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The Milky Way dwarf spheroidal satellite galaxies (dSphs) are particularly intriguing targets
to search for gamma rays from Weakly Interacting Massive Particle (WIMP) dark matter (DM)
annihilation or decay. They are nearby, DM-dominated, and lack significant emission from standard
astrophysical processes. Previous studies using the Fermi-Large Area Telescope (LAT) of DM-
induced emission from dSphs have provided the most robust and stringent constraints on the DM
annihilation cross section and mass. We report here an analysis of the Milky Way dSphs using over
14 years of LAT data along with an updated census of dSphs and J-factor estimates. While no
individual dSphs are significantly detected, we do find slight excesses with respect to background
at the > 20 local significance level in both tested annihilation channels (bb, 7F77) for seven of the
dSphs. We do not find a significant DM signal from the combined likelihood analysis of the dSphs
(sglobal ~ 0.50), yet a marginal local excess relative to background at a 2 — 3 o level is observed at a
DM mass of M, = 150 — 230 GeV (M, = 30 — 50 GeV) for DM annihilation into bb (7777). Given
the lack of a significant detection, we place updated constraints on the bb and 777~ annihilation
channels that are generally consistent with previous recent results. As in past studies, tension is
found with some WIMP DM interpretations of the Galactic Center Excess (GCE), though the limits
are consistent with other interpretations given the uncertainties of the Galactic DM density profile
and GCE systematics. Based on conservative assumptions of improved sensitivity with increased
Fermi-LAT exposure time and moderate increases in the sample of Milky Way dSphs, we project
that the local ~ 2 ¢ signal, if real, could approach the ~ 4 ¢ local confidence level with additional

~ 10 years of observation.

I. INTRODUCTION

Evidence from a wide body of astrophysical and cos-
mological observations suggests that dark matter (DM)
contributes ~ 84% of the matter budget of the Universe
[1]; however, the fundamental nature of DM has yet to
be determined. Several experimental searches including
collider searches, direct detection, and indirect detection
have been employed, though no definitive signatures of
DM interactions have been found [2H4]. Nonetheless, the
varied DM searches provide constraints on DM proper-
ties, narrow the allowed parameter space for proposed
models, and, in some cases, provide putative DM induced
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signals.

Indirect detection techniques are a powerful tool to ex-
plore DM properties. They search for DM signatures in
the astrophysical systems where the presence of DM can
be independently measured and quantified from the dy-
namics of the system, and they have provided some of the
most stringent constraints on well-motivated DM mod-
els. In particular, models of annihilating DM, such as
Weakly Interacting Massive Particles (WIMPs), predict
an array of multiwavelength and multimessenger signa-
tures [2, [5H7]. Gamma-ray observations stand out as one
of the most powerful of these signatures to probe DM, as
evidenced by a number of previous works presenting DM
constraints (e.g., [, 8-25]). The expected gamma-ray
flux from DM annihilation is given by [26]:
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where M, is the rest mass of the DM particle, (ov) is
the DM annihilation cross section, ‘é—% is the gamma-ray
spectrum per annihilation for a given annihilation chan-
nel, and the sum is performed over each of the annihila-
tion channels with branching ratios ;. For annihilation
through a single channel, 5; = 1. The quantity J is the
so-called “J-factor”, which is the integral of the DM den-

sity squared (pi) along the line of sight (¢, l.o.s.) and the
solid angle (AQ):

J = / / p3.dLds).
AQ Jl.o.s.

Gamma-ray searches for DM encompass a wide range
of targets, including the extragalactic gamma-ray back-
ground [27H33], galaxy groups [34] B5] and clusters [18-
20], the nearby Andromeda galaxy [21H24] [36], dark sub-
halos [37H43], dwarf galaxies [8, [0, TTHI7], and the Milky
Way Galactic Center (GC) [44H53]. Although no conclu-
sive DM signal has been found, dwarf galaxies — specifi-
cally Milky Way dwarf spheroidal (dSph) satellite galax-
ies — have yielded some of the most stringent and robust
DM constraints derived from gamma-ray observations.
dSphs stand out as particularly powerful targets for DM
searches due to their proximity, low astrophysical back-
grounds, and high DM concentrations. For M, < 100
GeV, constraints from dSphs reach below the canonical
thermal relic cross-section (~ 2x 10726 cm® s~! [54]), and

(2)

cm® s
extend down to 10727 — 10726 ¢cm? s~! depending on the
mass and annihilation channel under consideration.

Analyses of dSphs are furthermore of significance as
they offer a critical test of the purported DM origin
of the gamma-ray Galactic center excess (GCE) [44-
52, 55]. These studies have typically found that the GCE
can be well-modeled by annihilating DM with a mass of
M, ~ 40 GeV and annihilation cross section of (ov)
1-3x10726 cm?3 s~ for annihilation through the bb chan-
nel, or M,, ~ 10 GeV and (ov) = 2x10727—2x 10726 cm?
s~! for annihilation through the 7+7~ channel. As fur-
ther pressure is placed on the WIMP paradigm, improved
constraints continue to be of great value in confining the
allowed regions of the DM parameter space.

Typically, studies of DM induced gamma-ray emission
from dSphs include a combined likelihood analysis over
a sample of targets in order to improve sensitivity. Early
studies of DM-induced gamma-ray emission used a rela-
tively small size (e.g., 7 in [56] and 10 in [9]), primarily
targeting classical dSphs. The classical dSphs include
Carina, Draco, Fornax, Leo I, Leo II, Sagittarius, Sculp-
tor, Sextans, and Ursa Minor (see e.g. [57,[58]). Over the
years, the collection of known dSphs has grown signifi-
cantly from the early population of dSphs [59] and now
comprises over 50 systems [60]. The growth of the known
dSph population has resulted from optical sky surveys
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including the Sloan Digital Sky Survey (SDSS) [61H74],
Dark Energy Survey (DES) [(5H78], other Dark Energy
Camera (DECam) surveys [{9H87], Panoramic Survey
Telescope and Rapid Response System (Pan-STARRS)
[88,189], ATLAS [00,[91], the Hyper Suprime-Cam Subaru
Strategic Program [02-94], and Gaia [95]. The popula-
tion of known dSphs is continually growing as additional
optical data are obtained and analyzed (e.g., [96] 97]),
and future observations with the Vera C. Rubin Obser-
vatory are expected to accelerate the discovery of new
systems [98H103].

Beyond the detection of new dSphs, reliable estimates
of their DM content are essential for studies of DM anni-
hilation. Improved stellar kinematic data along with the
increasing population of known dSphs has allowed for
better measurements of dSphs J-factors and the deriva-
tion of more reliable scaling relationships between the J-
factors and dSphs kinematic and photometric properties
[12, 104, [T05].

The Fermi-LAT has now observed the gamma-ray sky
for over 15 years and has released updated source cata-
logs (e.g., 4FGL-DR3 [IOG]E This improved data set is
expected to increase the sensitivity to faint gamma-ray
emission in Milky Way dSphs. This paper presents the
most recent dSph DM search with the Fermi-LAT, in-
corporating a larger dSph sample, a longer Fermi-LAT
exposure, the inclusion of one of the more recent Fermi-
LAT source catalogs (4FGL-DR3), and updated J-factor
measurements and scaling relations.

