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Understanding the nature and identity of dark matter is a key goal in the physics community.
In the case that TeV-scale dark matter particles decay or annihilate into standard model particles,
very-high-energy (VHE) gamma rays (greater than 100 GeV) will be present in the final state. The
Very Energetic Radiation Imaging Telescope Array System (VERITAS) is an imaging atmospheric
Cherenkov telescope array that can indirectly detect VHE gamma rays in an energy range of 100



GeV to > 30 TeV. Dwarf spheroidal galaxies (dSphs) are ideal candidates in the search for dark
matter due to their high dark matter content, high mass-to-light ratios, and their low gamma-ray
fluxes from astrophysical processes. This study uses a legacy data set of 638 hours collected on
17 dSphs, built over 11 years with an observing strategy optimized according to the dark matter
content of the targets. The study addresses a broad dark matter particle mass range, extending
from 200 GeV to 30 PeV. In the absence of a detection, we set the upper limits on the dark matter
velocity-weighted annihilation cross section.

I. INTRODUCTION

Cold dark matter is a key component of the current cosmological picture, comprising ~85% of the matter of the
universe [1]. Indirect astrophysical dark matter searches provide a means of probing the nature of dark matter,
complementary to direct detection and collider searches. Assuming that dark matter is made up of particles, and
that these particles interact with standard baryonic matter, it is possible to search for annihilation or decay of dark
matter particles to Standard Model particles. The focus of this paper is searching for dark matter self-annihilation
signatures, assuming self-conjugate dark matter.

Gamma rays are typically present in the final state following dark matter annihilation, whether as mono-energetic
“line” signatures from promptly produced photons, or as a continuum gamma-ray spectrum with a cut-off at the
dark matter particle mass. For the weakly interacting massive particle (WIMP) class of dark matter candidates, the
preferred dark matter mass lies in the GeV to TeV range. The annihilation of such particles leads to gamma rays
in the sensitive energy range of ground- and space-based gamma-ray instruments. Indirect searches for dark matter
annihilation with gamma rays have been conducted and limits set on the dark matter velocity-weighted annihilation
cross section with the space telescope Fermi-LAT [2H4], the imaging atmospheric Cherenkov telescopes (IACTS)
H.E.S.S. [5H8], MAGIC [9] 10] and VERITAS [11], and the water Cherenkov observatory HAWC [12H14]; the cited
publications highlight the most recent results.

The Galactic Center and the Milky Way satellite dwarf spheroidal galaxies (dSphs) are canonical targets for indirect
searches with gamma rays from dark matter annihilation. While the Galactic Center is the nearest large repository of
dark matter and hence has the largest predicted annihilation signal, dSphs offer a set of targets with low astrophysical
backgrounds and modest angular extensions compared to the point-spread functions of the gamma-ray instruments.
The dSphs can be divided into classical and ultra-faint objects. The former contain on the order of hundreds of stars,
while the latter contain on the order of tens of stars. As stellar motions are used to constrain the dark matter content
of these systems, estimates of the dark matter content of classical dSphs tend to be more robust, as their stellar
populations are well-measured. This paper analyzes the complete set of observations of dSphs, including classical and
ultra-faint targets, collected by VERITAS over an 11 year period, and it utilizes the lack of a detected signal to derive
upper limits on the dark matter velocity-weighted annihilation cross section in the standard WIMP mass range below
~100 TeV.

A recent work by [15] has highlighted the theoretical motivation for dark matter annihilation searches outside of
the standard WIMP mass range. The unitarity limit at ~194 TeV [16] [17] is violated by point-like thermal-relic dark
matter. However, dark matter composed of composite states or non-thermal relics can evade this limit [e.g., [18] [19].
Also, [15] showed that the annihilation of ultra-heavy dark matter particles (UHDM) up to 30 PeV can produce a
sufficient number of photons below 100 TeV to enable VERITAS to constrain the velocity-averaged cross section for
PeV dark matter. This UHDM mass range has been probed with gamma-ray and neutrino searches [20] 21], but a
broad range of dark matter annihilation cross sections remains unconstrained. Consequently, we also present limits
on annihilation of UHDM, with particle masses between 194 TeV and 30 PeV.

II. PREDICTED GAMMA-RAY FLUX AND TARGET SELECTION

3

The predicted observable gamma-ray flux from a dSph, ¢, is given by the product of two terms; the “particle
physics factor” (®pp) which is based on theoretical models of the annihilation of dark matter particles producing
gamma-ray products, and the “astrophysical factor” or “J-factor”, which is determined by the dark matter content
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of the region observed:
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where M, is the dark matter particle mass, (ov) is the thermally averaged, velocity-weighted annihilation cross-section
of the dark matter particles, dN/dF is the final-state photon spectrum, and dJ/d? is the differential annihilation
J-factor with respect to solid angle  (Equation [2)).

