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We obtain bounds on dark matter annihilation using 14 years of publicly available Fermi-LAT data from
a set of 54 dwarf spheroidal galaxies, using spectral information from 16 energy bins. We perform this
analysis using our updated and publicly available code MADHATV2, which can be used to test a variety of
models for dark matter particle physics and astrophysics in an accessible manner. In particular, we note that
including Carina III in the analysis strengthens constraints on s-wave annihilation into two-body Standard
Model final states by a factor of ~3 but broadens the error on the constraint due to the large uncertainty of
its J-factor. Our findings illustrate the importance of verifying if Carina III is in fact a dwarf spheroidal
galaxy and measuring more precisely its J-factor. More generally, they highlight the significance of
forthcoming discoveries of nearby ultrafaint dwarfs for dark matter indirect detection.
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I. INTRODUCTION

A key strategy for searching for dark matter (DM) inter-
actions with the Standard Model is indirect detection [1,2].
Indirect searches seek to observe the Standard Model products
from DM annihilation (or decay) in astrophysical systems.
Dwarf spheriodal galaxies (dSphs) in the Local Group are
among the best systems for gamma-ray searches, given their
proximity and high mass-to-light ratios. These DM-dominated
systems are nearly free of intrinsic backgrounds due to their
low gas content and lack of recent star formation [3].

Indirect detection analyses involve searching for an
excess of gamma rays over the emission of diffuse
Galactic foregrounds, extragalactic backgrounds, and point
sources from the direction of dSphs. In order to account for
these collective backgrounds, they either need to be theo-
retically modeled [4,5] or determined empirically [6-8].
In the absence of an excess, robust constraints can be
placed on the DM annihilation cross section' as a function

'Indirect detection analyses can also place constraints on the
DM decay width, but the rate of DM decay scales with the DM
density, while the rate of DM annihilation scales with the square
of the DM density. Thus, dSphs are better suited for annihilation
searches, and we focus on annihilation for this paper.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

2470-0010,/2024,/109(10)/103007(13)

103007-1

of DM mass. In the GeV to TeV mass range, there are
strong limits on DM annihilation from gamma-ray searches
using Cherenkov telescopes [9-16] and the Large Area
Telescope (LAT) on the Fermi Gamma-Ray Space
Telescope [4,5,17-20].

In this work, we present up-to-date limits on DM
annihilation using Fermi-LAT data associated with 54
dSphs. We use an updated version of our publicly available
code, MADHAT [21], which models astrophysical back-
grounds empirically [6—8] using Fermi-LAT data taken
slightly off-axis from each dSph. The original version of
MADHAT performed a simple stacked analysis of the dSphs.
MADHATV?2 incorporates additional features presented in
Ref. [7]; it performs a weighted stacked analysis, in which
photons from each dSph and energy bin are assigned an
independent weight. We can then choose a test statistic with
the maximum power to distinguish a model of DM particle
physics (including particle mass and annihilation channel)
and astrophysics (encoded in the J-factors) from the
background-only hypothesis. Furthermore, MADHATV2 is
written in PYTHON (whereas MADHAT is written in C++),
incorporates three more years of Fermi-LAT data, employs
an updated Fermi source catalog (updated from 3FGL [22]
to 4FGL [23,24]), and increases the number of targets from
58 to 93 confirmed and candidate dSphs.

The analysis we present here is for 54 dSphs, which
represent the set of targets that are confirmed or likely
dSphs for which a determination of the J-factors (with
uncertainties) has been made (excluding the very recently
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discovered Ursa Major III [25]). We include Carina III in
our analysis but note that there is still significant uncer-
tainty regarding whether or not Carina III is a dSph, since
stellar velocity information has been obtained from only
four member stars. But because it is relatively nearby, its
estimated J-factor is the largest of any dSph in the sample
we consider. We find that including Carina III in our
analysis strengthens our bounds on DM annihilation by a
factor of ~3 (compared to an analysis with only the other
53 dSphs), but the error on the bound is larger due to the
uncertainty in the J-factor.

MADHATV2 is computationally efficient and easily
updated as more dSphs are found and more Fermi-LAT
data [26,27] is taken. It can produce optimized constraints
for any model of DM particle physics and any specified set
of J-factors. The Vera Rubin Observatory is expected to
discover many new dSphs in the upcoming years [28-30],
some of which may be nearby. Our improved results from
including Carina III motivate the continued develop-
ment of MADHAT, since we can rapidly incorporate new
dSphs and facilitate future indirect DM searches for the
community.

Recent work has also performed a stacked dSph analysis
with the latest Fermi-LAT data, but the astrophysical
backgrounds are theoretically modeled, and the analysis
employs the full framework of Fermitools [31]. Our
analysis derives the background distributions empirically,
independent of detailed astrophysical modeling, and is
thus complementary. Furthermore, MADHATV2 provides
the background distributions to enable easier analyses of
various particle physics models by removing the need to
interface with Fermitools.

The plan of this paper is as follows. In Sec. II, we
describe the formalism of our statistical analysis. In Sec. III,
we use this formalism to provide up-to-date constraints on a
variety of DM models. We conclude with a discussion of
our results in Sec. IV.

II. GENERAL FORMALISM

In this section, we describe our procedure, based on
Refs. [6-8,21], for placing constraints on DM annihilation
using gamma-ray observations of dSphs. We consider the
detection of gamma-ray photons arising from a region of
interest (ROI) defined by a cone with a 1° opening angle,
centered at the location of a dSph. The photons are
collected over a time 7'; for the ith dSph and binned over
an energy range bounded by E;, and E,,. We assume the
effective area A of the observing instrument is insensitive
to the photon energy in the energy range of interest. The
number of photons that are observed from the ROI for an
exposure (A.T); of the ith dSph and fall in the jth energy
bin is N fj =N? i+ N? ', where S and B refer to the contri-
butions from the DM annihilation signal and the back-
ground, respectively.