This paper is organized as follows. In Section [LI] we
present the sample of dSphs and .J-factors used in this
analysis. In Section [[T]] we discuss the Fermi-LAT data
used and the analysis procedure. We present the results
of the analysis in Section [[V] and discuss the capability
of improved detection given additional Fermi-LAT data.
Finally, we conclude in Section [V]

II. SAMPLE SELECTION

The known population of dSphs has expanded rapidly
over the last decade. Since the detection, confirmation,
and measurement of the dSphs require a variety of ob-
servational resources, dSphs can be roughly grouped into
at least four categories based on their observational sta-
tuses. These are i) dSphs with confirmed DM content
and measured J—factors, ii) dSphs with confirmed DM
content but without measured J-factors, iii) confirmed
dSphs without confirmed DM content iv) stellar systems
that are candidates to be dSphs. The first three cate-
gories together constitute the class of “confirmed” dSphs,
while the last category is the set of “probable” or candi-
date dSphs. For the confirmed dSphs with confirmed DM

I Catalogs are publicly available on the HEASARC website,
available at https://heasarc.gsfc.nasa.gov/docs/heasarc/
biblio/pubs/fermi_ycat.html.
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content, the DM content has been inferred directly from
stellar kinematic measurements. In the case of the prob-
able dSphs, the systems do not have measured stellar
kinematics, but have photometric properties consistent
with previously known dSphs. The probable dSphs rep-
resent important new targets for indirect DM searches
with gamma rays.

The sample of dSphs used in this analysis is taken from
the study of Milky Way satellites presented in [60], which
performs a census of dSphs covering ~ 75% of the high-
Galactic-latitude sky. Included in [60] are 57 confirmed
or probable dSphs. We exclude several systems from our
analysis due to the presence of astrophysical gamma-ray
emission and/or dynamical measurements as we describe
in detail here. We exclude the Large and Small Magel-
lanic Clouds due to their extended and complex nature
and the presence of astrophysical gamma-ray emission
which is difficult to disentangle from potential DM con-
tributions (for dedicated studies of these systems, see
[107, 108]). We include several dSphs that lack mea-
sured J-factors, in which case we use predicted J-factors
based on the scaling relations reported in [I05] (see Sec-
tion . There are a few systems where spectroscopic
measurements exist, but indicate particularly low veloc-
ity dispersions and only upper limits on the dispersions
(and thus the J-factors) are obtained. Moreover, the es-
timated J-factors based on the scaling relations for these
systems are inconsistent with the upper limits. Since
the observations provide only upper limits rather than a
resolved J-factor measurement needed for the analysis,
and the estimated J-factors are in conflict with the up-
per limits, these systems are not included in our analysis.
These systems include Hydra II, Segue 2, Triangulum II,
and Tucana IIT [I05, 109]. We also exclude sources that
lie within the 95% confidence radius of a 4FGL source
with an astrophysical counterpart. This criterion affects
only Sculptor, which has coordinates that lie within the
95% confidence radius of a 4FGL source (4FGL J0059.5-
3338) classified based on multiwavelength associations as
a flat-spectrum radio quasar (FSRQ) in the 4FGL-DR3
catalog.

Of the remaining 50 targets, we flag 8 as being “Spe-
cial” cases indicating that they should be considered with
caution as a part of the analysis. Some dSphs in the sam-
ple show evidence of non-equilibrium dynamics and tidal-
stripping and are thus flagged as “Special” cases. These
are Willman 1 [I10] and Bootes IIT [TTT], 112]ﬂ Sagit-
tarius is flagged due in part to its relatively low Galac-
tic latitude (cf. [I4]), likely non-equilibrium dynamical
state [T14], as well as its proximity to a nearby gamma-
ray source. Indeed, the coordinates for Sagittarius lie

a5 just outside the 95% radius of the globular cluster M54

216

217

(4FGL J1855.1-3025), which was first included in 4FGL-
DR3. Recent dedicated studies have presented possible

2 Tucana ITT would also fall into this criteria [76}113], though it has
already been excluded due to the unresolved velocity dispersion.
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scenarios for both DM and millisecond pulsar origins of
the gamma-ray emission in the vicinity of Sagittarius and
the Mb4 globular cluster, though neither explanation has
been confirmed [114] 115]. We cross-matched the sam-
ple with multiwavelength catalogs and flag several dSphs
that lie in the vicinity (< 0.1°) of blazars or blazar candi-
date sources as listed in the BZCat [I16], CRATES [117],
or WIBRaLS [I18] catalogs. However, there is not a
4FGL catalog association to these sources so they are not
excluded from the analysis (as in the case of Sculptor).
The dSphs that are flagged by this criteria are Bootes I,
Crater II, Antlia II, Horologium II, and Virgo I.

We divide the sample of dSphs into subsets for detailed
consideration. These subsets are:

e Measured (30): Only dSphs with measured J-
factors, excluding “Special” cases.

e Benchmark (42): dSphs with measured or esti-
mated J-factors, excluding “Special” cases.

e Inclusive (50): dSphs with measured or estimated
J-factors, including “Special” cases.

These subsamples are also shown in Figure [l The
classification of targets as confirmed or probable dSphs
involves some level of subjectivity. In some instances,
the velocity dispersion of the system may be marginally
resolved and a J-factor measurement can be obtained
despite the inability to conclusively classify the systems
as dSphs (e.g., Grus I [I19, [120], Draco II [121], see
also [105]). On the other hand, systems may have kine-
matic data and properties indicating that they are indeed
dSphs; however, the spectroscopic data are not sufficient
to determine a reliable measured J-factor, or the J-factor
simply has not been determined from the data yet. In
this analysis, we generally adopt the confirmed versus
probable classification from [60], except for Sagittarius
IT which we designate as a ‘probable’ dSph rather than
‘confirmed’ dSph due to recent studies indicating that it
has a relatively low mass-to-light ratio [122]. The sample
of dSphs is listed in Table [, along with relevant prop-
erties. These include several parameters taken from [60]
such as the RA and Dec coordinates used in the anal-
ysis, the derived heliocentric distance, the azimuthally
averaged physical half-light radius (71,2), and the pub-
lished absolute V-band magnitude (My ). Also included
are the J-factor and uncertainty for each dSph, along
with an indicator of whether it is a measured J-factor or
a scaling relation estimate and an indicator of whether it
is considered a confirmed or probable dSph.



(1) (2) 3) (4) ®) (6 (7) (®) (9) (10)