The photon spectrum from dark matter annihilation depends on the annihilation channel of the dark matter pair
into Standard Model particles. Here we assume a 100% branching ratio of dark matter particles into the following
channels: ete™, ptp=, 7t tt, bb, WHW—, ZZ, v+, and v,7,. For each of the annihilation channels, we exploit the
spectrum provided by PPPC4DMID, which offers trustworthy spectra in the 5 GeV to 100 TeV energy range [22], and
HDMSpectra, which provides reliable spectra from 1 TeV to the Planck energy [23]. The latter includes many of the
interactions in the full unbroken Standard Model that are relevant for estimating accurate UHDM annihilation spectra.
Thus, we adopt the spectra from PPPC4DMID for analyzing masses from 200 GeV to < 100 TeV, and HDMSpectra for
analyzing masses from 100 TeV to 30 PeV. We stress that the spectra from the two packages are consistent within the
mass range from 1 TeV to 100 TeV [15], implying a low systematic uncertainty in the dark matter photon spectra.
We also note that another dark matter photon-spectrum calculation method, CosmiXs (energy range: 5 GeV to 100
TeV) [24], also shows differences for indirect dark matter searches with IACTSs that are smaller than the uncertainties
due to the dwarf geometrical factors and the Poissonian fluctuations [e.g., [25].

The differential annihilation J-factor with respect to solid angle is obtained by integrating the dark matter density
profile squared (p?) along the line-of-sight (I) through the dSph for a given observation angle:

dJ o 2
S [ raoa (2)

Using the commonly employed simplifying assumption that the dark matter density profiles are spherically sym-
metric, we can write the angular J-profile as a function of the observation angle (6) from the center of the dSph
as:

dJ dJ

Y o 9rsinf ——

20 msinf oo (3)
The above J-profile can be integrated over a given angular range to determine the J-factor for a given dSph analysis.
For the dark matter density profile we utilize the Navarro-Frenk-White (NFW) model:

S . .
p(r) = (T/Ts)(li— ) if r < 7, otherwise p = 0, (4)
where p; is a characteristic density, and rs and r; are a scale radius and a tidal truncation radius, respectively.

The set of NFW parameters (ps, rs, and ;) may be estimated from dynamical analyses of kinematic data of member
stars. For this work we make use of the publication by [26] (Ando+20) and the associated Python package[27] that
provides the probability density functions (PDFs) for those parameters. With their Bayesian approach, they estimated
the posterior distributions of the parameters by adopting either a physically motivated prior on a circular velocity of
a satellite in a host subhalo [28] for the ultra-faint galaxies, or a well-known J-factor prior constrained by the large
number of member stars [29] for the classical dSphs. With the use of physically informative priors, Ando+20 takes
into account the current understanding of the role of structure formation on dark matter subhalos in dSphs, such as
the extended Press-Schechter formalism combined with tidal effects on subhalo evolution [e.g.,[28H31]. Ando+20 cites
the use of informative priors as important for improving the accuracy of the J-factor calculation for ultra-faint dwarfs
with scarce kinematic data. As the majority of the targets included in our analysis are ultra-faint, we consider the
use of Ando+20 J-factors appropriate. The impact of this choice is elaborated on when assessing the results.

This work presents the analysis of the complete VERITAS observational data set obtained on dSphs and covers the
time period of 2007 - 2018. The VERITAS observation strategy evolved with time to focus on deep observations of
those objects with the largest predicted J-factors, but to also obtain exposures on additional dSphs, while taking into
account uncertainties on the published J-factors and the possibility that J-factors could have been underestimated.
VERITAS devoted deep exposures to three dark-matter-dominated dSphs[32]: Segue 1, Ursa Minor, and Ursa Major
II, with more than 100 hours obtained on each target. To supplement these deep observations, survey observations
were made on an additional 14 dSphs.



Dwarf Psref  Tsref Ttref Ps Ts rt  |logioJ (fcut) logioJ(0.5%)
[Mo/pc’] [pc] [kpe]| [Mo/pc?] [pc] [kpc] |[GeV?/cm®] [GeV?/cm’]

Bobtes 0.045 425 3.50 [7.071%% x 1072 3.1729 x 10?2 21749 | 1767192 17777028
Coma Berenices| 0.067 397 2.15 |7.973%6 x 1072 3.5%39 x 10? 27754 | 18.16702)  18.37+9:39
CVn I 0.042 702 11.92|4.7755 x 1072 6.4757 x 10° 6.0159 | 17311015  17.387011
CVn II 0.062 381 2.28 (84714 x 1072 3137 x 10?2 2.3%51 | 17.16153%  17.1970%7
Draco II 0.054 741 819 59755 x 1072 7.0752 x 10 7.7t35 | 19.147025  19.4970-2°
Hercules I 0.055 300 1.15(9.278%" x 1072 2.1735 x 10% 1.2%28 | 16.92703%  16.9370:33
Leo I 0.046 946 11.40|5.7%57 x 1072 8.2+32 x 10? 10.0755| 17.6370%%  17.7015:07
Leo II 0.044 808 11.42|5.575% x 1072 6.7755 x 10 6.875% | 17.487059  17.547019
Leo IV 0.093 181 0.53 | 1.2723 x 107 1.572% x 10® 0.8%725 | 16.577052  16.5670:3%
Leo V 0.102 181 0.87 | 1.1723 x 107* 1.7739 x 102 0.9732 | 16.57705  16.5870:89
Segue 1 0.086 344 3.18 | 11737 x 107! 2,977 x 10?7 2.2%52 | 18.617037 18.917033
Segue 2 0.186 65 0.25|1.9755 x 107" 0.6753 x 102 0.2705 | 17155525 17.237035
Sextans I 0.043 645 11.07|5.0179 x 1072 56155 x 10? 51753 | 17.87702%  18.0515:2
Triangulum IT | 0.100 134 1.64 [ 1.4730 x 107 1.0732 x 10> 0.572% | 17.567052  17.6570:58
Ursa Major I | 0.056 638 3.43 [7.471150 x 1072 4.2%34 x 10> 3.6753 | 18.05702) 18.197022
Ursa Major I | 0.065 452 2.41 [4.9752 %1072 7.5753 x 102 81753 | 18.43%9:3%  18.79%736
Ursa Minor 0.049 765 9.48 |6.075% x 1072 6.0751 x 10 59757 | 18.22702%  18.477039