A. Probability mass functions

The expected number of signal photons in the jth energy
bin due to DM annihilation in the ith dSph is

N} ;= ®pp x (AegeT); X J; X F, (1)

where F; is the fraction of the photons produced in DM
annihilation that lie in the jth energy bin and satisfies
Zj F; = 1. ®pp is a normalization factor that depends on
DM particle physics and is independent of the choice of
dSph, and J; is the J-factor for the ith dSph. We consider
DM composed of a single species of self-conjugate
particles of mass my with an annihilation cross section
given by ov = (ov),(v/c)", where v is the relative velocity
of the annihilating particles and (ov), is a constant. For
velocity-dependent annihilation, we need to consider an
effective J-factor that accounts for different annihilation
rates in different regions of the halo [32-35]. We then have

(61))0 Ernax dN
Dpp = dE,— 2
PP 2 e /4 dE},’ ( )
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where D; is the distance to the ith dSph, dN/dE, is the
photon spectrum per annihilation, and f;(7, ¥) is the DM
velocity distribution of the ith dSph. The velocity distri-
bution is normalized such that [ d*vf;(7,¥) = p;(¥), where
pi(7) is the DM density profile [32-35]. In the case that DM
annihilation is s-wave (i.e., ov is independent of velocity,
with n = 0), Eq. (3) reduces to the more familiar form
J; = (1/D?) [ &rp3(r). The volume integration is taken
over a conical region of the sky, with a 1° opening angle.

We assume the probability mass function (PMF) for the
number of photons Nf ; from DM annihilation arriving
from the ith dSph in the jth energy bin is given by a Poisson
distribution:

=g N;gj
(Ni,j> ’

P?jj(N,'S.j;q)PP):eXp[_N;s.j] NS
l,]'

4)

where we explicitly note the dependence on ®@pp through
NI-SJ. in Eq. ().

Given a photon count map, we can obtain an empirical
background PMF P};(N};) for the number of background
photons Nf ;- The PMF is a normalized histogram of the
photon counts in the jth energy bin taken from 10°
randomly chosen sample regions (conical regions with a 1°
opening angle, which matches the size of the ROI) lying
within 10° of the ith dSph. The sample regions are
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uniformly distributed on the 2-sphere of the sky, and we
discard sample regions that overlap with the ROI, are not
fully contained in the 10° sampling region, or come within
0.8° of a known point source. The mean number of
background photons is

= Zfoj (x), (5)

where the sum over x runs over all values of photon counts
observed in the sample regions.

B. Applying weights

We expand our analysis beyond MADHAT to assign
weights w; ; to the number of photons from the direction
of the ith dSph and in the jth energy bin. The weighted
number of photon counts is

N?:’jB’O = Floor(wi,ij}B’O), (6)

NS-BO — ZNSBO’ (7)

where S, B, and O refer to signal, background, and
observed events, respectively. The weights w; ; are real,
non-negative constants. “Floor” rounds the argument down
to the nearest integer, and it is incorporated to ensure our
distribution functions remain discrete, which significantly
improves computational efficiency.

The weighted photon count PMEF, PSB(N SB),

given by

PSBNSB ZPSB NSB (8)

NYB

where the sum is over all Ni ’jB such that Floor(w;. jNi ‘jB ) =
N f}B . The PMF for a sum of N i'jB with different values of i
(denoting the dSph) and j (denoting the energy bin) is the
convolution of the individual PMFs, assuming the individ-
ual PMFs are statistically independent.2 More generally, we
let {k} and {k'} refer to two disjoint sets of {(i, j)} pairs
and denote by Py (N ) the probability distribution for
Ny =24 ey Nij- The convolution of the PMFs
associated with {k} and {k'} is

*We assume the PB for different energy bins are indepen-
dent. To test this assumptlon we compared an analysis with
all weights set to 1 to an analysis with a single energy bin
(1-100 GeV). The resulting bounds on ®pp differ by O(10%).

NE

(Ui}
P?k}u{k/}(N ?k}u{k’}) = Z P?k}(N {k})

Niy=0

X P?k/} (N?k}u{k’} _N{k}) )

s
N{k)U{k’)

Pty Moy @ee) = D Pl (Vi @)
10=0

S S
< Py (N UK}

= N1y @pp). (9)

By repeatedly convolving PMFs to incorporate all dSphs
and all energy bins, we construct the combined weighted
photon count PMFs PSB(ANSB) for the signal and
background.

The total weighted PMF PY(N9) for the observed
weighted photon count NO ~ N5 + NB is (approxi-
mately) the convolution of P8(NE) and PS(NS). These
relations are exact if the weights are integers; otherwise,
there is a small round-off error due to the “Floor” function
in Eq. (6). We discuss the details of our numerical approach
and the various approximations we make in Appendix B

By adjusting the value of @pp [or equivalently, (ov), for
a given DM annihilation model], we change the form of
PO(N?). Note that N9 increases monotonically with the
addition of each N¥ ', and N} ; increases monotonically with
®pp. Therefore, we can use N'O as a test statistic to place
upper limits on ®pp, given the observed value of 'Y, The
p-confidence level upper bound on ®pp satisfies

NO NO_NB
ST PSS h(8)) x PE(NE) =1-5. (10)
NB=0 N¥=0

In other words, for ®pp > ®%N™(B), the probability for
obtaining a value of A/C greater than what is observed is f
(up to the small round-off error). The value ®pp would be
disfavored by observations at a confidence level j.