Name R.A. (J2000) Decl. (J2000) Distance ri,; My Olo.s. logi0J £ 0 Method Status
[deg] [deg] kpc)  [pc] [mag] [kms~'] [logioGeV? em~®] [M/K/P] [C/P]
dSphs with Measured J-factors
Aquarius II 338.48 -9.33 108.0 125 -4.4 4.7¢ 17.80 + 0.55* M C
Bootes 11 209.51 12.86 42.0 39 -2.94 2.9¢ 18.30 £+ 0.95¢ M C
Canes Venatici I 202.01 33.55 218.0 338 -8.8 7.6 17.42+0.16 M C
Canes Venatici 11 194.29 34.32 160.0 55  -5.17 4.7 17.82 +0.47 M C
Carina™ 100.41 -50.96 105.0 248  -9.43 6.4 17.83 £ 0.10 M C
Carina II 114.11 -58.0 36.0 7 -4.5 3.4 18.25 £ 0.55 M C
Coma Berenices 186.75 23.91 44.0 57  -4.38 4.7 19.00 +0.35 M C
Draco® 260.07 57.92 76.0 180 -8.71 9.1 18.83 £ 0.12 M C
Draco I 238.17 64.58 22.0 17 -0.8 3.4 18.93 £ 1.54 M P
Eridanus 1T 56.09 -43.53 380.0 158 -7.21 7.1 16.60 + 0.90 M C
Fornax™ 39.96 -34.5 147.0 707 -13.46 10.6 18.09 £0.10 M C
Grus I 344.18 -50.18 120.0 21 -3.47 4.5 16.50 = 0.80 M P
Hercules 247.77 12.79 132.0 120 -5.83 3.9 17.37+0.53 M C
Horologium I 43.88 -54.12 79.0 31 -3.55 5.9 19.00 £ 0.81 M C
Hydrus I 37.39 -79.31 28.0 53 -4.71 2.7° 18.33 4 0.36° M C
Leo I” 152.11 12.31 254.0 226 -11.78 9.0 17.64 £0.13 M C
Leo IT* 168.36 22.15 233.0 165 -9.74 7.4 17.76 £ 0.20 M C
Leo IV 173.24 -0.55 154.0 104 -4.99 3.4 16.40 4+ 1.08 M C
Leo V 172.79 2.22 178.0 39 -4.4 4.9 17.65 £ 0.97 M C
Pegasus 11T 336.1 5.41 215.0 42 -34 7.9 18.30 +0.93 M C
Pisces 11 344.63 5.95 182.0 48 -4.22 4.8 17.30 £ 1.04 M C
Reticulum IT 53.92 -54.05 30.0 31 -3.88 34 18.90 £ 0.38 M C
Sagittarius IT 298.16 -22.07 69.0 32 -5.2 2.7¢ 17.35 + 1.36¢ M P
Segue 1 151.75 16.08 23.0 20 -1.3 3.1 19.12 £ 0.53 M C
Sextans™ 153.26 -1.61 86.0 345  -8.72 7.1 1773 £0.12 M C
Tucana IT 342.98 -58.57 58.0 165 -3.8 7.3 18.97 + 0.54 M C
Tucana IV 0.73 -60.85 48.0 128 -3.5 4.3¢ 18.40 4+ 0.55° M C
Ursa Major 1 158.77 51.95 97.0 151  -5.12 7.3 18.26 £ 0.28 M C
Ursa Major 11 132.87 63.13 32.0 85 -4.25 7.2 19.44 +£0.40 M C
Ursa Minor™ 227.24 67.22 76.0 272 -9.03 9.3 18.75 £0.12 M C
dSphs with Estimated J-factors
Bodtes TV 233.69 43.73 209.0 277  -4.53 - 17.25 + 0.60 P P
Carina IIT 114.63 -57.9 28.0 30 -2.4 5.6 19.70 £ 0.60 K C
Centaurus | 189.59 -40.9 116.0 76 -5.55 - 18.14 £ 0.60 P P
Cetus 1T 19.47 -17.42 30.0 17 0.0 - 19.10 + 0.60 P P
Cetus 11T 31.33 -4.27 251.0 44 -2.5 - 17.30 £ 0.60 P P
Columba I 82.86 -28.01 183.0 98 -4.2 - 17.60 £ 0.60 P P
Grus 11 331.02 -46.44 53.0 92 -3.9 - 18.40 £ 0.60 P P
Phoenix II 355.0 -54.41 83.0 21 -3.3 - 18.30 £ 0.60 P C
Pictor 1 70.95 -50.29 114.0 18 -3.45 - 18.00 £+ 0.60 P P
Pictor I1 101.18 -59.9 46.0 47 -3.2 - 18.83 £ 0.60 P P
Reticulum IIT 56.36 -60.45 92.0 64 -3.3 - 18.20 + 0.60 P P
Tucana V 354.35 -63.27 55.0 16 -1.6 - 18.90 £+ 0.60 P P
Special Cases
Antlia IT 143.89 -36.77 132.0 2301 -9.03 5.79 16.50 £+ 0.60 K C
Bootes 1 210.02 14.51 66.0 160 -6.02 4.9 18.17 £ 0.30 M C
Bootes I1T 209.3 26.8 47.0 289  -5.75 - 18.65 + 0.60 P C
Crater 11 177.31 -18.41 117.5 1066 -8.2 2.7" 15.35 + 0.264 M C
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Horologium I 49.11 -50.05 78.0 33 -2.6 - 18.40 £+ 0.60 P P
Sagittarius™ 283.83 -30.55 26.7 1565 -13.5 - 19.60 % 0.20° M C
Virgo I 180.04 -0.68 91.0 30 -0.33 - 18.10 £ 0.60 P P
Willman 1 162.34 51.05 38.0 20 -2.53 4.5 19.53 £ 0.50 M C

TABLE I: Properties of the 50 dSphs used in this analysis. Asterisks (*) denote ‘classical’ dSphs. The first section lists the
30 dSphs that have measured J-factors and constitute the Measured sample. The second section lists an additional 12 dSphs
that have only J-factor estimates and together with the Measured section constitute the Benchmark sample. The third section
lists the Special cases. The Inclusive sample comprises all dSphs listed in the table. Column descriptions: (1) source name
(2) right ascension (3) declination (4) heliocentric distance (5) half-light radius (6) absolute V-band magnitude (7) J-factor
(8) log-uncertainty on the J-factor (9) method used to determine the J-factor (10) classification status as a confirmed (C) vs
probable (P) dSph. The J-factor methods are either to adopt the measured J-factors from [I05] whenever available (M =
Measured) or estimate them using the kinematic scaling relation (K = Kinematic, Eq. [3) or photometric scaling relation (P =
Photometric, Eq. derived in [I05]. For J-factors predicted from scaling relations we assume an error of 0.6 dex. Columns
references: (2-6) [60], (8,9) [105] unless indicated by a footnote: (a) [123]; (b) [RI]; (c) [122]; (d) [124]; (e) [125]; (f) [126]; (g)
[951; () [127]; (i) [L14).

A. Astrophysical J-Factors o with an integration angle of 0.5° reported in [105]. For
o some dSphs, the J-factors were not included in [105]

The gamma-ray flux from DM annihilation is directly 27 and updated measurements are available in the litera-
proportional to the astrophysical J-factor (see Equation 2 ture, in which case those J-factor measurements are used
[1). Thus, the derived constraints rely on reliable mea- 27 (see Table [I| for detailed references). For dSphs where
surements or estimations of this value and characteri- 7 10 measured J-factor is available we employ the spec-
zation of its uncertainties. In this analysis, we primar- 27 troscopic and photometric scaling relations presented in
ily use the measured J-factor values and uncertainties 27 [105]. These take the form:

J

. . J(O5O) 17.87 Ol.o.s * d - T1/2 o
K tic: —— 72— 10" 3
Inematic GoVeem—5 5kms ! 100kpc 100 pc (3)
. J(0-5O) 18.17 Ly n d - "1/2 o
Phot tric: ——2—=10"% 4
otometric GoV2om—5 104 L, 100 kpc 100 pc (4)

(

@

where d is the distance in kpc, o1 is the line of sight s stellar kinematics. However, those relations were based
velocity dispersion in km s™!, s2 is the half-light ra- s solely on distance, whereas the improved scaling relations
dius in pc, and Ly is the V-band luminosity in units s used here offer a more reliable estimate of the J-factor
of solar luminosity (Lg). Values for the distances and sos [105].