TABLE I. Table of the NFW parameters of the 17 dSphs used in this work. The first three columns show the reference NFW
profile parameters, which approximate the median of the distribution of viable J-profiles [described in Section [T} adopted from
26]. The next three columns give the medians with 68% confidence intervals of the NFW profile parameters. The last two
columns show the logarithm of the median J-factors with 68% confidence intervals integrated to ..t and 0.5° from the centers
of the galaxies, respectively. Each dSph was analyzed with an appropriate value of fcyt: 0.089, 0.110, or 0.141 degrees (see
Section [[II] and Table [LI]).

In Tablewe present the reference NF'W parameters ps, 75, and 7, as well as the median and 68% confidence interval
for the parameters, as provided by Ando+20. The median and interval are calculated from a random sample of 1,000
viable parameter sets for each dSph. The parameter sets constitute the 1,000 randomly-drawn profiles, providing the
value and errors of the J-factor integrated out to an observation angle of 0.5°, as well as 6,4 (see Section . Since
a strong correlation exists among three NFW parameters [ps, 75, and 7; see [33], the use of the median parameters
does not guarantee the median value of the J-profile. To provide a reference J-profile for each dSph, we select the
individual randomly-drawn profile that most closely matches the median J-profile calculated from 1,000 randomly
drawn profiles for each object.

III. VERITAS INSTRUMENT, OBSERVATIONS AND ANALYSIS

A. Instrument

The Very Energetic Radiation Imaging Telescope Array System (VERITAS) is a four 12 m-diameter TACT array,
located at the Fred Lawrence Whipple Observatory in southern Arizona. It has been in full operation since 2007.
VERITAS indirectly detects gamma rays in the energy range 85 GeV to > 30 TeV through imaging the fast (ns)
flashes of Cherenkov light produced by extensive air showers in the atmosphere. Each of the four VERITAS telescopes
has a reflector comprised of 350 hexagonal mirrors, mounted on a Davies-Cotton optical support structure, which
images the Cherenkov light onto a 499-pixel photomultiplier-tube (PMT) camera mounted in the focal plane [34].
Stereoscopic analysis of the images allows showers initiated by gamma rays to be preferentially selected over showers
initiated by hadronic cosmic ray particles and the energies and directions of the primary gamma rays to be estimated.

The performance of VERITAS varies with energy; for 1 TeV photons VERITAS has an energy resolution of 17%,
an angular resolution of 0.08 deg (68% containment radius) and an effective gamma-ray collection area on the order of
10° m2. The VERITAS source location accuracy is <50 arcseconds. The sensitivity of VERITAS allows a statistically
significant detection (5 standard deviations, 5o, above background) of a point source with flux equivalent to 1% that
of the Crab Nebula in ~25 hours [35].

VERITAS has undergone two major configuration changes since it began full four-telescope operations in 2007;



Dwarf Non Norr Exposure 6.y |Significance 5%
[counts] [total counts]| [hours] [deg] [o] [1072cm ™25
Bootes 446 2569 13.98 0.141 0.8 0.91
Coma Berenices| 1122 6770 39.76 0.110 -0.2 0.66
CVnl 411 2430 9.72 0.141 0.3 0.98
CVn II 335 1822 8.14 0.141 1.6 1.69
Draco II 223 1335 8.02 0.141 0.0 1.62
Hercules 1 369 2187 9.46  0.141 0.2 1.18
Leo I 196 1182 5.66  0.141 -0.1 1.98
Leo II 550 3275 11.31  0.141 0.2 0.97
Leo IV 7 65 0.48 0.141 -1.2 2.58
Leo V 33 218 1.38  0.141 -0.5 1.55
Segue 1 3070 18336 126.29 0.110 0.2 0.30
Segue 2 487 3000 12.51 0.110 -0.5 0.80
Sextans [ 213 1262 7.45  0.141 0.2 0.95
Triangulum II 751 4870 29.51 0.110 -2.0 0.36
Ursa Major I 358 2073 6.63 0.141 0.6 0.99
Ursa Major II | 2266 13855 212.32  0.089 -0.8 0.20
Ursa Minor 2253 13608 135.3 0.110 -0.3 0.28