C. Optimal choice of weights

Any (non-negative) choice of the weights produces a
valid f confidence level upper bound on ®pp, but some
choices may be more useful and/or intuitive than others.
For example, choosing w; ; = 1 for all i and j weights all
photons equally, and N5:8:9 are simply the total number of
signal, background, and observed photons, respectively.
This simple case corresponds to a stacked analysis, which
is used in MADHAT [21].

For our analysis with MADHATV2, we choose weights to
maximize the probability that a false model is excluded
if the true model is the background-only hypothesis.
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We employ the “‘signal-to-noise method” in Ref. [7], which
gives

wi == (11)

The weights depend on the value of ®pp through N7 ; and
thus give preference to photons from dSphs with large
J-factors and in energy ranges where photons from DM
annihilation are expected to lie. However, since N7 ;s
proportional to @pp for any i and j, rescaling ®@pp rescales
all weights equally and does not change the resulting
bound on ®pp [modulo the rounding error associated with
Eq. (6)]. We prefer this flexibility over the slightly stronger
statistical power of the “likelihood ratio method” in Ref. [7],
for which the weights w; ; = log(1 + N¥;/N?;) depend on
the value of ®pp, requiring an iterative analysis. Moreover,
the likelihood-ratio weights approach Eq. (11) in the limit of
a small signal (N7; < N?;), which we expect here.

Generically, the weights in Eq. (11) are not all integers.
Thus, our test statistic does not necessarily wield the
optimal power to reject a false model, even with optimal
weights, due to the small rounding error from Eq. (6).
Compared to the uncertainties in the J-factors, we expect
the rounding error to have a negligible impact in determin-
ing the bound on ®pp. We note that the rounding error may
be reduced by rescaling all weights by a large number, but
doing so leads to a loss of computational efficiency, as we
discuss more in Appendix B.

III. CONSTRAINTS ON DM ANNIHILATION
IN DSPHS

We present the details of our analyses that place
constraints on the DM annihilation cross section for
different particle physics models. We perform weighted
stacked dSph analyses with recent Fermi-LAT data using
MADHATV2. Appendix A provides a brief description of
how to run MADHATV2.

A. Fermi-LAT data

We use Fermi-LAT Pass 8 Release 4 data taken during
the 14 years corresponding to the mission elapsed time
range 239557417—681169985 seconds. We select data
using Fermi Science Tools 2.2 .0 and FermiPy 1.1.6
with the specifications evclass=128, evtype=3, and
zmax=100, as well as the filter ‘* (DATA QUAL>0) &&
(LAT CONFIG==1)’. For the instrument response func-
tion, we use PBR3_SOURCE_V3.

For the 93 confirmed and candidate dSphs listed in
Appendix C, Table II, we obtain the photon count maps to
generate the background PMFs. To mask sources while
generating the background PMFs, we use the 4FGL-DR4
source list (g1l psc v32.fit) [23,24]. We obtain the

Fermi-LAT exposure to each target from the exposure map
generated by Fermi Science Tools 2.2.0. We consider
photons in the energy range from E ;, =1 GeV to
E .x = 100 GeV, for which the Fermi-LAT effective area
is relatively constant. This energy range is divided into 16
equally spaced logarithmic bins. For each target i listed
in Appendix C, we provide the Fermi-LAT exposure,
the mean number N} =3, N}, of background photons

(summed over all photon energies), and the observed
number N = 37, N; of photons from the ROL

B. J-factors for dSphs

We quote the J-factors we use for our analyses in
Appendix C. Since not all 93 targets listed in
Appendix C have published J-factors, we consider the
set of 55 dSphs that do have published s-wave J-factors
with uncertainties [5,35-39], including the recently dis-
covered Ursa Major III [25,40]. These J-factors assume
s-wave annihilation and are integrated over a 1° degree
opening angle.

Appendix C also lists the J-factor uncertainties, and
we estimate their effect on DM annihilation bounds by
repeating our analysis, simultaneously varying all dSph
J-factors upward (downward) by their respective 1o un-
certainties (but without changing the weights). This pro-
cedure produces a band for the limit on the DM annihilation
cross section.

We include Carina III, even though it is not yet clear if
Carina III is in fact a dSph, since stellar velocity informa-
tion is obtained from only four member stars [37]. How-
ever, because Carina III is relatively close to the Sun
(D = 27.8 kpc), it has the largest estimated J-factor of the
dSphs we consider. As a result, the inclusion of Carina III
as a dSph with such a large J-factor should have a
significant impact on DM annihilation constraints. We
perform analyses both with and without Carina III to gauge
the effect on our resulting constraints.

We also consider the recently-discovered candidate
object Ursa Major III [25]. Similar to Carina III, stellar
velocity information for Ursa Major III is determined from
a small number of stars, in this case eleven. As the
velocities of two of those eleven are outliers, the uncer-
tainties on the J-factor for Ursa Major III are larger relative
to other targets considered here. As such, our primary
analyses involve a set of 53 (without Carina III) or 54
(with Carina III) dSphs, not including Ursa Major III. We
perform a separate, standalone analysis for Ursa Major III.