relevant spectroscopic and photometric parameters that
define the scaling relations are taken from [60]. If there
is not a measured J-factor, but spectroscopic data are
available, the kinematic scaling relation (Equation [3|) is
preferred over the photometric scaling relation (Equation
4). For dSphs without available kinematic data, we use
the photometric relation to estimate the J-factor. In all
instances where estimated J-factors are used we adopt an
uncertainty of 0.6 dex. This is an assumed value intended
to represent the expected measurement uncertainty on
the J-factors after kinematic observations. The value of
0.6 dex is only slightly higher than the mean uncertainty
of the measured dSphs (~ 0.5 dex), and is the nominal
value used in [I4], allowing for closer comparison with the
results of that work. The J-factors used in this analysis
for each dSph are shown in Figure [I} and are also listed
in Table[l Previous works such as [I4] also used a scaling
relation to derive J-factors for targets lacking measured

307 III. FERMI-LAT DATA ANALYSIS

w8 This analysis uses 14.3 years of Fermi-LAT data taken
between August 4, 2008 and December 1, 2022 in the 500
a0 MeV - 1 TeV energy range and selecting photons from
the PSR3_SOURCE_V3 class. The analysis is performed
using fermipy (v1.2) [128], which utilizes the underlying
Fermitools (v2.2.0). The gamma-ray data analysis pro-
s1e cedure is similar to previous Fermi-LAT dSphs studies
as (e.g. [I0HIZ] 14, 17]). The Galactic diffuse emission is
a1 modeled using the standard interstellar emission model
s (gll_iem_v07.fits) and the emission from point and ex-
a1s tended sources is modeled using the 4FGL-DR3 catalog
s (gll_psc_v29.fits) [106] [129]. We perform the analysis
in eight logarithmically spaced energy bins per decade
with a spatial pixel size of 0.08°. To reduce contamina-
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FIG. 1. J-factors and uncertainties for all 50 dSphs considered in this work. Marker shapes and colors indicate whether the
J-factor is determined by measurement (blue circles), the kinematic scaling relation of Equation |3| (green squares), or the
photometric scaling relation of Equation 4| (orange triangles). The special cases are outlined in red. Also indicated in this

figure are the different subsets into which each dSph falls.

322 tion from photons generated from the Earth’s limb, we
33 use a maximum zenith angle of 100°. Data from the four
s2¢ Fermi-LAT point spread function (PSF) event types are
s combined in a joint likelihood fit, and the correspond-
26 ing isotropic spectrum for each PSF type are used (i.e.,
2 150 P8R3_.SOURCE_V3_PSF{i}_v1, for i ranging from 0
»s t0 3). For each target coordinate, we define a 10° x 10°
20 region of interest (ROI), and in order to account for pho-
a0 ton leakage from sources outside of the ROI due to the
s PSE of the detector, the model includes all 4FGL-DR3
s sources within a 15° x 15° region. The energy disper-
a33 sion correction (edisp_bins=-1) is enabled for all sources
3 except the isotropic component. The spectral parame-
s ters of the Galactic diffuse component (index and nor-
136 malization) and the normalization of the isotropic com-
37 ponent are left free to vary as are the normalizations of
s all 4FGL sources with a test statistic (TS) value of TS
30 > 25 that are within 5° of the ROI center, and sources
a0 with TS > 500 and within 7°. The TS is defined as TS
s = 2log(L/Ly)), where Ly and L are the likelihood for the
s null (i.e., no source present) and alternative hypotheses.
s The target source is initially modeled as a point source
as with power law energy spectrum and with the normal-
us ization and index free to vary. While we assume a point-
us source model as has been done in some of the previous
sr dSph analyses [I4] [I7], we also note that some of the
us dSphs have extensions that could be resolved by Fermi-
a9 LAT. Studies of the effects of the dSph extensions on DM
ss0 limits have been performed [10, 25]. In particular, [25]
found that the extension of the dSphs could weaken lim-
its on the DM parameter space by a factor of 1.5—1.8 for
a combined dSph analysis. These effects must be consid-
ered when discussing constraints derived in this analysis,
e.g. regarding potential tensions with the DM interpre-

351

352

353

354

355

36 tations of the GCE. Additional sources in the ROI are
ss7 found using fermipy’s find_sources() function and are
sss included in the model if they have TS > 16. In some in-
30 stances, different ROIs overlap significantly due to small
w0 separation between dSph coordinates. To investigate the
31 impact of this we consider Carina II and Carina III, which
32 are the two targets in our sample with the smallest sepa-
33 ration of ~ 0.3°. We fit the ROI with the normalizations
34 Of the two sources and the Galactic diffuse free to vary
s and find the correlation between the normalizations of
s Carina II and Carina III to be -0.16, indicating they are
37 not highly correlated.

ws  After the analysis procedure described above, the spec-
se0 tral energy distribution (SED) for each dSph is calculated
s by performing a fit in each energy bin using the fermipy
sn sed() function. The fit in each energy bin assumes a
sz power-law index of 2, and the diffuse background normal-
a3 izations are left free to vary. The calculation of the SED
s yields a likelihood profile, £(d®,/dE, E), as a function
ws of energy E and differential gamma-ray flux, d®,/dE.
s Using the likelihood profile in flux—energy space, a pro-
a7 file can be computed for any given spectral model. To
compute the likelihood as a function of DM mass and
cross section, we perform the conversion:
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HUERISES o by 6
E;

s0 where the sum is performed over the individual energy
bins. d®, /dE is the differential flux for the DM model

under consideration where the DM annihilation spectrum
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(dN/dE of Equation 1)) is provided by PPPC4DME| [130].
The TS value for a given mass and cross-section pair is
given by

where Ly is the null likelihood (i.e., no source
present). We construct TS profiles over the mass range
1 < M,/GeV < 10* and cross-sections 10728 <
{(ov) /(em3s~™1) < 10722, which covers the relevant range
of parameter space for GeV-TeV scale thermal relic
WIMP DM as well as the constraining capability of
Fermi-LAT observations (see e.g. [131]). When con-
verting the Poissonian likelihood in flux—energy space to
(ov) — M,,, we also account for the uncertainty in the J-
factor by multiplying the Fermi-LAT likelihood function
with a J-factor likelihood function, £;. The J-factor
likelihood function takes the form of a Gaussian in log J
with width o,

L ((ov) , My)

TS((ov),M,) =2 [ I

(6)

1
T In(10)v/270 s Jops
logyo(J) — logyo(Jobs) ?
X exp l—( 0 NG 0 ) ] , (7)

where J,p is the J-factor value determined either by di-
rect measurement or estimated from scaling relations (cf.

L;(J)

a1 [ITA)). This is the same J-factor likelihood that has been
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adopted in some previous DM studies using Fermi-LAT
data [I1}, 14} [I7]. Once the likelihood profile in (ov) — M,
space for each individual dSph is obtained, we sum the
individual profiles to obtain the likelihood for the full
sample, i.e., the “combined” TS profile.

