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We present a measurement for large-scale anisotropy of pure protons with the Large High Altitude
Air Shower Observatory (LHAASO). We analyze the data collected from the full array of KM2A
in one year’s operation. To select the proton data set, we employed a technique similar to
the gamma/background discrimination method in KM2A, using a cut on the ratio of muonic and
electron magnetic components. The purity of the proton sample is up to 90%, and the reconstructed
energy is from 10 TeV to 270 TeV. We first perform the energy evolution analysis of the dipole

anisotropy of protons at this energy range.
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1. Introduction

The relative intensity of cosmic rays displays non-isotropic behaviour, characterized by large-
scale structures with amplitudes ranging from 10~ to 1073, Several ground-based experiments, such
as ASy[1], ARGO-YBIJ[2], Milagro[3], EAS-Top[4], IceCube/IceTop[5, 6], HAWC[7], and Pierre
Auger Observatory[8], have successfully measured the energy-dependent amplitude and phase of
the dipole components within the energy range of 500 GeV to 32 EeV. The observed anisotropy
in the arrival direction of cosmic rays provides valuable insights into cosmic-ray propagation and
acceleration.

Protons, helium, and heavy nuclei constitute the majority of cosmic rays, with protons being
the dominant contributors at lower energies (TeV) compared to other elements. Previous space
experiments have provided detailed measurements of the energy spectra of protons and helium
within the corresponding energy range of anisotropy [9-16]. These measurements suggest a
common origin for them [17]. Astrophysicists have raised the question of whether the amplitude of
anisotropy depends on the mass or rigidity of the particles [18]. Studying anisotropy in combination
with energy spectra is essential in unraveling the origin of cosmic rays. However, despite extensive
research, there has been no experiment that has reported a significant measurement of anisotropy
specifically for cosmic protons. In this study, we utilize data from LHAASO-KM2A to carefully
select a data set 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[19]. The LHAASO experiment
consists of three sub-arrays: the KM2A, which covers an area of 1.3 square kilometers; the
WCDA (water Cherenkov detector array) spanning 78000 m?; and the WECTA (wide field of view
Cherenkov/fluorescence telescopes array). Construction of the entire KM2A array was completed
on July 20, 2021, and it currently comprises 5195 electromagnetic detectors (EDs) measuring 1 m?
each on the ground, as well as 1188 muon detectors (MDs) measuring 36 m? each underground.
The KM2A array’s extensive coverage and long observation time have facilitated the accumulation
of massive data on cosmic ray events, enabling in-depth studies of cosmic ray physics.

3. Data Analysis

We utilized the data collected by LHAASO-KM2A from July 20, 2021, to July 19, 2022,
encompassing a full year of observations from the entire KM2A array. In order to ensure the
reliability of our analysis, we carefully selected events that met the following criteria: 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 50°.

In order to achieve a highly pure dataset consisting of protons, we make use of the information
obtained from the underground muon detectors. The muon number in atmospheric showers is
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related to the mass number of primary particles. When cosmic ray particles strike the atmosphere,
they produce showers that contain secondary electromagnetic particles and muons. In the case of
photon/hadron discrimination, a cosmic ray particle shower generates more muons than a photon
shower. Therefore, gamma events can be distinguished from the cosmic background based on the
ratio of muons and electromagnetic particles. This technique has been utilized in the analysis of
gamma-ray astronomy using KM2A data[20].

In this analysis, the ratio is defined as

N, +0.0001

N, €]

R =log

where N, represents the number of electromagnetic particles and N, corresponds to the number of
muons collected by Muon Detectors (MDs) located at a distance greater than 15 m from the shower
core, and 0.0001 is used to show the cases with N, = 0. The gamma-ray-like events are selected
using simple cuts on the parameter R.

Hence, this ratio can be utilized in a similar manner to identify proton events within cosmic ray
events. Proton showers exhibit a lower abundance of muons compared to heavier nuclei. Therefore,
a new threshold value for the ratio, denoted as R cut, can be established to enhance the purity of the
proton sample.