We note that, aside from Carina III and Ursa Major III,
there are other objects used in this analysis for which
there are significant issues. For example, Bootes III and
Willman I show evidence of nonequilibrium dynamics, in
which case estimates of their DM content may not be
reliable. Bootes I, Crater II, and Horologium I lie near
blazars or blazar candidates, though these blazars have not
been identified as gamma-ray sources in the 4FGL catalog.
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(w)gound [cm3 S-l]

10 10 10°

(w)gound [cm3 s~ 1 ]

FIG. 1. 95% confidence bounds on (ov),, for s-wave annihilation to the final states bb (red), W W~ (black), u*u~ (green), and z+7~
(blue) using MADHATV2. Thermal cross section is included as a gray, dotted horizontal line in this and subsequent plots. The left (right)

panel shows the results without (with) Carina IIL

For Hydra II, Triangulum II, and Tucana III, we use the
same J-factors used in the analysis of Ref. [5], which were
obtained from scaling relations, though these J-factors
are in some tension with upper bounds obtained through
spectroscopic measurements. For a more detailed discus-
sion of these issues, see Ref. [31] and references therein.
Similar issues arise for some objects that are not used in
our analysis, but we provide their background PMFs and
observed photon counts for possible future use.

C. Applications and results

We apply our analysis to place constraints on a variety
of particle physics models for DM annihilation. We first
consider s-wave annihilation to the two-body Standard
Model final states bb, W W=, u*u~, and 7+ z~. The photon
spectra for these channels are obtained from Ref. [41,42].
Assuming a branching fraction of unity to each of these
final states, we show the 95% confidence level (CL) bounds
on (ov), in the left (right) panel of Fig. 1 for an analysis
without (with) Carina III. Including Carina III strengthens
the bound on (ov), by a factor of ~3 but widens the error
band, emphasizing the importance of confirming if Carina
IIT is a dSph and determining its J-factor more precisely.

Focusing on s-wave DM annihilation to b5, the left panel
of Fig. 1 shows that DM annihilation at the thermal cross
section® can be ruled out at 95% CL for my < 60 GeV,
though J-factor uncertainties can substantially weaken

*We take the “thermal cross section” to be (ov), =
3 x 1072° ¢cm?/s, which is roughly the annihilation cross section
needed for DM to have the correct thermal relic density.

this constraint. In particular, once the uncertainties are
accounted for, DM interpretations of the Galactic Center
(GC) GeV excess [43—46] involving the s-wave annihila-
tion of ~30-50 GeV dark matter particles to bb with
(6v)g ~3x 1072 cm®/s cannot be ruled out by this
analysis of dSphs.

We can apply our results in Fig. 1 to the case of Higgsino
DM. For a mass in the 600-1400 GeV range, Higgsino DM
is mildly preferred by Fermi-LAT photon data from the
GC, relative to a fit without Higgsino DM [47]. A Higgsino
with a mass of ~1 TeV could also be a thermal relic DM
candidate. For this scenario, the dominant final states are
W*W~ and ZZ, with branching fractions of ~60% and
~40%, respectively. But since the photon spectra produced
by the WHW~ and ZZ final states are nearly identical, we
can probe this scenario using the results in the left panel
of Fig. 1. In general, heavy Higgsino DM annihilation can
be Sommerfeld-enhanced, due to relatively long-range
weak interactions [48]; however, for this mass range, the
enhancement is neither near a resonance nor near the
Coulomb limit. As a result, the Sommerfeld-enhancement
of the tree-level cross section is relatively small and largely
independent of velocity. Thus, the enhancement to the
annihilation cross section in a dSph is the same as in the GC
and can be absorbed by the constant prefactor of the cross
section, allowing us to directly test scenarios that might
match the Fermi-LAT data ({(ov) ~ 10726 cm?/s). As we
see from the left panel of Fig. 1, this scenario cannot yet be
constrained by searches of dSphs, as expected [47].

As another example to illustrate the utility of the
MADHATV?2 analysis, we consider DM annihilation into a
pair of scalars (XX — ¢¢), with each scalar decaying to
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3] | w— =10 GeV
m— =60 GeV

(O.v)gound [cm3 S—l]
S

3 | m— gy =10 GeV
m— 1, =60 GeV

(Jv)gnund [cm3 S—l]

FIG. 2. 95% confidence bounds on (6v), for the annihilation process XX — ¢¢p — 4y, assuming m, = 10 GeV (red) or 60 GeV
(blue). The left (right) panel shows the results without (with) Carina III.

two photons (¢ — yy). This scenario produces a boxlike
photon spectrum with a width given by (mj —my)'/2
Constraints on (ov), at 95% CL are shown in Fig. 2 for the
cases of my = 10 GeV and 60 GeV. For large my > m,

(O.v)gound [cm3 S—l]

10" 10° 10°

my [GeV]

FIG. 3. 95% confidence bounds on (6v),, for s-wave annihilation
in Ursa Major III to the bb (red line) final state, using MADHATV?2
and the J-factor given in Table II. The J-factor uncertainties given
in Table II yield the light uncertainty band, while the dark band is
obtained if one used log;yJ/[GeVZ/cm’] = 0.6, following
Refs. [36,49]. The thermal cross section is included as a gray,
dotted horizontal line. These constraints match those found
in Ref. [49].

the constraints on these two scenarios are indistinguishable,
as their photon spectra are nearly identical. Note that the
bounds on this scenario are much tighter than those
obtained from an analysis using a single energy bin [8],
since the shape of the signal photon spectrum is very
different from that of the background.

Finally, we consider the recently discovered object Ursa
Major III. An analysis of DM annihilation in Ursa Major I1I
was performed in Ref. [49], finding no significant excess
of photons from that target. We analyze Ursa Major III
alone using MADHATV2 and find constraints on DM anni-
hilation to bb that are similar to those obtained in Ref. [49]
(see Fig. 3).