To quantify the detection significance, we run an anal-
ysis on “blank field” regions of the sky in which there are
no known or potential gamma-ray sources based on the
spatial coincidence with the Fermi-LAT and multiwave-
length catalogs. The blank-field analysis is used in order
to calibrate the null TS distribution and closely follows
the procedure of previous Fermi-LAT studies [10} 111 [T4].
This enables us to account for background effects due to
undetected sources in the Fermi-LAT data and imper-
fect modeling of the diffuse background emission. The
blank-field regions are randomly selected at high Galac-
tic latitudes (|b] > 15°) consistent with the distribution
of our dSph sample and are subjected to the same selec-
tion criteria applied to the dSph targets: i.e., the cen-
tral coordinates must not fall within the 95% radius of
4FGL-DR3 sources and they must be separated by > 0.1°
from any sources in the BZCat, CRATES, and WIBRaLS
catalogs (see Section in order to minimize potential
impacts to unresolved gamma-ray populations [132]. In
total, we analyze 1,000 blank fields. Sets of combined

3 http://www.marcocirelli.net/PPPC4DMID.html
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blank fields can then be obtained by selecting randomly
and without replacement from the pool of 1,000 a set
of analyzed fields of an equal number to the sample un-
der consideration (e.g., 42 for the Benchmark sample).
The likelihoods are then added together to calculate the
TS value for the combined blank fields. This process is
then repeated for 10,000 iterations to construct a sample
of combined blank fields. The likelihood profiles for the
dSphs and the set of high-Galactic-latitude blank sky lo-
cations in both flux—energy space as well as (ov) — M,
space are available for download

In Figure [2] we show the distribution of maximum TS
values of each combined blank field set across the full
mass and cross section range for all annihilation chan-
nels considered (i.e., bb and 7F77). Note that the TS
distribution is specific to the sample size (i.e., Measured,
Benchmark, and Inclusive sets). These TS distributions
are utilized as the null distribution when determining
global p-values and significances of the combined dSph
samples, and to account for the trials factor due to test-
ing different annihilation channels and mass values. In
an idealized scenario, the TS distribution of the null hy-
pothesis (i.e., the blank-fields) should follow a Poisso-
nian distribution and the asymptotic behavior of Cher-
noft’s theorem [133] should hold, yielding a distribution
compatible with a x?/2 distribution for two degrees of
freedom in mass and cross-section. However, as can be
seen in Figure [2] there is significant deviation of the ob-
served TS values from the x?/2 distribution. This has
consistently been observed in previous works [10} 111 20],
and is typically attributed to mismodeled diffuse back-
grounds and/or the presence of unresolved gamma-ray
sources [132]. For the individual fields we observe similar
deviation from the x?/2 distribution as in previous stud-
ies, and note that for the combined blank fields the TS
distribution varies based on the sample size and J-factors
used. Given the deviation from statistical expectations,
it is critical to use the blank-field distribution in order to
calibrate the significance of any observed signal from the
dSphs.

IV. RESULTS

A. Individual dSph Analysis

In this study, we consider annihilation channels into
bb and 77~ final states. Upper limits from a wider se-
lection of channels are included in Appendix [A] and can
be further investigated using the publicly available data
and code released alongside this analysis. The bb and
7777 are of primary focus because they bracket most of

4 https://figshare.com/articles/dataset/24058650/1| or alter-
natively the Fermi Collaboration public data repository
https://www-glast.stanford.edu/pub_data/1841/|
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the supersymmetry model space [134] and have histori-
cally been taken to be representative annihilation chan-
nels. Furthermore, annihilation through these channels
has been shown to be compatible with the GCE — par-
ticularly in the case of bb final states. The 777~ channel
is also of particular interest in DM studies performed
by atmospheric or water Cherenkov telescopes such as
H.E.S.S., MAGIC, VERITAS, HAWC, or the upcoming
Cherenkov Telescope Array, as they are particularly sen-
sitive to the harder photon spectra produced (see e.g.,
[135H140]). Electroweak corrections for the 77~ channel
are accounted for in the annihilation spectrum as imple-
mented in the PPPC4DM. The electroweak corrections
for the quark channels are negligible for the energy range
considered in this work [I41], and we do not account for
them in the bb channel.

In the individual analysis of the dSphs no individual
targets reach the typical T'S benchmark of T'S > 25 used
by the Fermi-LAT Collaboration to designate a detection
as significant. In order to quantify the significance of the
signal from individual dSphs we compare these results
with the analysis of the individual blank fields. In Figure

407 [3, we show the maximum TS over all cross-section values
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as a function of the DM mass for the individual dSphs,
compared with the 97.5% and 84% containment bands of
the individual blank fields. Seven of the dSphs exhibit ex-
cesses with local significance > 2 ¢ for both annihilation
channels (Bootes III, Hercules, and Ursa Minor all have
local significance ~ 2.1 ¢ for the 777~ channel only). Of
these seven dSphs, Tucana II, Willman 1, Reticulum II,
Horologium IT and Bootes I were also reported as among
the highest detection significance sources in the analysis
of [I7]. Interestingly, the individual fields with higher
TS tend to also have relatively large J-factors. In fact,
Carina III and Willman 1 have the two largest J-factors
of all the dSphs (neglecting upper limits), and Tucana
II and Reticulum II have the ninth and twelfth largest.
Figure [4 shows the flux upper limits for the dSphs com-
pared to their J-factor values, as well as the bands for
the 68% and 95% containment bands for the individual
blank-fields. We highlight in this figure the dSphs with
local significances > 2 ¢ in both channels, which tend to-
ward higher flux upper limits and J-factors. However,
we note that these dSphs do not always have their local
significances peak at consistent DM masses, which would
be expected in the case that each local excess could be
attributed to a purely DM induced signal.

The largest excess is for Reticulum II, with a local
significance peak in the mass range 290 < M, /GeV <
588 (27 < M, /GeV < 70) for the bb (77 77) annihilation
channel, and at these masses the TS exceeds all of the
blank fields. The marginal excess in Reticulum II has
been observed in a number of previous studies [12, [I7,
142] 143]. Ref. [17] finds a local significance of 2.6 —
2.80 over a similar range of masses as this study for
each channel, while [12] [142] 143] found local excesses
ranging from 2.4—3.2 0. These latter works found masses
typically lower than observed in this analysis, though still
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compatible in the case of [12] [142], while Ref [143] only
reported results for testing a GCE motivated DM model
of a 49 GeV WIMP annihilating through the bb channel.
We also note that these works were performed using older
Fermi catalogs (3FGL), older diffuse models, and about
half the Fermi exposure used in this analysis.

The global significance of the individual dSphs is deter-
mined relative to the distribution of the blank-field anal-
ysis. Specifically, the distribution of TS values of the in-
dividual blank fields over all masses and cross sections is
treated as the null distribution. We then obtain a p-value
from this distribution at the TS value of the local signif-
icance peak for the dSphs, which is converted to a signif-
icance assuming a one-tailed standard normal distribu-
tion. In this way, our global significance includes a trials
factor for the fact that we have searched over a range of
masses and annihilation channels. From these we obtain
for the bb channel Pgiobal = 0.016 (2.10) for Reticulum
II. We also note Hydrus I and Horologium II, which have
peak TS values of 10.3 and 10.8, and corresponding global
significances of ~ 2.2 ¢, though their maximum local sig-
nificances are lower than that of Reticulum II. This is due
to the broader TS distribution of the blank fields at the
lower masses that are best fit to Hydrus I and Horologium
I1. Additionally, Horologium II was flagged (see Section
due to spatial coincidence (~ 0.02° separation) with
a blazar candidate in the WIBRaLS catalog, which may
be a contaminating source of gamma-ray emission for this
target. We note that the J-factor and uncertainty do not
affect the individual detection significance; however, they
do affect the DM interpretation and the significance of
the combined results. Table [Il summarizes the results
for the individual dSphs, including the DM mass with
the highest local significance and the corresponding local
and global p-values and significances for the dSphs with a
local significance > 2 ¢ for both bb and 77~ annihilation
channels. We also show in Table |Llj the quantity psampie,
which is the p-value after applying a trials factor penalty
due to observing 50 different dSphs. This is calculated
as Psample = 1- (1 - pglobal)NdSphS where NdSphs = 50
is the total number of dSphs analyzed [14, [144]. Given
the relatively large number of dSphs, the application of
this additional trials factor greatly reduces the overall
significance for each dSph determined by psampie-

