
Cosmic Ray Studies with The High-Altitude Water Cherenkov Observatory
Wayne Springer

Department of Physics and Astronomy, University of Utah, Salt Lake City, UT, USA
On Behalf of the HAWC Collaboration

June 17,2024
Trapani,Italy

 The HAWC Detector
 Design Principles
 Reconstruction Techniques
 Simulation

 HAWC Cosmic Ray Studies
 All-particle Energy Spectrum
 Composition studies 
 Anisotropy of Arrival Directions
 Sources of Cosmic Rays – PeVatrons?
 Other cosmic ray-related studies

 Summary + Future Outlook
 References

1Cosmic Ray Studies with the High-Altitude Water Cherenkov (HAWC) Observatory

https://www.hawc-observatory.org/collaboration/


HAWC Observatory - Design Principles
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Reconstruction of Energy & Arrival Direction: 
Core Location , Lateral Distribution, Plane Fit
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EAS - Energy Reconstruction
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Energy Estimator for Cosmic Ray Energy Spectrum Analyses 
• “Ground Parameter” from Lateral Distribution function
• Use simulated four-dimensional probability table with bins in: 

Primary Energy, Zenith angle, PMT distance from core (lateral 
distance), PMT signal amplitude.

• Perform likelihood fit to PMT signals to obtain energy 
estimate
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Energy Calibration using The Moon!
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Extensive Air Shower & Detector Simulation
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.105.063021
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.96.122001

 Corsika v7.40
 Fluka
 QGSJet-II-03(04) and EPOS

 Various Composition Mixes
 AMS-2
 Cream I-II
 PAMELA
 ATIC, JACEE,MUBEE

 Detector Response Software
 Based on Geant4
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Cosmic Ray Studies – All-particle Energy Spectrum
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Where do high-energy cosmic ray originate?https://journals.aps.org/prd/abstract/10.1103/PhysRevD.96.122001
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All-particle Energy Spectrum Analysis
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 Φ(E): Energy Spectrum: Intensity as a function 
of Energy

 N(E):  Number of selected events in energy bin 
with mean energy E. Sum= 7.2x1010 EAS events

 ∆E: width of energy bin with mean energy E
 ∆t: exposure time = 5.3 years
 ∆Ω: solid angle = 1.14 sr
 Aeff(E): Effective Area as a function of Energy

( ) ( )
( )eff
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E

E tA E
Φ =
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3. Simulate Unfolding Matrix  to 
transform from Reconstructed to true 
energies (see next slide)

Unfolded All-Particle Spectrum

1. Select Subsample of data
Flux Formula:

2. Reconstruct Measured 
Energy Distribution

4.  Calculate effective area

5.  Calculate flux
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All-particle Energy Spectrum Analysis:
Composition Dependence & Energy Unfolding
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Unfolding to transform from Reconstructed to true energies
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All-particle Energy Spectrum Analysis:
Results, Systematic Uncertainties & Comparisons
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Effect of Energy 
Scale Uncertainty
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Cosmic Ray Spectrum of Protons Plus Helium (PRD2022)
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( ) ( )
( )eff
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E

E tA E
Φ =

∆ ∆ ∆Ω
 Φ(E): Energy Spectrum: Intensity as a function 

of Energy
 N(E):  Number of selected events in energy bin 

with mean energy E. Sum = 7.2x1010 EAS events
 ∆E: width of energy bin with mean energy E
 ∆t: exposure time = 3.74 years
 ∆Ω: solid angle = 1.14 sr
 Aeff(E): Effective Area as a function of Energy

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.063021
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Cosmic Ray Spectrum of Protons Plus Helium:
Shower Age to inform composition

12Cosmic Ray Studies with the High-Altitude Water Cherenkov (HAWC) Observatory



Cosmic Ray Spectrum of Protons Plus Helium:
Results & comparison
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 Energy Unfolding & Age-dependent cuts have 
enabled the measurement of the composition 
dependence of the Energy Spectrum of Cosmic 
Rays

 Results for the proton plus helium component are 
presented here from the referenced paper.

 Further development work on Energy Estimators 
using Neural Networks

Work is ongoing to further decompose energy 
spectrum into proton, helium and heavy mass 
groups of cosmic rays (https://pos.sissa.it/444/299/pdf)
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Observation of Anisotropy of TeV Cosmic Rays with Two Years of HAWC
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https://doi.org/10.3847/1538-4357/aad90c

 Anisotropy at all angular scales as a function of 
energy examined using 1.2 x 1012 events over 
508 uninterrupted sidereal days measured with 
294 WCDs.

 Varying detector exposure accounted for using 
an iterative maximum-likelihood fitting 
technique.

 Large-scale anisotropy evaluated using 
multipole fits to arrival direction maps.

 Small-scale anisotropy evaluated by subtracting 
Large-scale anisotropy (multipole fit for 𝑙𝑙 ≤ 3)
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Observation of Anisotropy of TeV Cosmic Rays with Two Years of HAWC
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Large-Scale Anisotropy Maps
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Observation of Anisotropy of TeV Cosmic Rays with Two Years of HAWC
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Small-Scale Anisotropy Maps – A multipole fit with l<=3 has been removed
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Observation of Anisotropy of TeV Cosmic Rays with Two Years of HAWC
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Small-Scale Anisotropy Maps – A multipole fit with l<=3 has been removed

 Significant cosmic-ray anisotropy observed on 
both large and small angular scales.

