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1. Introduction

The High Altitude Water Cherenkov Observatory (HAWC) is located at 4100 m altitude at
19° N latitude near the Sierra Negra volcano in Puebla, México. The HAWC array consists of
300 tanks each containing 200,000 liters of water over an area of 22,000 m?2. Each tank contains
4 photomultipler tubes to detect Cherenkov radiation from air shower particles entering the water.
The detector configuration allows a wide instantaneous field of view, simultaneously viewing all
sources within 45° of zenith. HAWC has operated since 2015 with > 95% up-time.

HAWC recently reported [1] on the development of two new energy estimation techniques
which allow for event-by-event measurement of TeV photons, and their application to the measure-
ment of the spectrum of the Crab Nebula to above 100 TeV. In this contribution we first describe
the Crab spectrum results, and compare various fits to the Crab spectrum. Then we apply the new
energy estimation to the analysis of the highest energy photons in the spectrum of the Crab, and of
other newly-identified sources of photon emission above 50 TeV.

Here we briefly summarize the performance of the two energy estimators; more details are
given in [1]. The Ground Parameter (GP) energy estimator is based on the fit of measured events
to a lateral distribution shape, evaluated at an optimal radius, and corrected for zenith angle. The
Neural Network (NN) energy estimator combines various measures of event size, the zenith angle,
the location of the shower on the array, and the lateral distribution of the shower represented in
fractional charge deposited in rings about the shower location. The performance of the estimators
based on shower simulations is given in Fig. 1(a), which shows the resolution and bias of each
energy estimator added in quadrature. Above 10 TeV, the RMS approaches .1 in logjo space, or
a bit above 30% in linear energy space. This performance is a significant improvement over the
original energy estimation technique used in HAWC [2], and allows us to measure the spectrum of
sources to 100 TeV and beyond.

2. Crab Spectrum

The analysis of the spectrum uses forward folding of a fit spectrum to data binned in two
variables: fhit, the fraction of the array PMTs which have shower hits, and £, the energy esti-
mator. The fhit binning allows better modeling of the point spread function than using just the
energy estimator alone. Fig. 1(b) shows the resulting spectrum of the Crab Nebula. The colored
bands give the systematic error of the HAWC spectra for each of the estimators. Ref. [1] discusses
HAWC’s study of systematic error effects in detail. The two spectra are in strong agreement within
systematics except at the highest energy, where they are still in agreement within statistical errors.
Also shown in the figure are the previous HAWC fit and data points from a number of other VHE
observatories [3-8].

3. Fits to Crab Spectrum

In Fig. 2 we compare a number of fits to the VHE spectrum. First we consider several theo-
retical calculations. We have normalized all the fits to the Inverse Compton (IC) model calculated
in Meyer [9]. We note that this work also attempted to harmonize the energy scales of experiments
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Figure 1: Left (a). The RMS in Log space of the two energy estimators. This is defined as RMS =
\/ < (log,o £ — logloE)2>. Right (b). The HAWC Crab Spectrum.

available as of 2010. This calculation considers a constant magnetic field model of the Crab, with
two electron populations and five sources of target photons, and fits 10 parameters to data rang-
ing from the synchrotron to TeV. Other IC models agree within a factor of two, with more recent
models producing more flux. The Fraschetti and Pohl model [11] considers a single electron popu-
lation with a log-parabola momentum distribution, plus synchrotron self-Compton and and cosmic
microwave background as target photons, and produces similar results to Meyer above 1 TeV, but
differs at lower energies.

Next we consider various experiments’ fits to their own VHE data. The recent HAWC data
extend to higher energies than the previous HAWC data; the new HAWC data lies somewhat
above predictions and other measurements above 10 TeV. However, other than HEGRA, most data
stopped before 40 TeV, and the fits tended to drop rapidly above 40 TeV. Most experiments fit their
data with a log-parabola form, but this curved spectrum is not a fundamental description, and the
fit parameters depend significantly on the energy range used in the fit. It is also worth mentioning
that because data uncertainty varies with energy, fits may emphasize the data in different portions
of the experimental energy range: comparing fits is useful, but does not fully replace looking at
the actual data points. HAWC data suggests the spectrum continues beyond 10 TeV more strongly
than implied by HESS or MAGIC fits. In contrast, the HEGRA fit uses a simple power law, which
at highest energy has less curvature than HAWC observes and IC predicts.

This simple comparison does not consider the systematic errors on energy scales, and suggests
a further study with newer data to that which was carried out in Meyer [9]. On the other hand, most
measurements are compatible at the 20% level in flux, at least in the range 1 to 10 TeV.