B. Combined dSph Analysis

In the combined likelihood analysis of the dSphs, we
sum the likelihood profiles of all dSphs in a given sam-
ple to determine the combined signal. The maximal TS
values of each sample are not found to be significant
when compared with the global TS distributions. The
Measured sample which contains only dSphs with mea-
sured J-factors does not exhibit any local excesses over
the mass range considered for either annihilation channel,
with local significance < 2 o throughout. However, in the
Benchmark and Inclusive samples we find that the dSphs
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M, Dlocal Dglobal Dsample
[GeV]
bb
Bobtes 1T 2285 1.3x107% (2.20) 81x 1072 (1.40) 0.97 (=1.90)
Carina IIT 366.5 2.1 x1072 (2.00) 1.1x107' (1.20) 0.99 (-2.50)
Horologium IT 8.4 5.0x 1072 (2.60) 1.3x 1072 (2.20) 0.50 (=0.00)
Hydrus I 84 40x107%(2.70) 12x107%(2.20) 0.50 (—0.00)
Reticulum IT 2894 < 107% (>30) 1.6x1072(2.10) 0.57 (=0.20)
Tucana 11 134 9.9x1072 (230) 28x107% (1.90) 0.73 (-0.60)
Willman 1 2285 2.0x107% (2.90) 3.3x 1072 (1.80) 0.76 (=0.70)
Tt

Boétes 11 134 1.6x1072 (2.10) 59x107% (1.60) 0.97 (—1.90)
Carina 111 438 12x107%2(2.30) 83x1072 (1.40) 0.99 (—2.50)
Horologium IT 2.6 < 107% (>30) 7.9x107% (240) 0.36 (0.40)
Hydrus I 2.6 40x107% (2.70) 1.7x107% (2.10) 0.57 (—0.20)
Reticulum IT 273 < 107® (>30) 22x1072 (2.00) 0.68 (—0.50)
Tucana IT 52 6.9x107% (2.50) 1.4x 1072 (2.20) 0.50 (—0.00)
Willman 1 438 <107®(>30) 3.6x1072(1.80) 0.88 (—1.20)

TABLE II. DM mass and local and global p values (and significances) of individual dSphs with local signifcances > 2 ¢ for both

annihilation channels.
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FIG. 2. TS distribution for combined blank fields corresponding to each of our sub samples.

For reference, we show the

distribution of x?/2 with two degrees of freedom, as well as vertical lines comparing the TS value corresponding to 3¢ for the
Chernoff’s theorem approach (red-dashed) vs the empirical method used in this analysis (blue-dashed) for a given subsample.

exhibit marginal excesses relative to the background over
some region of the (ov) — M, space for both bb and 777~
annihilation channels. In the top panel of Figure [5] we
show the TS profile as a function of the mass for the com-
bined samples. The shaded regions represent the 97.5%
containment of the combined blank fields. We see that

see the Benchmark and Inclusive subsamples reach or exceed
sos the background level above the 97.5% containment over
se6 some portion of the mass range whereas the Measured
so7 sample does not. The disparity between the Measured
sos sample and the other two samples can be attributed to
so0 the absence of some high TS dSphs from the Measured
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FIG. 4. Flux (left) and cross section (right) upper limits vs J-factor for the individual dSphs. The upper limits on cross-
section are calculated assuming M, = 100 GeV and bb annihilation channel. The dSphs with local significances > 2 o for both
annihilation channels are are outlined in black and labeled. Colors and shapes are defined the same as Figure [I} except that
Special cases are not highlighted here for visual clarity. Error bars are not shown for the dSphs without measured J-factors

where an uncertainty of 0.6 dex is assumed.

oo sample. For instance, the difference between the Mea-
sor sured and Benchmark sample at M, ~ 200 GeV for the
sz bb channel is almost entirely due to the exclusion of Ca-
603 rina IIT from the Measured sample. To directly quan-
s tify the excesses relative to background for each subsam-
s ple, we show the confidence intervals as a function of the
s DM mass in the lower panel of Figure 5] The horizontal
eo7 lines indicate the corresponding significance levels assum-

ing a one-tailed standard normal distribution. Since we
are comparing the TS of the dSph samples with the TS
distribution of the combined blank fields at a specified
mass, these values represent the local significance. In our
612 Benchmark sample we observe an excess relative to the
e13 background for the bb (777) annihilation channel at a
s local significance of 2.00 (2.00) with a mass of 180.5
o5 GeV (43.8 GeV) for the Benchmark sample. While this
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bb Tt
M, Plocal Dglobal M, Plocal Dglobal
[GeV] [GeV]
Measured 84 96x1072 (1.30) 2.0x107* (0.90) | 10.6 9.6x 1072 (1.30) 3.2x 107! (0.50)
Benchmark 180.5 2.1 x 1072 (2.00) 3.1x 107! (0.50) | 43.8 23 x 1072 (2.00) 4.2x 107! (0.20)
Inclusive  366.5 9.0x107* (3.10) 1.1x107' (1.20) | 43.8 1.1x107% (3.10) 1.3x 107" (1.10)

TABLE III. DM mass and local and global p values (and significance) for each sample at the local significance peak.

does not constitute a significant detection, it is an inter-
esting result and motivates future studies with more data
and larger sample sizes. For the Inclusive sample, which
comprises all confirmed and probable dSphs including the
“Special” cases, the local significance peaks at a mass of
289.4 GeV (43.8GeV) with a local significance of 3.10
(3.10). However, as noted in Section [LI} the results from
the Inclusive set should be considered with caution. This
set includes some sources that may be contaminated by
other astrophysical gamma-ray sources due to their spa-
tial coincidence with sources in multiwavelength catalogs
(e.g. blazars and blazar candidates). In contrast, the
blank field set excludes fields that are spatially coinci-
dent with multiwavelength catalog sources, which occurs
at rate of about ~ 2% for the random uniform sampling
at |b] > 15°.

While the local excesses above background are interest-
ing, we must also consider the effect of scanning over sev-
eral mass values and testing multiple annihilation chan-
nels — i.e., the “look elsewhere” effect. This is accounted
for by comparing the TS at the peak of the local signif-
icance of the combined dSph samples with the relevant
TS distribution as shown in Figure [2] which yields the
global p-values and significances accounting for the mass
and annihilation channel trials. For the bb annihilation
channel, we find global p-values of 2.0 x 107! (0.9¢),
3.1x1071 (0.50),and 1.1x107! (1.2 o) for the Measured,
Benchmark, and Inclusive subsets, respectively. Similar
values are found for the 777~ channel. The results for
each subsample and annihilation channel are summarized
in Table [T} When accounting for the extra trials due to
testing an ensemble of different masses and annihilation
channels, the global significances drop to < 1o.

