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•          HAWC Collaboration (2014)
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• Integrated by 14 Mexican and 19 US Institutions 
• Mainly founded by NSF and DOE in the US, CONAHCyT, UNAM and INAOE in 

Mexico 
• Around 100 members from both countries
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     HAWC Collaboration (2024)

United States:  
• Pennsylvania State University 
• University of Maryland 
• Los Alamos National Laboratory 
• University of Wisconsin 
• University of Utah 
• Univ. of California, Irvine 
• University of New Hampshire 
• California University of Pennsylvania 
• Stanford University

• Universidad Michoacana de San Nicolás de Hidalgo 
• Centro de Investigación y de Estudios Avanzados 
• Centro de Investigación en Computación - IPN

• University of New Mexico 
• Michigan Technological University 
• NASA/Goddard Space Flight Center 
• NASA/Marshall Space Flight Center 
• Georgia Institute of Technology 
• Colorado State University 
• Michigan State University 
• University of Rochester 
• George Mason University 

Mexico: 
• Instituto Nacional de Astrofísica, Óptica y Electrónica (INAOE)  

Universidad Nacional Autónoma de México (UNAM) 
•      Instituto de Física 
•      Instituto de Astronomía 
•      Instituto de Geofísica 
•      Instituto de Ciencias Nucleares  
• Universidad Politécnica de Pachuca 
• Benemérita Universidad Autónoma de Puebla 
• Universidad Autónoma de Chiapas 
• Universidad Autónoma del Estado de Hidalgo 
• Universidad de Guadalajara

Europe:  
• IFJ-PAN, Krakow, Poland 
• Max-Planck-Institut für Kernphysik, Heidelberg 
• Erlangen Centre for Astroparticle Physics

Asia:  
• Tsung-Dao Lee Institute, Shanghai, China 
• University of Seoul, South Korea 
• Sungkyunkwan University, South Korea
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South America:  
• Sao Carlos Institute of Physics, Brazil
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HAWC in Mexico

 H. León Vargas (IF-UNAM) Status and (some) recent results from HAWC

• Unique opportunity for collaboration among Mexican Institutions 
• Presence in institutions at seven states
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Why Mexico?
Site requirements: 
• High elevation > 4000 m a.s.l. 
• ~Flat geometric area of ~ 20,000  
• Manageable weather conditions for human builders and operators 
• Availability of ~120 000  of water  
• Support infrastructure (road, electricity and internet) 
• 5 years operation with possible extension for 5 more years 

Candidates: Sierra Negra in Mexico and Tibet in China 

Mexico offered a stablished community of high-energy physicists with 
experience at: 
Milagro, Auger, ALICE, CMS, AMS, CREAM, Fermilab and LMT 

Existing infrastructure from LMT

m2

m3
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Building HAWC

Construction:  
2011-2015

Operations  
     2013 - 2025?

HAWC Inauguration: March 2015

5



High Altitude Water Cherenkov
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First state-of-the-art high-energy physics experiment installed in Mexico

HAWC Collaboration: A.U. Abeysekara et al. 2023, NIM A 1052 (2023), 168253
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Citlaltepetl 
Pico de Orizaba 

5636 m a.s.l.Tliltepetl 
Sierra Negra Volcano 
4600 m a.s.l. 

Large Millimeter Telescope
HAWC 

4100 m a.s.l.

The HAWC site
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     HAWC size
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Water Cherenkov Detectors (WCDs)
•  300 WCDs  

•  Diameter: 7.3 m  
•  Height: 5 m  
•  Water volume: 

• 200,000 liters 
•  4 photomultipliers 

tubes:  
Convert light pulses 
to electric signals
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Cherenkov light

TRIGA (General Atomics) 

14

Simulated 
Cherenkov light in  
a HAWC WCD

The discovery and interpretation of this effect deserved the Nobel Prize in 
1958 

Happens when a charged particle moves in a 
transparent medium faster than the speed of light in 
that medium
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Why the High Altitude?

Progress in Particle and Nuclear Physics
F. G. Schröder, 93 (2017) 1-68
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Air showers

Institute für Kernphysik 
Forschungzentrum Karlsruhe

HAWC Data 
 times slower than reality107
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VHE gamma rays
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Low energy photon

electron

High-energy e± , p±

Matter

π0

π+

π+

π -

π -

Gamma ray

Gamma ray

Gamma ray

Inverse Compton

Pion decay
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Why gamma rays?
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Interstellar magnetic fields: 
 10-10 T

Distances : kpc-Mpc
∼ Charged particles are not useful to identify the 

cosmic ray sources

Marcin Białek

Earth magnetic field: 2.5-6.5 × 10-5 T

Lorentz force
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Cosmic accelerators in our Galaxy
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Crab Nebula 
- Supernova observed by Chinese astronomers in 1054 
- Approximately at 6500 light years from Earth 
- Diameter of 11 light years and expanding at 0.5 c∼

NASA



Cosmic accelerators in our Galaxy
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for each event and used with the time of the event to calculate
an R.A. and decl., which is added to the background map. This
process is repeated 10,000 times for each event; the back-
ground map is then normalized to the number of events in the
map. This produces a background estimate much smoother than
given by direct integration. Direct integration is still used for
higher-statistics bins, as it is less computationally intensive and
is needed to correctly incorporate the cosmic-ray anisotropy
into the background estimate.

The background estimation technique described above has
the potential to be systematically biased if the local coordinate
distributions are not stable in time. The zenith and azimuthal
angle distributions have been checked and found to have the
required stability.