4. Analysis of High Energy Photons

In this section we study the highest energy photons in the Crab spectrum and in other Galactic
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Figure 2: Here are ratios of various fits to dN/dE, divided (for reference) by the Inverse Compton
fit from Meyer [9]. The other theory fits include de Jager [10], Aharonian [8], and Fraschetti [11].
Experimental references include HAWC [1,2], HEGRA [8], HESS [3,12], MAGIC [13], and VER-
ITAS [4].

sources seen by HAWC. Since the emphasis here is on the upper extremes of the spectrum, a
number of details are changed compared to the analysis of the Crab spectrum. First we concentrate
on the NN energy estimator as it is expected to have better energy resolution (see Fig. 1(a) ).
Second, we re-bin the two highest bins of estimated energy, subdividing both the (56, 100) and the
(100, 177) TeV bins into three finer bins each.

We consider, besides the Crab, six other sources [14] which have evidence of emission at
high energy: although the Crab is the brightest VHE source, other sources with a harder spectrum
might be sources of higher-energy photons. The analysis needs a spectrum model for each source.
The Crab is modeled with a log-parabola spectrum. The other six sources, shown in Table 1, are
Galactic sources all within 2 degrees of the Galactic plane. They are all modeled with spectra taken
as power laws with an exponential cutoff. Finally, to desensitize us to imperfect modeling of the
point spread function, the analysis is carried out in tophat bins chosen for each source to be large
enough that the results no longer depend on the choice of tophat radius.

This analysis provides a lower limit for an energy E. beyond which there is weak or no ev-
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Figure 3: Left (a). True spectrum with hard cutoff at some energy E. and the expected observed
spectrum due to the detector energy resolution [15]. Right (b). Likelihood curve as a function of
the Energy cutoff in the Crab analysis; the lower point (green) shows the lower limit at 95% CL.

idence for continuation of emission for a spectrum.!

The principle is illustrated in Fig. 3. We
perform a fit to the chosen energy spectrum shape, and compare the fit likelihood with an energy
spectrum with a hard cutoff at energy E. as shown in Fig. 3 (a). The hard cutoff model is not
astrophysically motivated, but it has the virtue of being sensitive to whether the spectrum above E,
is inconsistent with (has more photons than) the background above E, plus the expected amount
of mis-reconstructed events with energy E < E, due to the spectrum below E.. Thus this test is
independent of the actual spectral shape above E.. Specifically, we plot the profile likelihood (with
spectral fit parameters optimized for each E,) as a function of E..
First we consider whether sources show actual preference for such a hard cutoff. The statistical
test is to calculate the log likelihood ratio of the fit with no cutoft and the fit including such a cutoff.
D =2In (D?(EC)> )
ZL(E¢ — o0)

We calculate the p-value corresponding to finding a value of D being the observed value or larger,

4.1)

if the true spectrum has no hard cutoff. The p-value should be distributed uniformly between O
and 1. The p-values shown in the Tablel indicate that none of the sources prefer a cutoff with
even a modest significance level (say less than .05). Thus assured that our spectra do not indicate a
preference for £, < oo, we proceed to set a lower limit on E,

The change in .Z compared to the best fit value can be mapped into the size of a confidence
interval. We consider here two intervals, 95% and 99.73% (*“ 30 ). From the shape of the like-
lihood curve in Fig 3 (b), it is clear that this limit is intrinsically one-sided, as we lose statistical
power to identify a finite E, for large values of E.. The corresponding values of 2 Aln.Z for the
intervals are 2.71,7.74.

IThe same method is also used for searching for violation of Lorentz Invariance, which does involve a sharp endpoint
to the spectrum. This is described in Refs. [15-17]. A future publication will also consider the effects of systematic
errors.
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Source E.(95%) E.30) p-value
TeV TeV
2HWC J1825-134 253 168 1.000
2HWC J1908+063 213 156 0.990
Crab (HAWC) 152 96 1.000
2HWC J2031+415 144 78 0.714
2HWC J2019+367 121 86 0.8282
J1839-057 79 66 0.357
2HWC J1844-032 77 63 0.294

Table 1: PRELIMINARY: HAWC Sources and Photon Energy Limits.

We see from Table 1 that at 95% CL, HAWC has seen > 100 TeV photons from five sources,

and at 30 equivalent, saw > 100 TeV photons from two sources.

5. Conclusions

HAWC has measured the Crab spectrum to beyond 100 TeV with new estimators which have
good energy resolution out to 100 TeV and beyond. The resulting spectrum is in agreement within
20% in flux of measurements from IACTs, where there are overlapping measurements. We see that
the two most recent IC calculations agree above 1 TeV within 10% of each other, and up to about
100 TeV, HAWC measurements are within 20% of these predictions. We have also examined the
spectra of the Crab and six other Galactic sources for high-energy photon production (above back-
ground and bin migration from mis-measured lower-energy photons), and found 95% CL evidence
for 100 TeV photons from five sources, and 30 evidence from two sources above 100 TeV.
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