We note that in general the peak of the local signifi-
cance does not necessarily correspond to the overall peak
of the TS, due to the mass-dependent TS profile of both
the combined dSphs and blank-fields. For example, in
the Benchmark sample there is a peak in the TS pro-
file at M, ~ 10 GeV for the bb annihilation channel.
This low-mass peak has a lower local significance than
that found at ~ 180 GeV, as can be seen by compari-
son with the 97.5% containment band of the combined
blank fields in Figure [5} top. The presence of the low-
mass peak is consistent with background within < 2o
local significance and appears to be due in particular to
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Hydrus I and Tucana II, which exhibit TS peaks at rel-
atively low mass values (see Figure |3). Similar low-mass
TS peaks are also observed in the blank fields. In part,
these peaks in the joint likelihood analysis are a prod-
uct of the uncertainty in the J-factor. Increases in the
assumed J-factor uncertainty tend to amplify these low-
mass TS values, while decreased uncertainties tend to
mitigate them. This can have noticeable impacts on the
global significance, however the effect on the local signif-
icance is minor. In the extreme limiting case where the
J-factor prior is not applied (i.e., no uncertainty), this
low-mass peak in the combined sample does not exist.
They are also likely influenced by the greater systematic
uncertainty at low energies. In Appendix [B] we consider
the possibility that the low-mass T'S peaks are connected
to background fluctuations amplified by the J-factor un-
certainty. To do this, we perform a weighted likelihood
analysis following the approach used for the 4FGL cata-
logs [129].

C. Dark Matter Constraints

Given the lack of a significant detection from the sam-
ple of dSphs, we derive upper limits on the DM cross-
section. The upper limits are obtained using the “delta-
log-likelihood” approach, where the limit at each mass
is set at the cross section for which the TS decreases by
2.71 (i.e. 2Alog £ = —2.71) [10, 11]. Figure [f]shows the
constraints derived in this analysis for each annihilation
channel compared with previous results. Specifically, the
top row compares the upper limits from the Measured
sample with the limits from [I1], which similary used only
dSphs with measured J-factors. The lower panels show
the upper limits derived from the Benchmark sample in
comparison with previous constraints from [I4] and [I7].
The limit from the Inclusive sample is qualitatively simi-
lar and provides effectively the same constraining power,
so for visual clarity we do not include it in the plot. Also
shown in each panel are a selection of best-fit models for
the GCE from [I7, [46H49], 51]. The constraints from the
Measured sample are comparable to those of [11] for DM
masses < 1 — 2 TeV and < 100 — 200 GeV for the bb
and 777~ annihilation channels respectively, after which
there is slight improvement from the Measured sample.
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703 For the Benchmark sample, the limits slightly improve 77 spectrum, the GCE models are still compatible with the
7« upon those presented in [14] and [I7] at masses between 7s dSphs limits.
s 20 — 100 GeV for the bb channel and < 1 TeV for the

26 777~ channel. Otherwise they are very similar, with the
707 exception of being slightly weaker than the limits from 7o
w8 [17] at M, > 1 TeV in the 777~ channel. This analysis 7o
700 has further constrained the DM parameters space rela-
no tive to previous results and is similarly in tension with .,

D. Projections for Future Dark Matter Searches
with the Fermi-LAT

. 1 Here we present a brief discussion of sensitivity pro-
= several models proposed as possible explanations of the ., jections for future dSph studies in light of the results

n2 GCE. Despite the tension between the dSphs limits and ,,; presented in this manuscript. Overall, the total sensi-
n3 the GCE models, these updated constraints are not strin- ,,, tivity improvements of future dSph studies are impacted
ns gent enough to confidently rule out the GCE models. In 5 by additional data obtained from Fermi-LAT observa-
ns particular, when considering the uncertainties in the DM, tions, potential increases in the target sample from opti-
7o density profile of the GC and the systematics of the GCE ,,; cal sky surveys (e.g., using DECam and Rubin) as well
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as improved measurements of the astrophysical J-factor
for currently known and/or newly discovered satellites
achieved with improved stellar kinematic studies.

Ref. [131] provides a general discussion of the impacts
these factors can have on projected sensitivity. For ad-
ditional observing time, sensitivity improvements scale
as 1/+/t for background limited DM searches or 1/t for
signal limited searches. As detailed in [I31], whether
the dSph analysis falls under the background-limited or
signal-limited regime depends to some extent on the DM
annihilation spectrum (and by proxy the DM mass and
annihilation channel), and is better described by a mix-
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ture of the two regimes. However for a conservative es-
timate, we adopt the 1/v/t scaling. Accounting for a
potential increase in the number of dSphs analyzed in
the sample is a more complicated and uncertain process.
For the purposes of this estimate, we assume that the in-
crease in sensitivity scales with increases of the sample in
the same manner determined in [I31]. However, the ac-
tual improvement in the sensitivity would be dependent
on the J-factors and distances of the additional targets,
which are unknown and may differ from the values of the
known dSphs.

We show the improvement in sensitivity of our analy-
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sis compared to the previous analyses of [I1], [14] in the
left panel of Figure [7] This is illustrated by compar-
ing the median of the blank-fields from those works with
the median of the blank-fields from the Measured and
Benchmark samples of our analysis. We also show the
predicted sensitivities of [I31] based on 15 total years of
Fermi-LAT exposure and increased dSph sample sizes. It
is evident from this figure that the additional exposure
and larger dSph sample in our analysis has yielded im-
proved sensitivity and that the improvement in sensitiv-
ity is generally compatible with expectations from [I3T].
For masses 2 200 GeV, the sensitivity of the blank fields
corresponding to the Measured sample is nearly identi-
cal to the predictions for a 30 dSph sample and 15 years
of exposure presented in [I31], although the lower mass
sensitivity has not improved as projected. The sensitiv-
ity limits provided by the blank fields corresponding to
the Benchmark sample are similar above 2 200 GeV to
the projections from [131] for a sample size of 60 dSphs.
The right panel of Figure [7] shows the projected im-
provement in the local signal significance assuming a bb
annihilation channel for the Benchmark sample with ad-
ditional Fermi-LAT exposure and various increases in the
number of dSphs. Signal improvements are projected
assuming that the significance improves with time as
s o« v/t, and scales with additional dSphs as presented
in Ref. [I31] for the bb channel. As noted above, the ob-
served sensitivity improvement in this analysis is consis-
tent with the expectations from [I3I] for higher masses,
but deviates substantially at lower masses. Therefore,
while adopting the sensitivity scaling of [I31] is well-
supported for our peak TS mass range (150 — 230 GeV),
this assumption can not be reliably applied at lower
masses. For our Benchmark sample of dSphs, we found
a 2.0 o local significance relative to background (Sec ,
corresponding to 0.5 o global significance when including
the trials factor for testing different masses and annihila-
tion channels. From Figure (7| we see that in order to ob-
tain a 5 o local significance detection within an additional
10 years of Fermi-LAT observations would require an in-
crease in the known dSph population of about 65 dSphs
(or ~ 35 for 40). In terms of the global significance, in-
creases of 65 and 35 dSphs with an additional 10 years of
Fermi-LAT data would yield global significances of 1.2 ¢
and 1o respectively. These increases in the dSph sample
are possible given the results of ongoing dSph searches
(e.g., [84] 86, BT, 145]), as well as the upcoming Rubin
Legacy Survey of Space and Time [146]. Thus, combining
additional Fermi-LAT observations with the anticipated
increases in the known dSph population can offer the op-
portunity to potentially achieve a statistically significant
detection of these systems within a feasible timeline.