TABLE II. Table of the VERITAS observations of the 17 dwarf spheroidal galaxies. The first and second columns give the
counts of gamma-like events in the ON and OFF regions, respectively. The next two columns show the exposure times and
radial cuts defining the ON-region, respectively. The detection significance is given in the following column in terms of standard
deviations above the background. The final column gives the 95% confidence level upper limit on the flux above 300 GeV,
assuming a spectral index of -2.4. In all 17 cases, the background normalisation value « is 0.167.

in 2009 Telescope 1 was moved to a new location in order to improve sensitivity, while in 2012 the cameras were
upgraded with higher quantum-efficiency PMTs and a revised trigger system, resulting in an improved low-energy
response [36]. In addition to the upgrades discussed above, the VERITAS instrument response has changed with time
due to mirror reflectivity changes and PMT gain changes. We perform regular calibration measurements [37] that are
used to produce time-dependent instrument response functions (IRFs), which are used in this study since the data
were taken over a time period of roughly 11 years (2007-2018).

B. Observations

All observations were made in the “wobble” observing mode, whereby the target being observed is offset in the field
of view by 0.5° to allow for simultaneous measurement of background at the same radial distance as the target from
the center of the field of view [38]. Observing runs are typically 20-30 minutes in duration, and the direction of the
offset is cycled through the four cardinal directions to reduce systematic effects.

Overall, VERITAS obtained a total quality-selected exposure of 638 hours on the 17 dSphs. The targets and
exposures are shown in Table [Tl Note that four dSphs—namely Leo I, Leo II, Sextans, and Ursa Minor—are classical
dSphs, and the rest are classified as ultra-faint dSphs. This study uses approximately 3—4 times more data than in
the previous VERITAS study [total 230 hours on four dSphs; [11], and the previous data set is included in this work.

C. Analysis

VERITAS scientific results are produced and validated with two independent software packages: VEGAS [39] and
EventDisplay [40]. Since the previous VERITAS dark matter publication, both packages have been improved by
the addition of updated analysis techniques; specifically, boosted decision trees [BDTs; 41] in EventDisplay and an
image template model [ITM;42] in VEGAS. Studies have shown a ~20% - 25% increase in sensitivity from the addition
of BDTs and a ~30% increase in sensitivity from the addition of ITM analysis. In this work, we present the results
from the EventDisplay package, although they are verified using VEGAS and an independent analysis pipeline for
performing the dark matter likelihood analysis.



The gamma-ray-selection/hadron-rejection parameters chosen for this analysis are optimized for a moderate energy
threshold, which differs from the previous VERITAS dark matter search where the parameters used were optimized
for the lowest possible energy threshold. The decision to raise the energy threshold for this analysis is made in order
to focus the dark matter search on the energy range where VERITAS is most sensitive, while avoiding systematic
effects associated with deep exposures that affect data with less restrictive gamma/hadron selection.

While VERITAS has the capability to detect events with energies as low as 85 GeV, we apply a low-energy
threshold to avoid events with poorly reconstructed energy and angular information. The energy threshold for each
run is determined by taking into account the VERITAS IRF's.[43] This threshold typically ranges from 200 GeV to 300
GeV, depending on the observing conditions. From a pilot study comparing results with and without applying the low-
energy threshold, we found that considering a threshold effectively mitigates systematic effects without compromising
sensitivity at energies where VERITAS is most effective in the dark matter search.

The data were analyzed to select candidate gamma-ray events, and a reflected-region background estimation was
performed [44] to search for an excess of events from the direction of each target. The ON-source region was defined
to be a circular region centered on the target. Multiple OFF regions are defined as circular regions of identical size
to the ON region again offset by 0.5° from the center of the field-of-view. Note that for EventDisplay, the number
of OFF regions is set to six for each run, giving the relative exposure time between the ON and OFF regions to be
1/6 (a =~ 0.167) for all dSph observations.

The radius of the ON-source region is normally chosen be comparable to the VERITAS point-spread-function
(PSF) for a point source, or larger for a spatially extended target. All of the dSph objects in this study have angular
extensions greater than the VERITAS PSF. However, when one expands the ON-source region size, there are fewer
available regions for background estimation. Furthermore, for large data sets the analysis is more susceptible to
systematic effects such as gradients in the number of events recorded across the cameras due to the varying zenith
angle across the field of view. This effect is exacerbated for a larger ON-source region. The expected field-of-view
significance distributions for an empty field is a Gaussian distribution of unit width centered at zero. Gradients across
the camera can dramatically broaden the distribution, resulting in an unreliable assessment of the signal significance
at the target position.

Prior to this analysis being conducted, a study was performed to optimize the radial cut used to define the ON-
source region for dSphs with deep and shallow exposures to maximize the J-factor enclosed while preserving an
acceptable field-of-view significance distribution on a control data set. Due to the large number of targets, all with
differing exposures, we considered three possible exposure times, corresponding to targets with 16 hours of exposure,
16-150 hours of exposure, and more than 150 hours of exposure. We iteratively increased the radial cut defining the
ON-source region, and selected the maximum radial cut for which no systematic effects in the field-of-view significance
distributions were visible on a test data set.