 Energy estimation technique with good 
resolution and energy scale verified by Moon 
shadow deflection over the range of 2-78 TeV

 Energy dependence of the large-scale phase 
and amplitude is consistent with other 
detectors in the northern hemisphere.

 The morphology and relative intensity of the 
regions exhibiting small-scale regions of 
excess are also consistent with previous 
observations.

 The techniques used for this analysis allow 
for the combination of HAWC data with other 
experiments such as IceCube….
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Cosmic Ray Anisotropy – All Sky
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https://iopscience.iop.org/article/10.3847/1538-4357/aaf5cc/pdf
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Cosmic Ray Anisotropy – All Sky
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Cosmic Ray Anisotropy – All Sky
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Cosmic Ray Accelerators
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https://arxiv.org/abs/2103.06820

Energy Spectrum – hadronic modeling Energy Spectrum – leptonic modeling
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Cosmic Ray Accelerators
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https://iopscience.iop.org/article/10.3847/2041-8213/ab96cc/pdf

 Galactic Gamma-Ray sources may be 
PeVatrons – sources of cosmic rays

 Spectrum of Gamma Rays may be of 
hadronic origin

 Multimessenger observations of 
neutrinos from these objects may be 
possible with future upgrades

Cosmic Ray Studies with the High-Altitude Water Cherenkov (HAWC) Observatory

https://iopscience.iop.org/article/10.3847/2041-8213/ab96cc
https://iopscience.iop.org/article/10.3847/2041-8213/ab96cc/pdf


Even More Cosmic Ray-Related Studies with HAWC
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 Constraining p-bar/p ratio using Moon shadow 
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.97.102005

 Discovery of Gamma Rays from the Quiescent Sun with HAWC 
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.131.051201

 High-altitude characterization of the Hunga pressure wave with cosmic rays by 
the HAWC observatory https://www.sciencedirect.com/science/article/pii/S0273117723007858

 Characterization of the background for a neutrino search with the HAWC 
observatory https://doi.org/10.1016/j.astropartphys.2021.102670

 Probing the Sea of Cosmic Rays by Measuring Gamma-Ray Emission from Passive 
Giant Molecular Clouds with HAWC https://doi.org/10.3847/1538-4357/abfc47

 HAWC as a Ground-Based Space-Weather Observatory 
https://link.springer.com/article/10.1007/s11207-021-01827-z

 Interplanetary magnetic flux rope observed at ground level by HAWC 
https://iopscience.iop.org/article/10.3847/1538-4357/abc344
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Summary and Future Outlook
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 Many cosmic ray studies performed with conclusive results
 Analysis techniques still being improved, most notably the incorporation of 

machine learning techniques improving energy estimation.
 Several Articles in Development or under Collaboration Review

 “A measurement of the intensity spectrum of cosmic rays from 1013 to 1015 
eV using HAWC.” – Update due to better energy resolution and smaller 
systematics.  In collaboration review

 “Cosmic Ray Composition dependent energy spectrum H,He and Heavy” – 
Analysis in progress

 “Update on Cosmic Ray Anisotropies” – Analysis in progress using 8 years of 
data and improved techniques and control of systematics (Energy Spectrum 
Anisotropy? Mass separation?) – Analysis in progress

 Solar physics studies –Magnetic Flux ropes, …. – Analysis in progress
 Nearly Horizontal Muon Studies – Flux vs Depth in nearby volcanoes, 

Temperature Dependence of Horizontal Muon Flux – Analysis in progress
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The HAWC Collaboration
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EAS Reconstruction – Hit finding
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TDC “hit” Charge vs x vs y

Time vs x vs y

“Low TOT”

“t0”

Charge and Time vs position plots are from a high 
confidence gamma ray from the Crab Nebula

Observation of the Crab Nebula with the HAWC Gamma-Ray Observatory
HAWC Collaboration: A.U. Abeysekara et al., ApJ 843 (2017), 39. 

 Identify  & remove noise hits.
 Reconstruct shower plane with good hits

https://arxiv.org/abs/1701.01778
http://stacks.iop.org/0004-637X/843/i=1/a=39


EAS - Energy Reconstruction
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Energy Estimator
Shower “size” bin B (fhit=Nhit/Ntot )



EAS - Energy Reconstruction
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Energy Estimator
Neural Net Estimator

 Energy deposited in detector.
 Fraction of ground energy landing in detector.
 Fraction of primary energy reaching the ground.
http://adsabs.harvard.edu/abs/2017APS..APR.X4005M

http://adsabs.harvard.edu/abs/2017APS..APR.X4005M


EAS- Arrival Direction Resolution (Crab Measured)
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Crab events for “large” 
events (bin 7,8,9)

angular resolution 68% 
confinement radius



Galactic Results - Crab Observations & Spectrum

Crab Nebula provides a “bright” source of 
gamma rays that is “constant”…sometimes

32TeV Astrophysics At The High Altitude Water Cherenkov Observatory

The spectrum of the Crab is fit to a function of the form                                .                   The data is well fitted with values of α = 2.63 ± 0.03, 
β = 0.15 ± 0.03, and                                                         when E 0 is fixed at 7 TeV and the fit applies between 1 and 37 TeV. Study of 
the systematic errors in this HAWC measurement is discussed and estimated to be ±50% in the photon flux between 1 and 37 TeV. 
Confirmation of the Crab flux serves to establish the HAWC instrument's sensitivity for surveys of the sky. 

ApJ 843 (2017), 39.

http://stacks.iop.org/0004-637X/843/i=1/a=39
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