4.4. Likelihood Fit

The functional form assumed for the forward-folded fit is a
log parabola:
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Previous measurements indicate that a log parabola is likely to
be a good fit to the Crab Nebula spectrum. The pivot energy,
E0, was chosen to be 7 TeV to minimize correlations with the

other parameters. The other parameters are free in the fit, which
is performed using the HAWC plug-in to the Multi-Mission
Maximum Likelihood framework (Vianello et al. 2015; Younk
et al. 2015), an analysis pipeline that is capable of handling
data from a wide variety of astrophysical detectors. The
spectral parameters f0, α, and β are chosen to maximize the
test statistic
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where LS+B is the likelihood for the signal-plus-background
hypothesis and LB is the likelihood for the background-only
hypothesis.
Although the Crab Nebula is slightly extended at TeV

energies (Holler et al. 2017), it is modeled as a point source
here. HAWC lacks the angular resolution to measure the extent.
The spectra of the Crab Nebula obtained using the two

energy estimators can be seen in Figure 9, and the global best-
fit parameters over the HAWC energy range can be seen in
Table 3. Uncertainties quoted in the table are statistical only.

Figure 8. The 68% containment values in data and Monte Carlo simulation for
the GP energy estimator (top) and NN (bottom). Only bins where the Crab
Nebula is detected at >3σ are shown. The plot is arranged so that bins
contributing to a given energy bin are collected together in order of increasing
� value, with divisions between estimated energy bins given by the vertical
gray lines. The reconstructed energy ranges are labeled. The data/MC
discrepancy visible in the figure is small (∼5%) and treated in the systematic
uncertainty analysis. It is a subdominant contribution to the overall systematic
uncertainty. This is discussed further in Section 4.5.1.

Figure 9. Crab spectrum obtained with the GP method (black) and NN method
(green). The error bars on the flux points are statistical only. The shaded gray
and green shaded bands denote systematic uncertainties. The upper ranges of
the overall forward-folded fit are calculated using binomial statistics (described
in Section 4.4.2). This method breaks down when there are large numbers of
events, so the lower ranges of the fits are chosen by looking at the simulated
energy distribution in the lowest-energy bin and finding the energy that 90% of
the events in that bin are above. For comparison, the HAWC Crab fit from
Abeysekara et al. (2017a) is also shown. See the text for details of how the flux
points were obtained. Systematic uncertainties are discussed further, in
Section 4.5. The dotted navy line is the Inverse Compton parameterization
from Meyer et al. (2010). References for other experiments: HESS (Holler
et al. 2015), VERITAS (Meagher 2015), MAGIC (Aleksić et al. 2015), Tibet
ASγ (Amenomori et al. 2015), ARGO YBJ (Bartoli et al. 2015), HEGRA
(Aharonian et al. 2004).

Table 3
Likelihood Fit Results

Estimator f0 α β
(10−13 TeV cm2 s)−1

GP 2.35±0.04 2.79±0.02 0.10±0.01
NN 2.31±0.02 2.73±0.02 0.06±0.01

Note. The results of the likelihood fit to a log-parabola shape for each
estimator. Uncertainties are statistical only.
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The Crab Nebula

11

HAWC Collaboration, Astrophysical Journal (2019)

24σ above 56 TeV 12σ above 100 TeV

The Crab Nebula
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HAWC Collaboration, Astrophysical Journal (2019)

24σ above 56 TeV 12σ above 100 TeV
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Cosmic accelerators in our Galaxy

for each event and used with the time of the event to calculate
an R.A. and decl., which is added to the background map. This
process is repeated 10,000 times for each event; the back-
ground map is then normalized to the number of events in the
map. This produces a background estimate much smoother than
given by direct integration. Direct integration is still used for
higher-statistics bins, as it is less computationally intensive and
is needed to correctly incorporate the cosmic-ray anisotropy
into the background estimate.

The background estimation technique described above has
the potential to be systematically biased if the local coordinate
distributions are not stable in time. The zenith and azimuthal
angle distributions have been checked and found to have the
required stability.
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E0, was chosen to be 7 TeV to minimize correlations with the
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is performed using the HAWC plug-in to the Multi-Mission
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et al. 2015), an analysis pipeline that is capable of handling
data from a wide variety of astrophysical detectors. The
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where LS+B is the likelihood for the signal-plus-background
hypothesis and LB is the likelihood for the background-only
hypothesis.
Although the Crab Nebula is slightly extended at TeV

energies (Holler et al. 2017), it is modeled as a point source
here. HAWC lacks the angular resolution to measure the extent.
The spectra of the Crab Nebula obtained using the two

energy estimators can be seen in Figure 9, and the global best-
fit parameters over the HAWC energy range can be seen in
Table 3. Uncertainties quoted in the table are statistical only.

Figure 8. The 68% containment values in data and Monte Carlo simulation for
the GP energy estimator (top) and NN (bottom). Only bins where the Crab
Nebula is detected at >3σ are shown. The plot is arranged so that bins
contributing to a given energy bin are collected together in order of increasing
� value, with divisions between estimated energy bins given by the vertical
gray lines. The reconstructed energy ranges are labeled. The data/MC
discrepancy visible in the figure is small (∼5%) and treated in the systematic
uncertainty analysis. It is a subdominant contribution to the overall systematic
uncertainty. This is discussed further in Section 4.5.1.