Based on the results of the study on the control sample, we use radial cuts to define the ON and OFF regions of
0.089° (62 = 0.008 deg?) for the deepest exposure target (Ursa Major II), 0.110° (§% = 0.012 deg?) for the remaining
targets with more than 16 hours of exposure, and 0.141° (2 = 0.02 degz) for targets with less than 16 hours of
exposure (see Table . Note that the data for Segue 2 were analyzed with a radial cut appropriate for a longer
exposure, as its raw exposure of more than 16 hours becomes less than 16 hours after application of time cuts to
remove periods with weather or hardware issues.

IV. MAXIMUM LIKELITHOOD ESTIMATION
A. Predicted signal

For a given VERITAS analysis we can calculate the number of gamma-ray events expected (S) for a given data set
by taking the predicted flux (Equation [1)) and folding it with the VERITAS IRFs:

- 877M2b8 / / dE’ JA(E")D(E|E")dE'dE, (5)

where Tpps is the total exposure time, J(E') is the J-profile convolved with the VERITAS energy-dependent PSF and
integrated to the appropriate value of 8, A(E’) is the VERITAS effective area, and D(E|E’) is the energy migration
matrix, in which F is the reconstructed photon energy and E’ is the true photon energy. Time-averaged IRFs are
used in this analysis for each dSph. Using a maximum likelihood analysis we can test for a significant excess of gamma
rays and place constraints on the value of (ov) as a function of dark matter particle mass.



B. Likelihood

The use of the maximum likelihood estimation (MLE) method has been shown to maximize the sensitivity to
gamma-rays produced from dark matter interactions [e.g. 45]. We adopt the MLE method as described in [46].
Source analysis with an IACT such as VERITAS is performed by comparing the observed number of ON-region
(source region) events with the observed number of OFF-region (background region) events. As the ON and OFF
counts are Poisson-distributed, we construct the full likelihood function by multiplying two Poisson likelihood functions
with the model-dependent likelihood function P;(E;|M,, (ov)),

(S + aB)None_(SJ’_O‘B) BNOffe_B Non

— L[ PAEIM,. (ov)). (6)

ﬁ =
Non! Nogs! 14

where « is a background normalisation factor that accounts for the ratio of the number of ON regions to OFF regions,
BB is a nuisance parameter that describes the total expected number of background counts from multiple OFF regions,
and S is the expected number of events from dark matter annihilation at a given dark matter mass and velocity-
weighted cross section within the ON region (Equation. Finally, P;(E;|M,, (ov)) is the predicted energy-dependent
counts distribution in the ON region, where these counts can be from the dark matter self-annihilation or cosmic-ray
background. The distribution is given by

_ Sps(E;) + aBpy(E;)
S+ aB

where p; is from the normalised signal spectrum at a given energy, and p; is generated from a normalised histogram of
the energies of all background events. In other words, they are the probability density functions for the dark matter
signal and the background, respectively.

We can then maximize the log likelihood function, neglecting constant terms,

Pi(Ei|MX, <UU>) ’ (7)

Non
log L({ov); B) = NosslogB—-S — (1+a)B+ Z log (aB pp(E;) + S ps(E;)), (8)

i=1

with respect to {(ov) and B, giving us a constraint on the dark matter velocity-weighted annihilation cross-section.
For the joint-fit MLE analysis, we combine data from the 17 dSphs to maximize statistical power using the joint
likelihood function

Nt arget

10g Ljoins ((00); B) = Z log L({ov); B;). (9)

To determine the significance of the dark matter signal over the background, we compare two likelihoods (null and
alternative hypotheses) using the following equation,

A= —2log (2530). (10)

S#£0

When the resulting value of A is below the detection threshold of 25 (equivalent to 5o detection), we calculate an
upper limit (UL) on the velocity-weighted annihilation cross section by utilizing the likelihood profile. The UL is
obtained by computing Alog £ of 1.35 compared to the likelihood maximum, corresponding to the one-sided 95%
confidence level.

V. RESULTS
A. Non-detection with Li & Ma analysis

The significance of a signal above background in the ON region is estimated based on the Li & Ma method [47],
using the counts in the ON and OFF regions and the ratio of areas between the ON and OFF regions (a=0.167 for
this analysis). A summary of the counts, the detection significance, and the 95% confidence level upper limits on the
flux is shown in Table [LI, No dSph shows a significant signal.
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FIG. 1. Profile likelihood for a joint-fit analysis with 17 dSphs for a dark matter particle mass of 1 TeV (left) and the VERITAS
95% upper limit on the dark matter cross section (right), considering the 777~ annihilation channel. The solid black line shows
the joint-fit analysis result, and the dashed gray lines are from the individual dSph analyses.

B. Non-detection with maximum likelihood estimation

We test nine annihilation channels (ete™, utp=, 757~ tt, bb, WTW~, ZZ, v, and v.7,) using the MLE analysis
and find that there is no evidence of dark matter annihilation signals from the 17 dSph observations; i.e., the flux and
energy spectrum of observed events from the source region is consistent with that of the background fluctuations. The
following sections describe our constraint on the velocity-weighted annihilation cross section of dark matter in various
aspects. Note that in the case of the v.D, annihilation channel, production of final-state gamma rays is enabled by
radiation of a Z boson by an off-shell neutrino at sufficiently high energies, or decay of an off-shell neutrino to a W
boson and an electron or positron.