IV. CONCLUSION

We have performed a weighted stacked analysis of DM
annihilation in 54 dSphs, using 14 years of Fermi-LAT
data, binned in 16 energy bins. Our work represents the
(currently) most complete analysis of gamma-ray signals
of DM annihilation in dSphs. Our analysis algorithm is
flexible, allowing us to test a variety of different DM
models, including models with nonstandard photon spectra,
in a computationally efficient manner.

The analysis tools we have developed are publicly
available on GitHub at https://github.com/MADHATdm.
In this work, we use the MADHATV2 package, which is a
significant update from its predecessor, MADHAT.
Compared to MADHAT, MADHATV2 offers the option of
maximizing the statistical power to reject a wrong model
(if the true model is the background-only hypothesis), at
a modest cost in computational efficiency. Additionally,
MADHATV?2 is coded in PYTHON, whereas MADHAT is coded
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in C++. We incorporate more candidate dSphs targets and
more Fermi-LAT data, and we use an updated point source
catalog.

The flexibility of MADHATV2 allows users to easily
incorporate different choices of dSph targets, as well as
their J-factors. As an illustration, we obtain exclusion
bounds with and without Carina III. We find that including
Carina III strengthens the bound on the annihilation cross
section by a factor ~3 but increases the error on the bound,
highlighting the importance of further studies of Carina III.
MADHATV? also includes relevant Fermi-LAT data from the
recently discovered Ursa Major III, allowing that target to
also be used as part of an analysis. Given its large estimated
J-factor, along with its large J-factor uncertainty, further
studies of Ursa Major III are also important.

Over the next several years, new observatories are
expected to dramatically increase the number of identified
dSphs (see, for example, [S0]). As we have seen in the
case of Carina III, if any of these new dSphs are relatively
close by, their discovery could change the sensitivity of
DM indirect detection searches significantly. As our analy-
sis relies on publicly available Fermi-LAT data, it can
be rapidly updated as new dSphs are found, allowing
MADHATV?2 or future versions to provide the most up-to-
date analysis of gamma-ray production by DM annihilation
in dSphs.
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APPENDIX A: RUNNING MADHATV2

MADHAT, as described in Ref. [21], is available at https://
github.com/MADHATdm/MADHAT. MADHATV2, which
is the focus of this paper, is available at https://github
.com/MADHATdm/MADHATvV2. MADHATV2 has been
tested using PYTHON 3.8.8 and uses the NumPy and SciPy
libraries.

MADHATV?2 requires two files to specify the relevant post-
processed Fermi data (i.e. the background PMF, N fj, and
exposure for each target object and energy bin), which are
provided with MADHATV2, as well as two user-provided
input files, described in Sec. A 1. A number of parameter
choices are possible, e.g. the confidence level § of the
exclusion contours to be generated. Opportunities for a user
to choose or specify these parameters are described in
Sec. A 2. Output is described in Sec. A 3.

To run MADHATV?2, one executes the command PYTHON3
MADHAT2.Py. As a point of comparison for the amount of
runtime required, the analysis of DM annihilation to bb
(shown in Fig. 1) for nine mass values takes approximately
4 hours on a Mac Pro 2 GHz Quad-Core Intel i5.

1. Input files

There are two input files that must be provided for
MADHATV?2 to run. By default, these files are located within
the subdirectory Input.

One of the required input files specifies the relevant
details about the set of target dSphs the user chooses
to include, as well as the J-factor (and uncertainties) for
each. This file follows the same formatting and require-
ments as for MADHAT. The relevant files included with
MADHATV?2 are

(i) set0.dat, which includes the 53 target objects

listed in Table II with J-factors and uncertainties,
excluding Carina III and Ursa Major III,

(i) setOwcariii.dat, which includes all targets

from set0.dat plus Carina III, and

(ili)) setOwumiii.dat, which includes all targets

from set0.dat plus Ursa Major III

The second required input file contains the information
about the particle physics model of DM annihilation—
specifically, the binned integrals of the energy spectrum for
each DM model point (i.e. mass). The dark matter model
files included with MADHATV?2 for annihilation to two-body
Standard Model final states are the following:

(i) dmbb.dat for XX — bb,

(i) dmmumu.dat for XX — uj,

(iii) dmtautau.dat for XX — 77, and

(iv) dmWW.dat for XX - W W~.

There are also two dark matter model files for dark matter
that annihilates to a pair of scalars, which then decay to
photons (XX — ¢¢ — yy). These are

(i) dmboxa.dat for scalars

10 GeV, and

(i) dmboxb.dat for scalars with mass my = 60 GeV.
Each dark matter model file includes a header followed
by 18 columns of numbers. The first column contains the
DM particle mass (in GeV). The second column contains
the integrated photon spectrum ([ dEdN/dE) over the
energy range 1-100 GeV. The next 16 columns contain
the fractions of the integrated photon spectrum in each of

with mass my =

103007-7


https://github.com/MADHATdm/MADHAT
https://github.com/MADHATdm/MADHAT
https://github.com/MADHATdm/MADHAT
https://github.com/MADHATdm/MADHATv2
https://github.com/MADHATdm/MADHATv2

KIMBERLY K. BODDY et al.

PHYS. REV. D 109, 103007 (2024)

TABLE I. Ranges for the 16 photon energy bins used in the
Fermi-LAT data.