Figure 9. Crab spectrum obtained with the GP method (black) and NN method
(green). The error bars on the flux points are statistical only. The shaded gray
and green shaded bands denote systematic uncertainties. The upper ranges of
the overall forward-folded fit are calculated using binomial statistics (described
in Section 4.4.2). This method breaks down when there are large numbers of
events, so the lower ranges of the fits are chosen by looking at the simulated
energy distribution in the lowest-energy bin and finding the energy that 90% of
the events in that bin are above. For comparison, the HAWC Crab fit from
Abeysekara et al. (2017a) is also shown. See the text for details of how the flux
points were obtained. Systematic uncertainties are discussed further, in
Section 4.5. The dotted navy line is the Inverse Compton parameterization
from Meyer et al. (2010). References for other experiments: HESS (Holler
et al. 2015), VERITAS (Meagher 2015), MAGIC (Aleksić et al. 2015), Tibet
ASγ (Amenomori et al. 2015), ARGO YBJ (Bartoli et al. 2015), HEGRA
(Aharonian et al. 2004).

Table 3
Likelihood Fit Results

Estimator f0 α β
(10−13 TeV cm2 s)−1

GP 2.35±0.04 2.79±0.02 0.10±0.01
NN 2.31±0.02 2.73±0.02 0.06±0.01

Note. The results of the likelihood fit to a log-parabola shape for each
estimator. Uncertainties are statistical only.
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2021: 
2 photons detected by 
LHAASO 
- 880 TeV 
- 1 PeV —>  electron of > 2 PeV 

10 times the kinetic energy of a 
ping pong ball!
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Ultra-high-energy source MGRO J1908+06

26 H. León Vargas (IF-UNAM) Status and (some) recent results from HAWC

Extended source confirmed by H.E.S.S., VERITAS and ARGO

8.5 kpc away, as some distance estimates suggest, it is much
further away than PSR J1907+0602 and the source we see may
actually consist of two superimposed sources. Crestan et al.
(2021) also suggest that the emission is comprised of two
populations.

Recent observations using Fermi-LAT (Li et al. 2021) have
resulted in the detection of extended GeV gamma-ray emission
in this area, said to be the GeV counterpart of the TeV emission.
This emission contains two components: a soft, low-energy
(<10 GeV) component and a harder (>10 GeV) component.
The first component is attributed to molecular clouds surround-
ing the supernova remnant, while the second is likely leptonic in
origin and originates from the PWN of PSR J1908+0602.

1.3. Description of HAWC and HAWC Data

In this work, we use data from the HAWC Observatory to
study 3HWC J1908+063. The HAWC detector consists of 300
water Cherenkov detectors, each instrumented with four
photomultiplier tubes. It is designed to detect the byproducts
of the extensive air showers that are induced when a gamma
ray or a cosmic ray enters the Earth’s atmopshere and interacts
with particles there.

Located in the state of Puebla, Mexico, HAWC is sensitive
to sources with declinations between −26° and +64°. It is
capable of continuously monitoring the sky and has achieved a
sensitivity of a few percent of the Crab flux over the last five
years (Albert et al. 2020). More information on the design of
HAWC can be found in Smith (2015) and Abeysekara et al.
(2017a).

This paper uses a data set consisting of 1343 days of data
collected between 2015 June and 2019 June. The data is binned

using a 2D scheme of the estimated energy (Ê) and the fraction
of the HAWC array hit during an air-shower event, as
described in Abeysekara et al. (2019). The estimated energy
bins are each a quarter decade in width in log10 space; the first
bin starts at Ê = 1 TeV and the last bin ends at Ê = 316 TeV.
The “ground parameter” energy estimator is used. This
algorithm uses the fit to the lateral distribution function to
measure the charge density 40 m from the shower core, along
with the zenith angle of the air shower, to estimate the energy
of the primary gamma ray. The standard quality cuts described
in Abeysekara et al. (2019) are used.
The paper is organized as follows. In Section 2, we describe

the diffusion model we use to fit data in the 3HWC J1908+063
region. Section 3 gives the best-fit results using this diffusion
model. We also compare the results presented here to those
obtained by other observatories. A potential spectral hardening
feature at the highest energies is also discussed. In Section 4,
we discuss possible models to describe the TeV emission from
HAWC. In Section 5, we discuss implications of this model for
detection by observatories operating at different wavelengths
and with different messengers. In Section 6, we present the
conclusions.

2. Description of the Diffusion Model

The model we fit to the region contains three sources: 3HWC
J1908+063 as well as the east and west lobes of SS433. The
lobes of SS433 overlap the edge of the significant 3HWC
J1908+063 emission.
Both lobes of SS433 are modeled as point sources with their

locations fixed to the reported location in Abeysekara et al.
(2018). As in that paper, they are assumed to emit according to
power-law spectra with spectral indices fixed at 2.0:

( )f=
-dN

dE
E

20TeV
. 10

2.0⎛⎝ ⎞⎠
The spectral indicies are fixed as it is not possible to fit them
due to the low number of counts for these sources. This
statistical limitation does not have an effect on the fit
parameters of 3HWC J1908+063, which is brighter by orders
of magnitude. The normalization of each lobe, f0, is allowed to
float separately in the fit.
The source 3HWC J1908+063 is modeled as an extended

source with the centroid fixed at the location from the 3HWC
catalog (R.A.= 287°.05, decl.= 6°.39) (Albert et al. 2020).
Three spectral shapes are considered: a power-law, a power-
law with an exponential cutoff, and a log-parabolic function. The
log-parabolic function is found to be significantly preferred,
using the Bayesian information criterion (Schwarz 1978; Kass &
Raftery 1995) (BIC), over other spectral shapes:
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The flux normalization f0, the spectral index α, and the

curvature parameter β are all free parameters in the fit. The BIC
for this fit is 139,459, while the BIC for a power-law fit is
139,523 and the BIC for a power-law with an exponential
cutoff is 139,491. The ΔBIC between this model and the
power-law (power-law with an exponential cutoff) is 64 (32). A
ΔBIC value of >10 implies very strong evidence against the
higher BIC (Kass & Raftery 1995).