C. Upper limits on the dark matter velocity-weighted annihilation cross section

Fig. [1] describes the method of obtaining the dark matter annihilation cross section from the joint-fit MLE analysis
and the results. The left panel shows an example of the profile likelihood from individual MLE analyses (dotted or
dashed lines) and the joint-fit MLE analysis (solid black line) for the dark matter mass of 1 TeV. In this case, the
joint-fit profile likelihood has Alog(L) of 1.35 at (ov) = 1.76 x 10724, corresponding to the one-sided 95% confidence
UL. This process is repeated for other dark matter masses so that we can get the UL curve as seen in the right panel of
Fig.|l} Generally, the joint-fit result provides a stronger constraint on the velocity-weighted dark matter annihilation
cross section compared to those from the individual fits.

Since the J-factors have significant uncertainties, we compute for every dSph a set of ULs for each annihilation
channel using 300 possible J-factors. Each J-factor is randomly generated by drawing the three NFW parameters
from the posterior distributions provided by Ando+20 (see Table and integrating over the line of sight and solid
angle. From the 300 realizations, we obtain the median as well as 68% and 95% containments for ULs on the dark
matter annihilation cross section, which reflects the systematic uncertainty due to the limited understanding of the
dark matter distribution.

Fig. [2[ shows the UL band from the joint-fit analysis, overplotted with UL curves from the three dSphs with
the deepest exposures (Segue 1, Ursa Major II, and Ursa Minor) as a reference (see also Appendix [A). The red
dotted-dashed line corresponds to the theoretical expectation of the velocity-weighted annihilation cross section of
thermal-relic dark matter, {(ov) ~ 2.4 x 10725cm? /s, extending to the unitarity bound at ~100 TeV [17], except for
the v~y channel. For the loop-suppressed v channel, we use (ov) ~ 1 x 10~28cm? /s [48]. Note that for the individual
dSph analyses, we take the median of the J-factor distribution and compute a single UL. In general, Segue 1 primarily
influences the joint-fit result in the low mass range (up to about 10 TeV), while the joint-fit result in the high mass
range is predominantly determined by the observations of Ursa Major II. Ursa Minor and other dSphs have minimal
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FIG. 2. Velocity-weighted annihilation cross section upper limits produced from 17 dSphs observations, by annihilation channel.
The blue (green hatched) shaded uncertainty band depicts the 68% (95%) containment obtained from 300 realizations of viable
dark matter density profiles. The blue solid curve denotes the median of the band. The orange, black, and red lines represent the
upper limits derived from individual observations of Segue 1, Ursa Major II, and Ursa Minor, respectively. These limits result
from a reference J-profile for each dSph (Table [I). The red dotted-dashed line is the expected velocity-weighted annihilation
cross section for a thermal-relic dark matter scenario.

impact on the joint-fit result.

The discontinuity observed in the limit for M, at ~ 100 TeV for the vy channel is expected. We do not analyze
photon events with energies above 100 TeV, as they are beyond the energy range in which events can be reliably
reconstructed. Hence, for M, > 100 TeV we only consider the continuum v+ signal that produces <100 TeV gamma
rays, rather than the more easily detectable line signature located above 100 TeV.

D. Comparison with the null hypothesis

In addition to calculating “observed” ULs, we calculate “expected” ULs assuming the background-only (null)
hypothesis. Simulated ON regions are generated through a procedure where events (and their corresponding energies)
are randomly selected (with replacement) from the observed OFF-region events, which are assumed to be pure
background. The events are sampled according to a Poisson distribution, with the mean equal to the observed number
of OFF-region events scaled by the ratio of the areas of the ON and OFF regions; i.e., Nopsim = Pois(aNog obs)-
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FIG. 3. Velocity-weighted annihilation cross section upper limit curves produced from VERITAS observations by channel
compared with their null-hypothesis bands (Ho; background-only hypothesis). We present upper limits derived from the joint-
fit dSph observations as Fig [2| (blue) and upper limits with the Poisson background fluctuation (orange). The orange (red
hatched) uncertainty band depicts the 68% (95%) containment obtained from 300 realizations of random fluctuations of the
background. The red dotted-dashed line is the expected velocity-weighted annihilation cross section for a thermal-relic dark
matter scenario.

Simulated OFF-regions are obtained in the same manner, considering Poisson fluctuations through random sampling.
We repeat this process 300 times for each channel, resulting in an expected upper limit band. The width of this band
is determined by the magnitude of the Poisson fluctuations of ON and OFF regions. We use the same J-profile for
both the expected and observed limits (Section

Fig. [3 shows the comparison between the expected UL band (orange) and the observed UL (blue solid line). For
each annihilation channel, the expected upper limit band shows the 68% containment (orange shaded region) and
95% containment (red hatched region). The observed upper limits remain consistent with the expected upper limits
within the 95% confidence level across all annihilation channels. This result indicates that a dark matter annihilation
signal has not been observed, while also quantifying the influence of statistical uncertainty on the derived ULs.
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FIG. 4. Left panel: VERITAS 95% confidence upper limits curves on the dark matter velocity-weighted annihilation cross
section compared with benchmark theoretical models. The black solid line shows the partial-wave unitarity bound for a point-
like dark matter particle with angular momentum J = 0, while the dashed black lines show the unitarity bounds for composite
dark matter particles of different radii. Right panel: VERITAS 95% confidence upper limits curves on the dark matter particle
radius (units of femtometers) as a function of mass, for the nine annihilation channels considered. The dashed black line refers
the proton charge radius as a reference [49]. The shaded areas denote exclusion regions.