Bin number Energy range (GeV)

[1, 1.33352143)
[1.33352143, 1.77827941)
[1.77827941, 2.37137371)
[2.37137371, 3.16227766)
[3.16227766, 4.21696503)
[4.21696503, 5.62341325)
[5.62341325, 7.49894209)

[7.49894209, 10)

[10, 13.33521432)
[13.33521432, 17.7827941)
[17.7827941, 23.71373706)
[23.71373706, 31.6227766)
[31.6227766, 42.16965034)
[42.16965034, 56.23413252)
[56.23413252, 74.98942093)

[74.98942093, 100]

O 01NN AW~

= e e
NN AW = O

the 16 energy bins listed in Table I. These bin fractions sum
to unity.

2. Adjustable parameters

There are several flags and parameters whose values are
set at the top of the file madhat?2.py. These flags and
parameters control some aspects of the analysis as well as
the extent to which approximations are used to improve
computational efficiency. Further details on the algorithm
and specific definitions of some of the parameters below
are provided in Appendix B. The flags and parameters
available to adjust in the top of the madhat2 . py file are

(i) binning: takes the value O or 1. If binning = 1,
then the analysis is performed for 16 equally
spaced logarithmic energy bins (see Table I). If
binning = 0, then the analysis assumes a single
energy bin containing all photons between 1 GeV
and 100 GeV.

(i) weighting type flag: takes the value O or 1.
If weighting type_flag =1, then optimal
weights are implemented, as described in Sec. II C.
If weighting type flag =0, then weights
must be provided by the user, specified in the array
weights original.

(ili)) beta target (default =0.95): sets the desired
confidence level for the exclusion bound.

(iv) beta tolerance (default =0.001): takes a
positive value less than 1. Decreasing beta
tolerance improves accuracy, at the cost of
computational efficiency (see Appendix B 2).

(v) weight raising amount (default = 2): takes
a positive value. Decreasing weight raising
amount improves accuracy, at the cost of computa-
tional efficiency (see Appendix B 2).

(vi) convergence tolerance (default = 0.0001):
takes a positive value. Decreasing convergence
tolerance improves accuracy, at the cost of
computational efficiency [see Eq. (B5)].

(vil) bgd prob sum tolerance (default = 0.0001):
takes a positive value less than 1. Decreasing
bgd prob sum tolerance improves accu-
racy, at the cost of computational efficiency [see
Eq. (BD)].

(viii) P_sig ij tol denom (default = 10%): takes a
positive value. Increasing P_sig ij tol denom
improves accuracy, at the cost of computational
efficiency [see Eq. (B2)].

(ix) P_bar zero out threshold denom
(default = 10%): takes a positive value. Increasing
P bar zero out threshold denom im-
proves accuracy, at the cost of computational effi-
ciency [see Eq. (B3)].

(x) energy fraction zero out threshold
denom (default = 10%): takes a positive value.
Increasing energy fraction zero out
threshold denom improves accuracy, at the
cost of computational efficiency [see Eq. (B4)].

We have tested the effect of adjusting the parameters related

to computational efficiency/accuracy. If one reduces

weight raising amount by a factor \/E or rescales
any of the other efficiency parameters by a factor of 10,
bounds on a benchmark case (DM with my = 100 GeV
annihilating to the bb final state) shift by at most 2%, which
is negligible in comparison to the systematic uncertainties
in the J-factor. However, run times can increase by up to a
factor of 3.

The remaining parameters define the names of the
two input files the user must specify, as described in
Appendix A 1:

(i) model filename: takes a string. This specifies

the name of the file containing information about the
DM model, which we refer to in Appendix A 1 as
DMmodel .dat.

(i) set_ filename: takes a string. This specifies the
name of the file containing the information about
the set of target objects, which we refer to in
Appendix A 1 as dwarfset.dat.

3. Output files

Output files follow the same format as in MADHAT, in the
interest of backward compatibility. The primary difference
is that the Nbound column is always filled solely with Os,
as Nypung has no meaning in the MADHATV?2 analysis. The
output files are named according to the following format;
<DMmodel><dwarfset> <beta targets>.out,
for a DM model input file DMmodel.dat and a set of
target objects specified in dwarfset . dat. The top of the
header provides a copy of the contents of the dwarf set file

103007-8



NEW DARK MATTER ANALYSIS OF MILKY WAY DWAREF ...

PHYS. REV. D 109, 103007 (2024)

used. The actual output data is organized into ten columns.
From left to right, they are as follows:
(i) Mass (GeV): DM particle mass in GeV;
(ii) Spectrum: the annihilation spectrum integrated
from 1-100 GeV (see Appendix A 1);
(iii) Beta: the target value of f (see beta_target in
Appendix A 2);
(iv) Nbound: relevant for MADHAT, not relevant for
MADHATV?2;

(v) PhiPP(cm”3 s”-1GeV"-2): B-level confidence

upper bound on ®pp in cm?s~! GeV~2;

(vi) +dPhiPP: additive uncertainty for the f-level con-
fidence upper bound on ®@pp in the same units as
PhiPP (cm™3 s*-1 GeV"*-2) ;

-dPhiPP: subtractive uncertainty for the f-level

confidence upper bound on @pp in the same units as

PhiPP (cm™3 s*-1 GeV"*-2) ;

sigv(cm®™3 s”-1): f-level confidence upper

bound on (ov), in cm?s7;

(ix) +dsigv: additive uncertainty for the f-level con-
fidence upper bound on (6v), in the same units as
sigv(cm®™3 s*-1);

(x) -dsigv: subtractive uncertainty for the p-level
confidence upper bound on (6v), in the same units
as sigv(cm”™3 s™-1).

(vii)

(viii)

APPENDIX B: ALGORITHM DESCRIPTION

We present here a detailed description of how the
analysis is implemented, including a description of various
approximations that are used to improve computational
efficiency.

