierre Auger Observatory offers a large exposure to UHE neutrinos. The detector is contin-
ually improved to extend and enhance its detection capabilities. The analysis presented here quanti-
fies one of these improvements by incorporating the triggers — Time-over-Threshold-deconvolved
(ToT'd) and Multiplicity-of-Positive-Steps (MoPS) — which were introduced to improve detection
efficiency to small signals induced by the electromagnetic component of the shower. This analysis
presents updated searches for UHEvs in the DGL zenith angle range 6 € [60°,75°], incorporating
all triggers. A novel selection built on an earlier analysis was introduced to search for neutrino
candidates in 7 years of data. For the diffuse flux, the enhanced selection efficiency enabled a
~ 25% more stringent 90% C.L. upper limit, when compared to the previous selection, taking into
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Figure 5: The upper limits (01.01.2004-31.12.2021) at 90% C.L. for different neutrino searches performed
at the Pierre Auger Observatory of a single flavor point-like flux of UHE. The limit obtained in
this analysis (purple) for the DGL channel is compared to the limits obtained for the DGH and ES

channels [11].

account the DGL channel only. In point-source searches, improved detection efficiency led to in-
creased directional exposure and stricter declination-dependent upper limits. Although the absolute
gains in sensitivity obtained in this work are relatively modest, and the Pierre Auger limit is still
dominated by the Earth-Skimming channel, they are crucial, especially in the E,, > 10'8 eV regime
and especially in declinations ¢ < —68° exclusively accessible in DGL. These results underline the
scientific value of leveraging Tol'd and MoPS triggered data and motivate further refinements to

reconstruction algorithms for future UHE neutrino searches.
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