E. Ultra-heavy dark matter search

For a dark matter mass exceeding 194 TeV (UHDM regime), the observed data did not show significant deviation
between the observed and expected limits (Fig. . In Fig. [4) we interpret this non-detection in terms of theoretical
benchmark models [for details on the benchmark models, see [15]. The left panel of Fig. [4| shows both the unitarity
limit for a point-like particle with angular momentum J = 0 (partial-wave unitarity limit; (0v)unitarity < 1/Vrer) and
a set of unitarity bounds for composite dark matter particles of different radii, (6v)ynitarity (Vrer; R). Note that, when
computing the partial-wave and composite unitarity bounds, we adopt v,.¢;/c = 2 x 107, where v,..; represents the
relative velocity between dark matter particles in dSph galaxies [50} [51]. This velocity v, is much slower than that
of the thermal-relic dark matter particles in the early universe. While the limits from this dataset are unable to probe
below the limit for a point-like particle, it is possible to rule out models with large dark matter particle radii. The
right panel shows that we are able to exclude a certain range of values for the radius of the composite particle. If the
mass of the dark matter particle is less than 1 PeV, its radius should be smaller than the proton charge radius, 0.84
fm [49].

F. Comparison with previous works

We compare the derived ULs with those from the previous VERITAS work [VERITAS17; [11]. As described
in Section [[IT} in this work, we analyzed a larger dataset with improved analysis techniques. Another significant
difference in this study is the utilization of updated J-factors from Ando+20 (Section 7 whereas the previous
VERITAS work relied on J-factors estimated using uniform (or uninformative) priors [GS+15;[52]. We note that the
J-factors calculated using the NFW parameters of Ando+20 result in a lower J-factor on average than the parameters
used in the previous VERITAS study using the NFW parameters from GS+15. This is discussed in more detail in
Appendix[B! To quantify the improvement, we compute ULs for Segue 1 for the published dataset and current analysis
tools, and compare against the published Segue 1 ULs. We consider the b¥b~ and 777~ annihilation channels.

Fig. [5| shows UL curves from the extended Segue 1 observation for the two J-factors, GS+15 (orange dotted line)
and Ando+20 (blue solid line), and the UL curve from VERITAS17 (black dashed line). The limits indicate that
our enhanced techniques, such as BDTs, ITM, and an optimized #? cut, along with the increased exposure time,
contribute to constraints on the dark matter annihilation cross-section that are more stringent by a factor of 1.7 to
5.1. This is evident when we compare the limits obtained from the same J factor, represented by the orange dotted
line (this work) and the black dashed line (the previous work) in Fig. Note that while extending the exposure
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FIG. 5. Comparison of 95% confidence upper limit curves of the dark matter cross section with various conditions. The blue
and orange lines result from the 126-hour Segue 1 observation with the J-profile adopted from [26] and [52], respectively. The
blue (green hatched) shaded uncertainty band depicts the 68% (95%) containment obtained from 300 realizations of viable
dark matter density profiles. The black dashed line denotes the previous VERITAS publication [11], which is from the 92-hour
Segue 1 observation.

time on Segue 1 by 37% (126 h/92 h) lowers the upper limit slightly, this enhancement is negligible compared to
the significant improvement achieved by the enhanced techniques, which lower the limits by an average factor of 3.
In contrast, utilizing Ando+20 leads to a less restrictive limit on the dark matter annihilation cross section, as seen
by the upper limit (blue solid line) increasing by approximately three times compared to the UL curve with GS+15
(orange dotted line). Note that the J-factor of Segue 1 from Ando+20 is smaller than that of GS+15 by a factor
of about 3 (see Appendix . Overall, taking into account both the positive and negative effects, we arrive at a UL
curve similar to that of VERITAS 17.

VI. DISCUSSION AND CONCLUSIONS

Fig. |§| shows our upper limits for two annihilation channels (black lines) in comparison to results utilizing dSph
observations from the Fermi-LAT [blue dashed; 2], MAGIC [orange dashed; [9], H.E.S.S. [greeen dashed; [7], and
HAWC [red dashed; [14] collaborations. Using the Ando+20 J-factors (black solid), this work demonstrates results
on par with the most stringent results from other collaborations. Note that the results from the other collaborations
were derived from a range of sources for the J-factor, including but not limited to GS+15.

Due to the significant influence of the J-factor on the constraint of the dark matter velocity-weighted annihilation
cross-section, it is crucial to utilize an accurate J-factor when conducting indirect dark matter searches with gamma
rays. In this work, we adopt the recent J-factor study by Ando+20, which employs physically motivated informative
priors (Section . We stress that this is in contrast to previous J-factor estimates (e.g., GS+15, used in the previous
VERITAS work) which rely on uniform priors or neglect relevant physical information. If we account for the differences
in the J factor between GS+15 and Ando+20, our upper limits are expected to be lowered by a factor of about three
(see Appendix . This effect arises from the inverse proportionality between the upper limit and the J-factor,
(ov)gs ox 1/J(AQ).