Figure 1. HAWC significance map of the region, in Galactic coordinates, with
the two pulsars and the SNR labeled. PSR J1907+0631 and SNR G40.5-
0.5 are only 0°. 03 away from each other so their markers on this plot overlap.
The maximum significance is 38.82σ. The contours are the 5, 10, 15, 20, 25,
30, and 35σ significance contour levels.
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3.3. Comparison to Other Experiments

Figure 6 compares the HAWC result (black line) to those
obtained using other detectors, including both IACTs and other
air-shower arrays. HAWC measures a higher flux than IACT
detectors. Differences in the field of view, angular resolution,
and background estimation methods between IACTs and
HAWC contribute to discrepancies in the measured flux
(Abdalla et al. 2021).

Additionally, as discussed previously in Albert et al. (2021),
IACTs may extract their spectrum from a region that may be
different than the measured morphology. This is a difference

from HAWC, where the spectrum and morphology are fit
simultaneously.
These effects combined lead to a systematic flux offset

between HAWC and IACTs. To account for this, the
VERITAS points (Aliu et al. 2014) have been scaled by a
factor of 2.03 using the technique outlined in Brisbois (2019).
The H.E.S.S. points, taken from the H.E.S.S. Galactic Plane
survey (Abdalla et al. 2018), are not scaled as the H.E.S.S.
collaboration took this effect into account.
It is apparent that, even with the scaling described above, the

HAWC result includes more flux than the IACTs. The
discrepancy is more prominent at the lower energies.

Figure 3. Left: the significance map of the residuals, which is computed by subtracting the best-fit model from the HAWC data. This significance map is computed
using a point-source morphology to avoid correlations between pixels that are inherently unavoidable in the extended source assumption. The 2–3σ emission in the
northwest corner of the ROI could be associated with either PSR J1906+0722 or SNR 3C397. The H.E.S.S. detector has presented evidence of emission in this
region (Kostunin et al. 2021). The white circle is the ROI. Right: the corresponding histogram of the residual values within the region of interest. The excess at σ > 5
is due to the emission centered around l = 37°, b = 0°, the edge of which largely outside the ROI for this analysis. There is no source at this location in the 3HWC
catalog and it is likely diffuse emission. See Section 3.2 for a discussion of how diffuse emission affects the results presented here.

Table 1
Best-fit Values for the Continuous Injection Diffusion Model

Parameter Best-fit Value Statistical Uncertainty
Systematic
Uncertainty

θd 1°. 78 ±0°. 08 -
+

0.28
0.07

f0 1.17 × 10−13

(TeV cm2 s)−1
±0.06 × 10−13 (TeV

cm2 s)−1
-
+

0.23
0.10×10−13

(TeV cm2 s)−1

α 2.545 ±0.026 -
+

0.06
0.01

β 0.134 ±0.018 -
+

0.03
0.02

fSS433E 2.0 × 10−16

(TeV cm2 s)−1
-
+

0.7
1.0×10−16

(TeV cm2 s)−1
-
+

0.1
0.2×10−16

(TeV cm2 s)−1

fSS433W 3.0 × 10−16

(TeV cm2 s)−1
-
+

0.8
1.1×10−16

(TeV cm2 s)−1
-
+

0.6
0.2×10−16

(TeV cm2 s)−1

Note. The first four variables pertain to 3HWC J1908+063 while fSS433E and
fSS433W are the f0 values for the east and west lobes of SS433, respectively
(see Equation (1)). The pareameter θd is reported at the gamma-ray pivot
energy of 10 TeV, which corresponds to electrons with energy ∼65 TeV. The
column labeled “Systematic Uncertainty” contains the uncertainty from mis-
modeling of the detector along with the uncertainty related to modeling of the
Galactic diffuse emission. These two uncertainties are combined in quadrature.
See Section 3.2 for a discussion of systematic uncertainties.

Figure 4. The HAWC spectrum of 3HWC J1908+063. The gray band is the
forward-folded statistical uncertainty band, while the pink band denotes
systematic uncertainties related to the modeling of the detector (discussed in
Section 3.2). A table containing the flux points can be found in the Appendix.
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Ultra-high-energy source MGRO J1908+06

26 H. León Vargas (IF-UNAM) Status and (some) recent results from HAWC

- Importance of multiwavelength studies to understand the nature of the source 

- The data shows that it is mainly a leptonic source, not ruling out an hadronic 

component at the highest energies
The nonthermal electron energy density in the emission

region is given by

( )ò g
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e

Values of γe0,b= 5× 107 (26 TeV), γe0,cut= 1.2× 108 (61
TeV), and pe0= 2 provide a good description of the data.
Assuming that the emission region is homogeneous, the total
nonthermal electron energy is 1.6× 1048 erg. The location of
the cooling break (γe0,b) corresponds to a cooling time of
τcool= 2.57× 104 yr, which is roughly the same as the
characteristic age of the pulsar. 93% of the spin-down power
of the pulsar is contained in this component.

