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We present a measurement of large-scale anisotropies in high-purity protons utilizing the Large
High Altitude Air Shower Observatory (LHAASO). We analyzed data collected over three years
from the kilometer-squared array (KM2A). Proton data was selected using a cut based on the ratio
of muonic to electromagnetic components, akin to the gamma/background discrimination method
used in KM2A. The proton sample achieved a purity of up to 80%, with reconstructed energies
ranging from 10 TeV to 220 TeV. We conducted an analysis of the energy evolution of dipole
anisotropy in protons within this energy range and identified that the turnover energy in amplitude
and phase occurs at a lower energy compared to samples of heavier nuclei.
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1. Introduction

Cosmic ray large-scale anisotropy manifests as a dipole-dominated structure, with energy-
dependent amplitude and phase observed by multiple ground-based experiments. For all-particle
cosmic rays, the dipole amplitude ranges from 10~ to 10~3 between TeV and 10 PeV energies [1-6].
Its evolution shows: amplitude increases from TeV to 10 TeV, decreases from 10 TeV to 100 TeV,
reaches a minimum around 100 TeV, then increases again. The phase remains stable at 20°-50°
from TeV to tens of TeV but reverses direction above ~100 TeV, stabilizing near 100°.

Cosmic rays comprise protons, helium, and other heavier nuclei. Although protons dominate
the TeV flux, their large-scale anisotropy remain unmeasured. Space experiments like Fermi-
LAT lack sufficient statistics due to small effective areas and low fluxes. Fermi-LAT’s 8-year
analysis found proton dipole amplitudes consistent with background fluctuations [7]. Ground arrays
have large areas but cannot isolate proton components, rendering proton anisotropy measurements
unavailable. The LHAASO-KM?2A, equipped with electromagnetic detectors (EDs) and muon
detectors (MDs), has the capacity to distinguish y-rays and cosmic ray backgrounds, which makes
it the most sensitive detector above 25 TeV among the ground-based experiments [8]. In this study,
with the data from KM2A, we select a sample of high-purity cosmic-ray protons, enabling us to
precisely measure the pure proton anisotropy.

2. LHAASO Experiment

The LHAASO experiment, located at Haizi Mountain in Daocheng, Sichuan province, China
(100.01°E, 29.35°N), is a hybrid ground-based experiment designed to take advantage of its wide
field of view, large detected area, and high duty cycles[9]. The LHAASO experiment consists of
three sub-arrays: KM2A, an array with an area of 1.3 square kilometers; WCDA, water Cherenkov
detector arrays spanning 78000 m?; and WFCTA, wide field of view Cherenkov/fluorescence
telescopes. The full array of KM2A comprises 5195 EDs and 1188 MDs, and has been running
since July 20, 2021.

3. Data Analysis

In our analysis, the data from the KM2A full array is used, accumulated in the period from July
20, 2021, to July 19, 2024. To ensure the high quality of data, some cut conditions are applied for
selection: the number of triggered electromagnetic detectors (EDs) after applying the noise filter
was at least 20; the reconstructed shower core was situated within the array, and the zenith angle
was less than 40°.

To isolate a high-purity proton dataset, we leverage information from underground muon
detectors using Monte Carlo data. The muon content in atmospheric showers highly correlates with
the primary particle’s mass composition. When primary cosmic rays interact in the atmosphere,
they induce extensive air showers containing secondary electromagnetic components and muons.
Crucially, hadronic showers produce significantly more muons than electromagnetic showers from
gamma rays. This property enables gamma/hadron separation through muon-to-EM ratios, and
a technique combining the electromagnetic particles and muons has been employed in KM2A
gamma-ray analyses [8].
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The parameter applied for gamma/background discrimination is defined as