In summary, this paper conducts an indirect search for a dark matter annihilation signal in gamma rays. We
analyzed 638 hours of observations taken by the VERITAS array, spanning from 2007 to 2018. Seventeen dSphs were
observed, employing two observational strategies: deep exposures on dark matter-dense dSphs and survey observations
of dark matter-sparse dSphs. Our search targeted the detection of the final state gamma rays resulting from nine
annihilation channels. Although no significant signals were detected, we derived upper limits on the dark matter
velocity-weighted annihilation cross section for the nine annihilation channels. These limits were obtained using a
joint-fit MLE analysis and cover a range of dark matter particle masses, extending from 200 GeV to 30 PeV. With
the extended data set and the improved techniques, we were able to provide competitive ULs above about 1 TeV,
even using a set of smaller but physically motivated J-factors. In addition, we examined the ultra-heavy dark matter
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scenario and constrained the radius of a composite ultra-heavy dark matter particle.
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Appendix A: Deep exposure dwarfs

Based on their J-factors, we have observed three targets with deeper exposures (>100 hours): Segue 1, Ursa Major
II, and Ursa Minor. For these three dSphs, we compute the UL curves on the dark matter annihilation cross section
and the null hypothesis bands for two annihilation channels, 777~ and bb. As shown in Fig. |7 Segue 1 exhibits a
deviation between the observed UL curve and the null hypothesis band. This deviation arises from Poisson fluctuations
in the high-energy regime (above 10 TeV). The dark matter analysis without events beyond 10 TeV eliminates this
deviation. As Segue 1 heavily influences the joint-fit UL curve, a similar deviation shows up in the joint-fit result
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FIG. 7. VERITAS upper limit curves for three deep-exposure dSphs in two annihilation channels. The results for Segue 1,
Ursa Major II, and Ursa Minor are displayed in the left, middle, and right panels, respectively. The results from 777~ and bb
channels are depicted in blue and orange, respectively. A solid curve is produced from each dSph observation, while shaded and
hatched uncertainty bands depict the 68% and 95% containment intervals obtained from 300 realizations of random fluctuations
of the background. The red dotted-dashed line is the expected velocity-weighted annihilation cross section for a thermal-relic
dark matter scenario.

(Fig. . In the case of other two dSphs, the observed UL curve is consistent with the null hypothesis band.

Appendix B: Comparison Ando+20 profile with GS+15 profile

The J-factors estimated in GS+15 and Ando+20 show noticeable differences. Table summarises the J-factor at
0.5° for dSphs from the two studies. They differ by a factor of 0.5 to 4.5, depending on the dSph. Generally, GS+15
tends to have much higher J-factors for the dark matter-dense dSphs, compared to Ando+20. Conversely, in the case
of dSphs with lower dark matter density, GS+15 reports smaller J-factors than those reported by Ando+20. This
disparity is particularly decisive in our study because the J-factors of dSphs with deeper exposure (Segue 1, Ursa
Major II, and Ursa Minor) from Ando+20 are approximately 2.8 and 4.3 times lower than values from GS+15.

As we lack access to the J-factor parameters from GS+15 for our complete set of 17 dSphs, an accurate computation
of the extent to which this discrepancy impacts the upper limit curve for the dark matter cross section cannot be
achieved. Nonetheless, assuming the two J-factors vary across all angles by a constant factor for each dSph, a rough
estimation of the dark matter upper limit curve can be obtained; i.e., for each dSph, the number of expected events
from the dark matter signal (as described in Equation [5)) is multiplied by a constant factor based on Table Note
that for Draco II and Triangulum II, we assume the ratio is 1 because GS+15 did not present the J-factors for those
dSphs. As a result, we find that the upper limit is lowered by a factor of 3, consistent with the J-factor difference
between GS+15 and Ando+20 for the dSphs for which VERITAS has collected deep exposures.



Dwarf log10J(0.5°) [GeV?/cm®) ratio
Ando+20 GS+15 GS+15 : Ando+20
Bootes 17.7745:23 1 18.2410-49 2.95
Coma Berenices |18.3770 39| 19.0275%7 4.47
CVnl 17.381010 1 17.4470:37 1.15
CVn II 17.19%8571 17.6570:45 2.88
Hercules I [16.93703%| 16.8670 74 0.85
Leo I 17.7010:00 | 17.8410:20 1.38
Leo 11 17.547030 | 17.9770% 2.69
Leo TV 16.567557 | 16.32171:05 0.58
Leo V 16.587050 | 16.3770 %2 0.62
Segue 1 18.9170%2 | 19.361032 2.82
Segue 2 172370581 16.21139¢ 0.10
Sextans I [18.057035| 17.927055 0.74
Ursa Major I |18.1919:22| 17.87+9:56 0.48
Ursa Major IT [18.797535| 19.4275-43 4.27
Ursa Minor [18.4775329| 18.957535 3.02

TABLE III. The J-factor comparison between [26] and [52].

included here due to their absence in [52].

18

Note that the J-factors for Draco II and Triangulum II are not
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