4.3.1. Two-population Purely Leptonic Model

To describe the hard spectrum at 50 TeV, we introduce a
second nonthermal electron population. The second population
is assumed to be from a more recent active phase of the source
and has the form:

( )
g

g= g g- -dn
d

n e , 16pe

e
e1 e

e1 e e1,cut

where the spectrum extends from g = 10e1,min
3 (∼500 MeV) to

γe1,cut= 109 (∼500 TeV) and pe1= 2. The total energy in this
component is 4× 1046 erg. This is only a fraction of the
primary leptonic component. We assume that the electrons in
this second component were injected in the last ∼2000 yr. This
component contains 2% of the spin-down power of the pulsar.

Note that the second pulsar in the region, PSR J1907+0631,
is unlikely to be able to accelerate particles to the energies
discussed here, so this second component is still likely
associated with PSR J1907+0602.
This model is shown as the thick blue line in Figure 9. Note

that this model violates the X-ray upper limit from XMM-
Newton. However, we note that the XMM-Newton upper limit
is extracted from a region that is smaller (a 0°.75 by 0°.75
square) than the HAWC extent. The observation was centered
on the pulsar, which is ∼0°.3 away from the centroid of the
HAWC source. It is difficult for X-ray satellites to observe
regions that are 1 degree across, as this source is, due to their
relatively small fields of view. Nevertheless, the second
electron population results in extra flux in the X-ray band,
which may be examined by future X-ray telescopes.

4.3.2. Two-population Hybrid Lepto-hadronic Model

A hybrid lepto-hadronic model can also explain the HAWC
data well. In this scenario, the extra nonthermal particle
distribution consists of protons. The TeV gamma-ray emission
is created via proton-proton collision. The hadronic population
is modeled as follows:

( )
g

g= g g- -dn

d
n e 17

pp

p
p p

p p p,cut

where the proton spectrum extends from g = 1p,min (∼900
MeV) to γp,cut= 107 (∼9 PeV), and the spectral index pp is 2.
Assuming these model parameters, the energy in protons is
1.5× 1048 ergs. Note that this is close to the energy in the
electrons. The solid red line in Figure 9 shows the predicted

Figure 9. The best-fit multi-population TeV leptonic (the thick red line, which is the sum of the dashed orange, dotted green lines, and dashed gray lines) and the TeV
lepto-hadronic models (thick blue line, which is the sum of the dashed orange, dotted purple, and dashed gray lines). Both models contain an additional component in
the GeV range, as recently discovered using Fermi-LAT data (see Section 4.3.3 for a discussion). The LHAASO points, from Cao et al. (2021), are shown for
comparison purposes only. Note that one-population TeV models can also fit the data well (see the disucssion in Section 4.2).
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VHE H & He spectra

26 H. León Vargas (IF-UNAM) Status and (some) recent results from HAWC

existence of features in the spectrum under analysis. Even
more, the study of systematic uncertainties performed in
Appendix B points out that the shape of the reconstructed
spectrum for light primaries is the same whether we use our
nominal composition model or the alternative models
described in Appendix A.
The effective area for the light primaries is defined

by [21]

AHþHe
eff ðEÞ ¼ Athrown

cos θmax þ cos θmin

2
ϵHþHeðEÞ: ð7Þ

HereAthrown is the total area at ground level where the core of
theMC events were thrown, the cos term gives the projection
of the area averaged on the solid angle within the zenith
angle range from 0° to 16.7°, and ϵHþHe is the probability
that an EAS event induced by a light primary (hydrogen or
helium nuclei) triggers the detector and passes all the
selection cuts for the young shower subsample. AHþHe

eff ðEÞ
from our nominal MC simulations is plotted in Fig. 10 (right
panel) against the true primary energy compared to the
effective area for pure hydrogen and helium nuclei. The
maximum efficiency is achieved between log10ðE=GeVÞ ∼
4 and 5.4. At lower energies, the decrease is due to the
trigger and the selection cuts, while above log10ðE=GeVÞ ¼
5.4, it is caused by the cut on the reconstructed energy. The
effective areas for pure H and He nuclei are not equal. For
log10ðE=GeVÞ < 3.8 GeV they differ by more than 30%
with respect to the central value for Hþ He, for this reason
and due to the reduction of the effective area as well as the
increment of the correlations at lower energies, we report the
spectrum only above 6 TeV.

VI. RESULTS

A. Energy spectrum of H plus He cosmic ray nuclei

The energy spectrum of light cosmic ray nuclei estimated
from this analysis is presented in Fig. 11 and Table II for
log10ðE=GeVÞ ¼ ½3.8; 5.2& along with its corresponding
systematic and statistical errors. The result has been con-
strained to log10ðE=GeVÞ < 5.2 due to a rapid increase of
the systematic uncertainties at higher energies (as we will
see in the next subsection). Figure 11 seems to reveal a
slope change around a few tens of TeV in the spectrum of
Hþ He primaries. We compared two fits to the data with a
single power law

ΦðEÞ ¼ Φ0Eγ1 ; ð8Þ

and a broken power law [54,60]

ΦðEÞ ¼ Φ0Eγ1

!
1þ

"
E
E0

#
ε
$ðγ2−γ1Þ=ε

; ð9Þ

where E0 is the energy position of the break, γ1 and γ2 are
the spectral indexes before and after the break in the

spectrum, while ε measures the sharpness of the feature.
The fits were done by chi-squared minimization for
correlated data points [61], taking into account the corre-
lation from the unfolding. The covariance matrix has the
contributions from the statistics of MC and experimental
data (see the next subsection and Appendix B for details).
The contributions were calculated according to [62,63]
and added to obtain the total covariance matrix, Vstat, used
for the fit.
By fitting the spectrum with Eq. (8), we obtained

Φ0 ¼ 104.32'0.02 m−2 s−1 sr−1 GeV−1;

γ1 ¼ −2.66' 0.01;
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FIG. 11. The reconstructed cosmic ray energy spectrum for
protons plus helium primaries in the present analysis with HAWC
(black points). The gray error band and the error bars represent
the systematic and statistical uncertainties, respectively. The all-
particle energy spectrum for cosmic rays measured by HAWC
and presented in [21] is also shown (open squares). Statistical
errors smaller than the data points are not shown.