1. Determining the combined signal
and background PMFs

Determining the combined PMFs PSB(AS8) for the
summed weighted photon counts generally requires per-
forming a nested sum over the photon counts in each dwarf
target i and energy j pair. If there are K such pairs, the
computation time for performing the K nested sums grows
rapidly with K and becomes intractable. However, because
we force the weighted photon counts in each bin to be non-
negative integers in Eq. (6), the computation simplifies
dramatically. As a result, we may construct PSZ(N5-8)
with K unnested summations over integer-valued weighted
photon counts, as in Eq. (9).

If the weighted photon counts were not rounded the
combined PMFs would be invariant under a rescaling of
all the weights, but as a result of rounding, the PMFs do

|

F. <

FJ (max)

change with an overall weight rescaling. The computation
becomes more tractable if all weights are rescaled down-
wards, as doing so decreases all weighted photon counts
and thus decreases the range over which the numerical
sums in Eq. (9) must be evaluated. On the other hand, the
statistical power of the analysis to reject a wrong model
increases if the weights are uniformly scaled upwards, as
the deviation from the optimal choice of weights resulting
from rounding is reduced. Moreover, an upward rescaling
of the weights reduces the effect of round-off error on the
confidence interval. We must balance computational effi-
ciency against statistical power.

We must specify a limit to the range of weighted photon
counts in order for the sums in Eq. (9) to be tractable. To
ensure tractability, PS'2(N58) is set to zero whenever the
probability of a given photon count is sufficiently small.
This condition is implemented using two parameters,
bgd prob sum tolerance and P _sig ij tol
denom, by the following method:

@) Nf].(max) is defined as the minimal choice of Ny,
such that
Nlim
ZP?J(N) > 1 — bgd_prob_sum_tolerance.
N=0

(B1)

PP;(N') is set to zero for N' > N7, o
(i) N?:j(max) is defined as the photon count which
maximizes Py ;. If

P?:j (Nij(max))

P} (N') < (B2)

P_sig.ij_tol_denom’

then P} (N') is set to zero.

The combined weighted photon count PMFs are them-
selves subject to a tolerance for the sake of computational
efficiency. Indeed, if for some N’ we have

PS-B ( NS’B )

(max)

PSBNT) <

P.bar_zero_out_threshold._denom’
(B3)

where N/ frfaX) maximizes P58, then P5B(N) is set to 0.

Furthermore, if any energy bin fraction F'; satisfies the
condition

J

energy_fraction_zero_out_threshold.denom’

(B4)
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where F; _— is the maximum energy bin fraction, then this

energy bin 1s omitted in the analysis.

2. Determining ®p3""4(8) for a given choice
of weights

Given a choice of weights and a desired confidence level
B our goal is to determine ®Y%"(3), but we are only able to
do the opposite; that is, we can determine from Eq. (10) the
confidence level with which any given value of ®pp can be
excluded. To find ®%%4™(3), we scan over values of @pp
with varying step sizes in order to find two values of ®pp
that can be excluded with confidence levels that lie above
and below f but within beta tolerance of f.
®%und () is then determined by linear interpolation.
However, if any of the weights are large, this algorithm
can be computationally expensive, since we must sum over
a large range of weighted photon counts. To make the
|

|Dbond (B) — DY ()|
O (p)

When the estimate has converged, then ®%3"9(j) is
taken to be ®Y%¥™4 (). In particular, note that if weight
raising amount is small, then the weights have only
shifted by a small amount, so a smaller fractional change in
®bund () is required in order to be sure of convergence.
Given ®%4"(p), one can easily determine (ov)3°"™d(p)
from Eq. (2).

We also determine the range of uncertainty in ®%319 ()
and (6v)g°"4(f3) from the uncertainties in the J-factors. We
determine the upper (lower) limit of ®%%"(5) consistent
with the given J-factor uncertainties by redoing the above
analysis, but with each J-factor adopting the value given by
the lower (upper) limit of its uncertainty. Note, in deter-

mining these ®%%™(/8) uncertainties, optimal weights are

< convergence_tolerance X weight_raising_amount.

algorithm more efficient, we adopt an approach in which
the weights are rescaled, which introduces round-off error
but reduces computation time. In this approach, all weights
are initially rescaled by a constant factor, so that the largest
weight is 1. ®%%"(4) is then found using the approach
described above. The weights are then uniformly rescaled
upward by a factor chosen so that the largest weight
increases by the additive factor weight raising
amount, and ®%3"(B) is computed again using the
new weights. This result will be slightly different due to
the reduced round-off error. This process is repeated until
the estimate for ®%%9(j3) has converged. Convergence is
determined using the following criterion. If ®%%"(5) and
®bound () are the values of ®4%™() obtained before and
after rescaling the weights, respectively, then ®5%™() is
deemed to have converged if

(BS)

not recomputed. The uncertainty in (ov)§*"(B) is then
determined straightforwardly from Eq. (2).

APPENDIX C: MADHATV2 TARGET OBJECTS

In Table II, we show the full list of 93 target objects
included with MADHATV?2. In this paper, we consider the 55
target objects with s-wave J-factors as listed in Table IT and
as described in Sec. III B. The table includes a MADHAT-
specific ID number, exposure, expected number of back-
ground photons in the 1-100 GeV range (N?), number of
observed photons (N?), J-factor (with uncertainty), and
reference from which the J-factor was obtained. For objects
for which there is currently no available s-wave J-factor,
a MADHAT user could add J-factors as appropriate.
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TABLE IL

The dSphs that can be used by MADHATV2, including the exposure, expected number of background photons in the

1-100 GeV range (N®), number of observed photons (N?), J-factor (with uncertainty), and reference from which the J-factor originates.