V. CONCLUSION

In this work, we have analyzed a sample of Milky Way
satellite dSphs with 14.3 years of Fermi-LAT data to
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search for a gamma-ray signal from annihilating DM. No
significant (e.g., TS > 25; > 50) detection is made for
any dSph individually or through the joint analysis of
the dSph subsamples. However, while we do not find any
significant detections from the individual dSphs, seven
dSphs have excesses relative to background at a local sig-
nificance level of > 2 ¢ for both annihilation channels, al-
though accounting for trials factors yields smaller global
significances of roughly < 2¢. The most significant local
excess is for Reticulum II with a local significance > 3¢
(~ 20 global) at masses of 290 < M, /GeV < 588 for the
bb annihilation channel and 27 < M, /GeV < 70 for the
7F7~ annihilation channel. Other dSphs with the high-
est local significance include Willman 1, Horologium II
and Hydrus 1. A joint likelihood analysis is used to de-
termine the DM annihilation signal from the full sample.
Noting that there is uncertainty in the DM content of
some of the targets, we consider three subsets of the full
sample. Qualitatively, limits from each sample are fairly
similar. We place updated constraints on the M, — (ov)
parameter space that provide mostly consistent, though
slightly tighter, restrictions relative to other recent stud-
ies of dSphs [I1], 14, 17]. Thus, the Fermi-LAT results
remain among the most constraining probes of WIMP
DM to date. Furthermore, as in some previous works,
the new constraints are in tension with DM models that
have been proposed as potential origins for the GCE [46}-
19, [52].

While a significant signal is not found in this work,
we observe a ~ 20 local (0.50 global) excess relative to
the the background estimated from blank-field regions
at a DM mass of M, = 150 — 230 GeV for bb annihila-
tion and ~ 20 (0.20 global) at M, =30 — 50 GeV for
777~ in the Benchmark sample. Some analyses have in-
dicated that a 100 — 200 GeV DM particle annihilating
to quarks may be a viable candidate to explain the GCE
[51], which would be consistent with the observed excess
in the dSphs. However, the global significance of this ex-
cess is < 1 o once the trials factor from scanning multiple
masses and channels in our search is accounted for. The
public release of the dSph likelihood profiles will enable
further testing of various DM models. Additionally, sub-
sequent studies incorporating other relevant properties
of the dSphs such as their spatial extension (e.g., [25])
may also provide further insight into the possible DM
annihilation from the dSphs.

The improved sensitivity of our search relative to pre-
vious searches is an encouraging sign that future stud-
ies may improve upon these results with the addition of
newly detected Milky Ways dSphs that may be discov-
ered by optical sky surveys, as well as additional observa-
tional data acquired by the Fermi-LAT. We estimate that
the signal significance could approach the 5o local (1.2¢0
global) significance level with an additional 10 — 15 years
of Fermi-LAT data and the discovery of 50-65 dSphs, or
a 4o (1o global) level in a similar ~ 10 year time frame
with a more modest increase of ~ 35 additional dSphs.
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Appendix A: Cross-section Upper Limits for
Additional Annihilation Channels

In Figure[§] we present the upper limits from each sub-
set of dSphs assuming an expanded set of annihilation
channels. In addition to the bb and 777~ channels dis-
cussed in the main text of the paper we also include upper
limits for the ete™, ptu~=, qq, cc, tt, WrW—, Z°Z°, gg,
and hh channels. Light quarks (u, d, s) are denoted by ¢
and h is the Standard Model Higgs boson. For all cases
we have derived the limits using the Measured, Bench-
mark and Inclusive samples of dSphs.

Appendix B: Weighted Likelihood Analysis

As can be seen in Figures [3] and [5] the effect of back-
ground fluctuations amplified by the J-factor uncertainty
can produce relatively large TS at low masses. This may
in part be attributable to systematic uncertainties in the
diffuse model around the target that are particularly im-
pactful at lower energies (and thus, lower DM masses).
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the samples considered in this work. The grey horizontal line is the thermal relic cross-section from [54].



o In compiling the latest Fermi catalogs (i.e., 4FGL and
o3 later) a weighted log-likelihood method is implemented
o4 to mitigate these effects. We therefore also implement
o5 the weighted likelihood method on our analysis of the
o dSphs and blank fields in order to investigate the effects
o7 of these systematics. Specifically, what contribution to
o8 the low-mass TS peaks may be attributable to systemat-
o2 ics of the diffuse model. The procedure for this is exactly
o0 the same as our standard analysis, however we use the
likelihood weighting as applied in the 4FGL catalog (see
o2 Appendix B of Ref. [129]), including adopting the value
o3 for the systematic error level of € = 3%.
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o Figure[J shows the comparison in the TS vs DM mass
o35 profiles between the standard likelihood analysis and the
weighted likelihood analysis for individual dSphs as well
owr as for the combined samples. Indeed, the weighted like-
s lihood approach does mitigate to some extent the low-
039 mass peaks, indicating that the relatively large TS val-
a0 ues at low masses are at least somewhat attributable to
s background systematics. The same effect is also observed
a2 for the blank fields. Figure shows the TS profile as
a3 a function of mass for the subsamples compared with
aa the blank fields analyzed using the weighted likelihood
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method. Comparing with Figure [5| demonstrates the de-
crease in the blank field distribution at low masses as
well as the dSph samples. Since the global significances
are determined relative to the maximal TS values for all
masses and channels, the decrease of the low-mass peak
in the blank fields yields a slightly improved global sig-
nificance for local excesses at masses where the effects of
the weighted likelihood are not as prominent (e.g. the
global significance for the Benchmark sample at the lo-
cal significance peak improves from 0.50 to ~ 0.70).
The summary of local significance peaks for the weighted
likelihood approach for both annihilation channels is pre-
sented in Table We note that despite minor improve-
ments to the dSphs significances, the implementation of
the weighted likelihood analysis does not have any notice-
able impact on the annihilation cross section upper limits
in comparison to the standard likelihood approach.

While this test demonstrates that the diffuse system-
atic can noticeably effect certain aspects of the analy-
sis, the overall conclusions are minimally affected. For
each subsample considered, changes in the local signifi-
cance values and corresponding masses range from slight
to negligible, as is the case for the derived upper limits
on the annihilation cross-section.
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FIG. 9. TS vs M, for the standard likelihood analysis (solid lines) and the weighted likelihood analysis (dashed lines) for the
individual high TS dSphs (left), and the combined dSph samples (right).
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FIG. 10. Maximum TS as a function of M, over all cross-section values for each dSph sample using the weighted likelihood
method; shaded regions are the 97.5% containment region for the combined blank fields.

M, Plocal Pglobal M, Plocal Pglobal
[GeV] [GeV]
Measured 84 89x1072 (1.40) 20x107* (0.80)| 1.6 1.1x107' (1.20) 2.7x 107! (0.60)
Benchmark 180.5 1.7x 1072 (2.10) 24 x 107" (0.70) | 346 2.2x1072(2.00) 3.1 x 107! (0.50)
Inclusive  289.4 6.0 x 107* (3.20) 52x 1072 (1.60) | 43.8 7.0x107* (3.20) 8.0x 107! (1.40)

TABLE IV. DM mass and local and global p values (and significance) for each sample at the local significance peak using the
weighted likelihood method.
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