TABLE II. Values of the energy spectrum ΦðEÞ for the light
mass group of cosmic rays as derived in this analysis using
HAWC data calibrated with the QGSJET-II-04 model. The
width of the energy bins employed in this study is
Δ log10ðE=GeVÞ ¼ 0.2. The statistical (δΦstat) and systematic
(δΦsyst) errors of the spectrum are also given.

E ΦðEÞ ' δΦstat þ δΦsyst − δΦsyst
[GeV] ½m−2s−1 sr−1 GeV−1&
7.94 × 103 ð8.44' 0.07þ 0.45 − 1.06Þ × 10−7

1.26 × 104 ð2.66' 0.03þ 0.14 − 0.38Þ × 10−7

2.00 × 104 ð8.34' 0.12þ 0.46 − 1.36Þ × 10−8

3.16 × 104 ð2.42' 0.05þ 0.29 − 0.45Þ × 10−8

5.01 × 104 ð6.55' 0.16þ 1.11 − 1.33Þ × 10−9

7.94 × 104 ð1.77' 0.05þ 0.41 − 0.39Þ × 10−9

1.26 × 105 ð4.95' 0.19þ 1.43 − 1.12Þ × 10−10

COSMIC RAY SPECTRUM OF PROTONS PLUS HELIUM NUCLEI … PHYS. REV. D 105, 063021 (2022)

063021-11

Phys. Rev. D 105, 063021 (2022) 

- Very large statistics analysis (there are uncertainties in the data points) 

- Energy region between direct measurements and UHE experiments
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with χ20 ¼ 177.51, for ν0 ¼ 5 degrees of freedom. The fit
with the broken power-law formula of Eq. (9) yielded

Φ0 ¼ 103.71"0.09 m−2 s−1 sr−1 GeV−1;

γ1 ¼ −2.51" 0.02;

γ2 ¼ −2.83" 0.02;

E0 ¼ 104.38"0.06 GeV;

ε ¼ 9.8" 4.1:

The resulting chi-squared was χ21 ¼ 0.26 and the number of
degrees of freedom were ν1 ¼ 2. The fitted functions are
shown in Fig. 12. We will use now the test statistic

TS ¼ −Δχ2 ¼ −ðχ21 − χ20Þ ð10Þ

to compare the scenarios. From the fits, we found
TSobs ¼ 177.25. We translated this into a p-value using
49 × 103 toy MC spectra with correlated data points,
assuming that the data is best described by the single
power-law formula. Following [64] we used a multivariate
Gaussian as a probability distribution for the data and the
covariance matrix Vstat. In the resulting TS values, we
found just one case with TS ≥ TSobs, which implies a p-
value equal to 2 × 10−5. We also observed that 0.5% of the
MC toy spectra have a χ2 smaller than χ21 ¼ 0.26 when
using formula (9) in the fits. Thus, from the test statistic, the
broken power-law hypothesis is favored by the data with a
significance of 4.1σ. We also performed several “sanity
checks” (see Appendix C) to rule out the kink being

produced by systematic effects. Our result confirms the
kink that HAWC [26] previously reported at tens of TeV in
the cosmic ray energy spectrum for protons and helium
nuclei and the hints found in Fig. 7 in favor of a spectral
break in the spectrum of this mass group.
In Fig. 13, this work is compared with other experiments.

We have included measurements from the direct cosmic ray
detectors ATIC-2 [22], CREAM I-III [23], NUCLEON
[20], JACEE [65], and DAMPE [66] along with data from
the air shower observatories ARGO-YBJ [67], Tibet AS-
gamma [68], and EAS-TOP [69]. Close to E ¼ 10 TeV, we
see good agreement of HAWC data with ATIC-2 within
systematic uncertainties. Between 20 and 126 TeV, the
HAWC measurement is in a fair agreement with the
NUCLEON spectrum. In general, the HAWC result is
higher than the CREAM I-III and ARGO-YBJ data below
80 TeV. However, close to 100 TeV, the CREAM I-III and
ARGO-YBJ spectra are in agreement within systematic
uncertainties with the HAWC spectrum. On the other hand,
HAWC data is above JACEE and Tibet AS-gamma
measurements. The HAWC spectrum is not in agreement
with the single power law behavior reported by ARGO-
YBJ in this energy interval [67], while above 24 TeV the
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FIG. 12. The fits to the HAWC energy spectrum for H plus He
nuclei (black circles) in the range log10ðE=GeVÞ ¼ ½3.8; 5.2&. The
black dotted line shows the fit with the single power-law function
of Eq. (8) and the red dashed line, the fit with the broken power-
law expression (9). Only statistical uncertainties are shown, which
are represented by vertical error bars. At low energies, the
diameter of the data points is larger than the error bars.
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FIG. 13. The spectrum for Hþ He cosmic ray nuclei as
measured by HAWC (black circles) and calibrated with the
post-LHC hadronic interaction model QGSJET-II-04 in compari-
son with similar measurements of the spectrum from direct and
indirect experiments. In particular, the spectra from the direct
cosmic ray detectors ATIC-2 (squares) [22], CREAM I-III
(diamonds) [23], NUCLEON (downward solid triangles) [20],
JACEE (upward triangles) [65], and DAMPE (crosses) [66] are
presented. Indirect measurements are also shown from the EAS
observatories ARGO-YBJ (downward hollowed triangles) [67],
Tibet AS-gamma (open circles) [68] and EAS-TOP (hollowed
star) [69]. The gray band around the HAWC data points
represents systematic uncertainties. The statistical uncertainties
of the HAWC measurements are shown with vertical error bars.
The magnitude of the systematic uncertainty in the spectrum after
varying the energy scale within systematic errors δE ¼ "16% is
shown in the upper right corner of the plot with arrows.
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- Apparent cut at 24 TeV 