For objects not used in the analysis in this paper, no J-factor is specified.

AutT log,o(J)  Refer- ActeT logio(J)  Refer-
Number Name [10" cm?s] NB NO [GeV?/cm’] ence Number Name [10" cm?s] N® NO [GeV?/cm’] ence
1 Aquarius 11 5480 174 216 1827708  [36] 48 Sextans 5546 165 179 17.73%015  [36]
2 Bootes 1 6.101 180 167 18,17f8:;91 [36] 49 Triangulum II 6.528 262 272 19,1j84-65 [5]
3 Bootes 11 6.041 179 196  18.979¢ [5] 50 Tucana I 6.874 169 185 18.847035  [36]
4 Bootes III 6523 158 141  18.8+0¢ [5] 51 Tucana III 6986 155 178  19.370¢ [5]
5 Canes Venatici 1 6.697 135 101 17,42f8:11; [36] 52 Tucana IV 7.050 157 166 18,7f8‘-g [5]
6 Canes Venatici 11 6.657 135 121 17,82f8:2; [36] 53 Tucana V 7.111 166 160 18,612());66 [5]
7 Canis Major 6288 838 563 54 UssaMajorI 7407 144 149 18261020  [36]
8 Carina 7.021 305 244 17.83700  [36] 55 Ursa Major II 8.524 254 312 19.44%04)  [36]
9 Carina II 7379 477 461 1825103 [36] 56 Ursa Minor 9.160 207 182 18.75%012  [36]
10 Carina III 7374 484 471 20219 [37] 57 Virgo 1 5525 164 166
11 Cetus I 5729 112 133 19,1196 [5] 58 Willman 1 7342 145 164 19537030 [30]
12 Cetus IIT 5.608 131 110 59 Antlia TT 6399 706 488
13 Columba 1 6312 168 174  17.6*90 [5] 60 Balbinot 1 6.006 237 192
14 Coma Berenices 6.200 151 189 19.00f8:§’g [36] 61 Bliss 1 6.342 353 401
15 Crater 11 5724 210 192 15357937 [35] 62 Bootes IV 7465 164 177
16 Draco 8.671 262 229 18.83f)17  [36] 63 Bootes V 5.923 127 134
17 Draco 11 9.064 213 226 18.93f1%  [36] 64 Centaurus 1 6272 364 373 17.710%  [38]
18 Eridanus 1T 6.661 136 105  17.1%9¢ [5] 65 DELVE 1 5948 494 431 .
19 Eridanus III 6.840 155 171  18.1%0¢ [5] 66 DELVE 2 7395 191 191
20 Fornax 6298 126 162 18097010  [36] 67 DELVE 3 6.969 348 344
21 Grus I 6.354 147 149 16.88*131  [36] 68 DELVE 4 6.798 204 219
22 Grus I 6.197 198 207  18.7+9¢ [5] 69 DELVE 5 6338 211 223
23 Hercules 6376 310 323 173703  [36] 70 DES 1 6.464 129 121
24 Horologium I 7.007 161 232 19279771 [36] 71 DES 3 6.457 231 247
25 Horologium 1I 6.840 145 160  183%0¢  [5] 72 DES 4 7510 245 263
26 Hydra II 6.040 286 241  17.8%9¢ [5] 73 DES 5 7.524 240 242
27 Hydrus T 7000 281 388 18.65'037 [351 74 DES Sgr 1 5648 122 130
28 Indus 1 6234 295 348  17.470° [5] 75 DES Sgr 2 5646 182 115
29 Kim 2 6.402 276 275  18.1%0¢ [5] 76 Eridanus IV 5780 258 289  18.8%04  [38]
30 Laevens 3 6.180 314 357 77 Gaia 3 7436 375 304 .
31 Leo I 5742 158 176 17.64101%  [36] 78 HSC 1 5619 212 194
32 Leo II 6.034 140 117 1776797  [36] 79 Kim 1 5730 219 581
33 Leo IV 5517 165 168 1640719  [36] 80 Kim 3 6.004 293 253
34 Leo T 5.867 162 163 17,49f8:2;’ [36] 81 Koposov 1 5.782 152 190
35 Leo V 5542 164 179 17.65001  [36] 82 Koposov 2 6.102 195 179
36 Pegasus 111 5660 211 227 1830708 [36] 83 Laevens 1 5580 187 152
37 Phoenix II 6.656 147 122 18.110¢ [5] 84 Leo Minor I 6.239 141 194
38 Pictor I 6958 160 160  17.9*9¢ [5] 85 Munoz 1 9.143 205 189
39 Pictor II 7.463 355 398 - - 86 Pegasus IV 6.487 333 265  17.990%  [39]
40 Pisces I 5642 203 190 1730799 [36] 87 PS1 1 5986 498 614
41 Reticulum 1T 7072 155 178 1896703  [36] 88 Segue 3 6.289 329 1021
42 Reticulum IIT 7404 185 228 182706 [5] 89 Smash 1 7.022 380 415
43 Sagittarius 6.031 580 777 90 Torrealba 1 7518 242 248
44 Sagittarius TI 5898 402 380  18.410¢ [5] 91 Virgo I 5967 243 212
45 Sculptor 6.062 117 157 18.58%093  [36] 92 YMCA 1 7.567 427 428
46 Segue 1 5841 158 180 19.120%  [36] 93 Ursa Major Il 6370 148 147 21%) [40]
47 Segue 2 6.023 273 338 .
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