Figure 1 illustrates the relationship between the relative survival fraction of the data sample
(represented by the black solid line) and the purity of the proton sample (represented by the blue
solid line) for simulated data with varying R values and median energy of 15 TeV. To exclude
gamma-like events, we establish a criterion of R > -2. In the energy bin presented in Figure 1, we
determine the value of R as -1.08 to achieve a proton purity of 90%. Subsequently, we apply this
proton selection criterion to other energy bins, resulting in proton purity of around 90% in each
bin, as depicted in Figure 2.
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Figure 1: Proton purity and data survival fraction as a function of the discrimination parameter of R. The

median energy of the data set is 15 TeV.

To estimate the energy of protons, we utilize the pso estimator, which is based on the lateral
distribution of the electromagnetic component of the shower. Protons tend to have a lower muon
content, making the pso estimator robust in this context. This estimator takes advantage of the
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Fraction

Figure 2: The purity of proton in each energy bin.

normalization of the lateral distribution function (LDF) of the shower. The implementation involves
determining the particle density at the optimal radius where the uncertainty is minimized. It is
important to consider the zenith angle effect in the energy reconstruction, as the atmospheric depth
over which the shower develops is proportional to sec(6). In this work, the psg, obtained at a radius
of 50 m[20], is used to estimate the energy of gamma rays.

For the analysis, the proton-like experimental data is divided into seven bins. These distri-
butions are obtained using MC data, with median energies for each bin: 13.1 TeV, 18.8 TeV, 30.1
TeV, 50.1 TeV, 81.7 TeV, 129.4 TeV, and 263.6 TeV. The number of events per bin is as follows:
1.09 x 10%, 1.68 x 10, 1.05 x 10°, 3.80 x 108, 1.70 x 108, 6.46 x 107, 3.71 x 10”. The resulting
response function between the reconstructed energy and the primary energy is presented in Figure
3.
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Figure 3: Distribution of the primary energy in each reconstrued energy bin.

4. Results

We analyze the data using the all-distance equi-zenith method [21, 22], which has been proven
effective in detecting large-scale anisotropy. More details about this method can be found in [21].
First, we obtain two-dimensional maps for each energy and then smooth these maps in the equatorial
coordinate system using a window with a radius of 30°. Figure 4 displays the 2D maps of the relative
intensity and significance of the proton-like sample.
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In order to obtain a one-dimensional (1D) profile of the anisotropy, we project the two-
dimensional (2D) anisotropy map onto the right ascension (R.A.) axis and calculate the average
relative intensities across all declinations. To quantify the amplitude and phase, we project the
unsmoothed 2D maps onto the R.A. axis and fit them with the function f (@) = 1+ A cos (@ — ¢1) +
Ap cos (2(a — ¢;)) for the sidereal time anisotropy. Here, A; and A, represent the amplitudes, «
denotes the time, and ¢ and ¢, represent the phases. The anti-sidereal time projection is fitted using
f(a@) =1+ Acos (o — ¢). The anisotropy in the anti-sidereal time is generally used to estimate
the systematic error of the local sidereal time anisotropy. In this study, no significant anisotropy is
observed in the anti-sidereal time, indicating that the systematic error is well controlled. The energy
evolution of the anisotropy is presented in Figure 4, showcasing both a 2D map and 1D projections.
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Figure 4: Anisotropy evolution of Proton Sample: 2D Maps and 1D Projections. The first column represents
the relative intensity, while the second column displays the significance. The third column showcases the
sidereal time relative intensity projection, and the fourth column presents the anti-sidereal time relative
intensity projection.

5. Conclusion

The study presents a search for pure proton anisotropy with a purity of 90% for energies above
10 TeV. The analysis utilizes one year of data from the KM2A full array. A notable observation is a
noticeable shift in the anisotropy of protons around 50 TeV, specifically in the phase. 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. However, due to statistical limitations, additional data is
required to accurately measure the energy point at which the phase changes.
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