- New structures can be related to different cosmic ray sources in the galaxy 
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Neutrino search with HAWC

 H. León Vargas (IF-UNAM) Status and (some) recent results from HAWC

Characterization of the background for a neutrino search with the HAWC observatory 
Astroparticle Physics 137 (2022) 102670
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and using the neutrino-induced muon intensity from  LVD

N(1 year) ≈ 1.6

How many neutrino interactions?

This number may seem too low but: 
• An above ground detector is much less expensive than those underground 
• If we observe a very high energy signal, due to the lepton energy loss, is 

more likely to be a tau lepton

26

 events  
260 TB of data 

 CPU hours

3 × 1011

7 × 106

 H. León Vargas (IF-UNAM) Status and (some) recent results from HAWC

H. León Vargas for the HAWC Collaboration 
PoS (ICRC2019) 940
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Tau neutrino direct detections
• Discovered in 2000 at FNAL 

• Penultimate SM particle to be 
discovered 

• 4 events, 3.5  

• 2007: 9 tau neutrino candidates 

• 2018: OPERA reports 10 candidates 

• 7 more by IceCube (11 April, 2024) 

σ

26 detections so far

27 H. León Vargas (IF-UNAM) Status and (some) recent results from HAWC 24



Hunga Tonga-Hunga Ha’pai eruption

Planet Labs PBC, Maxar Technologies, Brumfiel (NPR)

Nov 17, 2021

Jan 3, 2022

Jan 15, 2022

Jan 18, 2022

3030 H. León Vargas (IF-UNAM) Status and (some) recent results from HAWC 25



New York Times, 2022 
A. Amores et al. Geophysical Reseach Letters 49 (2022) 6 

Planet Labs PBC, Maxar Technologies, Brumfiel (NPR)

Nov 17, 2021

The estimation is that the energy release is ~10 times smaller than Krakatoa, 
but still hundreds of times larger than Hiroshima.

30

Hunga Tonga-Hunga Ha’pai eruption
Jan 3, 2022

Jan 15, 2022

Jan 18, 2022

30 H. León Vargas (IF-UNAM) Status and (some) recent results from HAWC 25



30

Infrared

Hunga Tonga-Hunga Ha’pai eruption

31 H. León Vargas (IF-UNAM) Status and (some) recent results from HAWC 26



30

Infrarojo

Hunga Tonga-Hunga Ha’pai eruption

32 H. León Vargas (IF-UNAM) Status and (some) recent results from HAWC 27



No sólo una onda de 
choque

December 30, 2021 
Tonga Geological Services 

 H. León Vargas (IF-UNAM) Status and (some) recent results from HAWC

Not just a shock wave

28



Intermediate explosion 
January 14, 2022 
Tonga Geological Services 

At the highest intensity stage of the activity, 
the volcano emitted as much matter as 15 
Empire State buildings, each second

 H. León Vargas (IF-UNAM) Status and (some) recent results from HAWC

Not just a shock wave

29



• In 5 minutes: ~ 25 500 lightnings 
• 6 hours: ~ 400 000 lightnings 

➡~1/2 half of the worldwide activity!
Vaisala reports

 H. León Vargas (IF-UNAM) Status and (some) recent results from HAWC

Not just a shock wave

30



Ene 18, 2022

31

Hunga Tonga-Hunga Ha’pai eruption

33 H. León Vargas (IF-UNAM) Status and (some) recent results from HAWC 31



Particle physics in the atmosphere
Muons and atmospheric temperature Copernicus Atmosphere Monitoring Service

p

3334 H. León Vargas (IF-UNAM) Status and (some) recent results from HAWC 32



Copernicus Atmosphere Monitoring Service

p

𝜋+

p

𝜋−
𝐾−

𝐾+
p

p

3334

Muons and atmospheric temperature

 H. León Vargas (IF-UNAM) Status and (some) recent results from HAWC

Particle physics in the atmosphere
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Copernicus Atmosphere Monitoring Service

p

𝜋+

p

𝜋−
𝐾−

𝐾+

p

3334

Muons and atmospheric temperature

 H. León Vargas (IF-UNAM) Status and (some) recent results from HAWC

Particle physics in the atmosphere
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Copernicus Atmosphere Monitoring Service

𝜋+

𝜇+
𝜈𝜇

If the pion decays: 
- A high energy muon is produced 

More likely in thinner atmosphere  
(higher temperatures than the average)

a)

3435 H. León Vargas (IF-UNAM) Status and (some) recent results from HAWC

Particle physics in the atmosphere

35

Muons and atmospheric temperature



Copernicus Atmosphere Monitoring Service

𝜋+

𝜇+
𝜈𝜇

𝜋+

p
𝜋+ 𝜋0

p

If the pion suffers another interaction: 
- Additional mesons are produced 
- The charged pions decay in muons with less 

energy than in a) 
More likely in a dense atmosphere 
(lower temperatures than the average)

a) b)