R log et 1074 |

=log——— (1)
where N, and N, are the number of muons and electromagnetic particles, respectively. And 1074is
used for the cases with null muons. Indeed, the same methodology can be employed to distinguish
protons from heavy nuclei, as heavy nuclei produce substantially more muons during atmospheric
shower development. Figure 1 shows how we select proton events from cosmic rays. The cosmic ray
sample comprises events from both protons and heavier nuclei than protons, and their distributions
of R are shown in the left plot, and the y-like events are excluded in our analysis, i.e., the target
sample with a R interval (-2, R*), where R* is determined by the purity of proton, which is shown
in the right plot. In this work, the purity is set to be 80%, resulting in the cut indicated as the vertical
dashed line about -0.87. Subsequently, we find the criteria satisfying 80% proton purity in other
energy bins. When this procedure is done, the energy is calibrated using ps¢ estimator, which is
based on the lateral distribution of the electromagnetic component of the shower [8]. In this study,
we employed the same technique to obtain a proton-plus-helium sample with 90% purity, which,
with the sample of all particles, serves as the reference sample for our measurements. The energy
estimator for the sample of proton-plus-helium and the sample of all particles is similar to the work
of [10, 11].
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Figure 1: Selection of proton-like events (left) and the proton purity in a proton-like sample (right). In this

example, the cosmic ray has reconstructed energy log(E,../TeV) € [1.4,1.6).

To estimate the isotropic background, we perform an iterative method based on the zenith angle
method, i.e., equi-zenith angle method [12, 13]. The relative intensity is computed by minimizing
the chi-square

N(bi,¢;t) 1 3 N(6;,¢,7k)
l(a ’6\/) nHi_l ],ij I(a’>6v')
=) — . e, )
i,j,k O-i, Jj.k

where the relative intensity is defined by the ratio of observed events N over isotropic backgrounds B,
ie., I(a,8) = N(a,8)/B(a, §). The number of events in the arrival direction of zenith 6;, azimuth
¢ in local horizontal coordinates given a time interval 7x is N(6;, ¢, Tx), and this direction points
to equinoctial coordinates (@, 6,). And ng, and o7 ; x are the number of windows in the i-th zenith
ring and the uncertainty of the numerator.
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4. Results

The sky maps of relative intensity and significance are presented in Figure 2, which are smooth
with a 30° radius top-hat function. The significance of two-dimensional maps is well beyond 5 o,
and the morphologies of the anisotropies evolve with energy with a significant change at about
60 TeV, both the value of the relative intensity and the positions of regions of hot/cold spots. A
more straightforward way is to show the amplitude and phase of a dipole evolution with energies,
which is obtained by fitting to the relative intensity projected on right ascension. Here, a harmonic
function up to the 2nd order is employed, i.e.,

2
I(a) =1+ Z Aicos(i(a - ¢;)), 3)
i=1

where A; and ¢; are the amplitude and phase for dipole (i = 1)/quadrupole (i = 2).

Figure 2: Sky maps of relative intensity (left) and significance (right) for proton-like samples. The maps
have been smoothed with a 30° radius top-hat function.

The results are shown in Figure 3, where we also compare with the results of samples of
proton-plus-helium and samples of all particles. From the plots we find that the turnover energies
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for these samples: ~56 TeV for proton-like, ~70 TeV for proton-plus-helium, and ~130 TeV for all

particles.
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Figure 3: The evolutions of amplitude (left) and phase (right) of a dipole with energies.

Our measurement results impose significant constraints on existing theoretical models. The
model involves local source and slow diffusion aimed to describe the coevolution of cosmic ray
spectra and anisotropies, predicts the anisotropy of protons under charge-dependent (Z-dependent)
and mass-dependent (A-dependent) scenarios [14]. We compare the measurements with the model
expectations in Figure 4, neither the Z-dependent nor A-dependent predictions for proton anisotropy
amplitude and phase evolution agree well with our experimental measurements. These measure-
ments would severely restrict the parameter space of current models.
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Figure 4: The measurements of the dipole of proton-like sample compared with the existing models [14].

5. Conclusion

This study presents a search for large-scale anisotropies with a sample of 80% proton purity
above 10 TeV. The analysis utilizes KM2A full array data spanning from July 20, 2021, to July 19,
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2024. A notable observation is a noticeable change in the anisotropy of protons around 60 TeV,
and this change in the proton sample’s anisotropy occurs earlier compared to the energy evolution
of the large-scale anisotropy of all-particle cosmic rays and a high-purity sample of proton plus
helium. Additionally, this research would exert a profound influence on the models and deepen the
understanding of the propagation of cosmic rays in the Galaxy.
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