Something similar for K mesons
34

If the pion decays: 
- A high energy muon is produced 

More likely in thinner atmosphere  
(higher temperatures than the average)

35 H. León Vargas (IF-UNAM) Status and (some) recent results from HAWC

Particle physics in the atmosphere

35

Muons and atmospheric temperature
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• Secondary particle detection rate, four days of data 
• Modulated by the atmospheric conditions

 H. León Vargas (IF-UNAM) Status and (some) recent results from HAWC

Detection of the pressure wave using cosmic rays
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37

• Average atmospheric 
conditions

• Anomalous conditions 
• Sudden increase in pressure              

       attenuate particle rate

Shock wave

 H. León Vargas (IF-UNAM) Status and (some) recent results from HAWC

Detection of the pressure wave using cosmic rays
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Detection of the pressure wave using cosmic rays
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• Secondary particle detection rate, four days of data 
• Modulated by the atmospheric conditions
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ΔR
< R >

= αΔP + b

We can correlate the particle rate with 
a pressure sensor and turn HAWC 
into a barometer

HAWC

 H. León Vargas (IF-UNAM) Status and (some) recent results from HAWC

Detection of the pressure wave using cosmic rays
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Detection of the pressure wave
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Propagation of the pressure wave
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Propagation of the pressure wave
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Fig. 7. Correlation diagram of the percentile rate change and the pressure variation for synchronous measurements during the passage of the first pressure wave from
the Hunga explosion as recorded by the HAWC observatory in the time period from 12:40 to 14:10 UTC on January 15th, 2022. The points show the standard error
on the mean for �P and �R/ < R >.

Table 1. Arrival times and propagation speed of the di↵erent passes of the pressure wave as detected by HAWC at 4,100 m elevation in central Mexico.
Pass Date [UTC] Arrival time [UTC Time] Speed [m/s] Type
A Jan. 15 12:43 ± 00:01 316.2 ± 1.3 Short
B Jan. 16 07:25 ± 00:01 312.4 ± 0.2 Long
C Jan. 16 23:48 ± 00:03 316.9 ± 1.9 Short
D Jan. 17 19:02 ± 00:05 312.4 ± 0.9 Long

It is of interest to see what is the rate-pressure correlation for the short time span during the first passage of the pressure wave.100

Fig. 7 shows the correlation between the measured percentile change of the shower particle rates integrated over 1 minute with101

the instantaneous barometric pressure change for the one and a half hours after 12:40 (UTC) on January 15th 2022 during the first102

passage. The fitted linear correlation gives a barometric coe�cient of ↵ = -0.433 ± 0.003 with a correlation coe�cient of -0.988.103

This value is consistent with a previous measurement (De Mendonça et al., 2013). We also calculated the fit just using the data104

points inside the main peak structure and found a consistent value for the barometric coe�cient.105

Utilizing this barometric coe�cient one can obtain from the measured di↵erential rate variations (top panel of Fig. 6) the106

associated pressure variations (red dashed curve in the bottom panel of Fig. 6). This shows that HAWC can be used as a barometer107

with an active area of 12,500 m2, sampling the atmospheric mass density in a cone of ± 50� above it every 25 ms.108

As mentioned above, the arrival time of the pressure wave is defined as the time when the signal exceeds the most significant109

fluctuation seen before the arrival time of the wave. This time is indicated by arrows in both panels of Fig. 6. The same analysis110

was done for the other three passes of the pressure wave in order to define their arrival times. The distance along the short arc from111

the volcano to the HAWC observatory was calculated using the output of the IDL function MAP_2POINTS from the L3 Harris112

Geospatial software (Geospatial, 2022) and also using the Haversine formula (Korn & Korn, 2000). The distance along the Long113

arc that passes through the antipode was calculated by subtracting the short arc distance from the Earth’s circumference. The arrival114

times, reported in Table 1, are obtained with the threshold method using the rate and pressure data obtained at the HAWC site. The115

uncertainties reported in Table 1 come from the di↵erence in arrival times obtained using both data sets.116

The propagation speed of the pressure wave for the four passes as determined by the shower particle rate and the pressure 117

variations are given in Table 1. One sees that the wave that initially travelled on the short arc is slightly faster than the one travelling 118
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• Published last January 1 

• We observed a very rare phenomenon: 
the largest volcanic explosion in 138 
years. 

• First time that a Lamb wave is detected 
using cosmic rays.  

• A rare observation because of the high 
altitude. 

• We can performed a more detailed study 
with sub second accuracy, and perhaps 
“directional” pressure measurements.41

High-altitude characterization of the Hunga pressure wave with
cosmic rays by the HAWC observatory
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Scientific impact of HAWC

A. Carramiñana
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HAWC @ FF UCM - 12 marzo 2024

HAWC: papers…

24

2006 - 2011 
Organización, gestión, 

financiamiento, prototipos…

72 papers hasta ahora…

Thesis in Mexico 
PhD: 7 
Masters: 18 
Undergrad: 21 

PRL, APJL, Nature, Science, PRD, APJ, Astroparticle Physics …

a
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Conclusions
Next March 20, it is going to be 10 years since HAWC was inaugurated!

 H. León Vargas (IF-UNAM) Status and (some) recent results from HAWC

• HAWC has detected > 25 sources emitting gamma rays > 56 TeV 
๏Most located near pulsars: lepton accelerators 

• Finding or confirming structures in the cosmic ray spectrum 
• Some not expected applications of HAWC: 

๏Neutrino detection method above ground 
๏First detection of Lamb waves using cosmic rays
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