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The center of the Milky Way is a prime site to search for signals of dark matter (DM) annihilation due to
its proximity and expected high concentration of DM. The amplification of the dispersion velocity of DM
particles in the Galactic Center (GC), caused by baryonic contraction and feedback, makes this particular
region of the sky an even more promising target for exploring velocity-dependent DM models. Here we
demonstrate that current GC observations with the H.E.S.S. telescope, presently the most sensitive TeV-
scale gamma-ray telescope in operation in this region of the sky, set the strongest constraints on velocity-
dependent annihilating DM particles with masses above 200 GeV. For p-wave annihilations, they improve
the current constraints by a factor of ~4 for a DM mass of 1 TeV. For the spatial distribution of DM, we use
the results of the latest FIRE-2 zoom cosmological simulation of Milky Way-size halos. In addition, we
utilize the newest version of the GALPROP cosmic-ray propagation framework to simulate the Galactic
diffuse gamma-ray emission in the GC. We have found that p-wave (d-wave) DM particles with a mass of
approximately 1.7 TeV and annihilating into the W™ W~ channel exhibit a velocity-weighted annihilation
cross-section upper limit of 4.6 x 10722 cm3s~! (9.2 x 1077 cm3 s™!) at a 95% confidence level. This is
about 460 (2 x 10°) times greater than the thermal relic cross section for p-wave (d-wave) DM models.
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I. INTRODUCTION

A substantial body of observational evidence in astro-
physics and cosmology suggests that nonbaryonic dark
matter (DM) dominates the matter content of the universe
[1-5]. However, the properties of DM particles remain
elusive. Among the postulated popular DM candidates are
the weakly interacting massive particles (WIMPs) [6-9].
WIMPs would naturally possess an abundance similar to
today’s DM when assumed to have been thermally pro-
duced in the early universe [5]: if the thermally averaged
DM annihilation cross section (ov) is driven by velocity-
independent processes, the annihilation cross section today
is the same as at freeze-out in the early universe, i.e.,
(ov)y ~2.3 x 10726 cm? s™! [10]. Such s-wave annihila-
tion processes would produce gamma-ray signals that are
within reach of Fermi-LAT [11] and current ground-based
Cherenkov telescopes [12] as well as of cosmic-ray satellite
experiments [13—17].
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The center of the Milky Way is a prime target for indirect
DM detection because of its proximity to Earth and sub-
stantial DM content. Assuming the s-wave annihilation cross
section, DM searches have been extensively performed in the
Galactic Center [12,18,19] as well as nearby dwarf spheroi-
dal galaxies [11,20] providing strong constraints on annihi-
lation cross section for DM masses from a few ten GeV up to
several ten Te'V. In addition, the excess of GeV gammarays in
the inner few degrees of the GC [21-24], known as the
Galactic Center excess (GCE), if originated dominantly from
s-wave DM annihilation' may be in tension with the strong
constraints obtained from the nonobservation of GeV gamma
rays towards nearby dwarf galaxies [11,30].> However, in
case the annihilation cross section is dependent on the
relative velocity v of the self-annihilating DM particles,
e.g., for p-wave (ov « (v/c)?) or d-wave (ov  (v/c)*)

'An hypothetical population of millisecond pulsars has
also been postulated to explain the GCE, see, for instance,
Refs. [25-29].

2Note, however, that this tension could be slightly weakened in
case of informative priors for their density profile parametriza-
tions from structure formation models [31].
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annihilation, the DM annihilation rate is reduced in astro-
physical environments with lower velocity dispersion as
expected in dwarf galaxies compared to the GC, which
therefore weakens the constraints from dSphs.3

More phenomenologically, plenty of DM models with
symmetries impose s-wave annihilation suppression with
leading contribution from p-wave annihilation. Among
them are charged scalar DM annihilation through s-channel
Standard Model gauge boson [33], secluded DM [34-36]
and fermionic Higgs portal DM [37,38]. A classic example
of s-wave suppression is when the Majorana fermionic DM
annihilate via Z boson into Standard Model fermions [6].
See, for instance, Ref. [39], for a summary of models where
the s-wave annihilation contribution is suppressed or
forbidden.

Assuming a DM model with s-wave annihilation, the
expected annihilation signal is proportional to the squared
DM density integrated along the line of sight, usually
referred to as the J-factor. In the case of p-wave annihi-
lations, the J-factor accounts for the velocity distribution in
the astrophysical object [40]. Cosmological hydrodynam-
ical simulations such as those carried out by the Feedback
In Realistic Environments (FIRE-2) collaboration (e.g.,
Refs. [41-43]) enable to investigate the velocity-dependent
J-factors in the center of Milky Way-size galaxies. In
particular, the authors of Refs. [44,45] showed increased
DM velocity dispersion in the central region of Milky Way-
sized galaxies compared to DM-only simulations, leading
to significant enhancements of the J-factors at a few degrees
from the GC in the p and d-wave cases compared to
DM-only simulations. In what follows, we will assess the
constraints from current imaging atmospheric Cherenkov
telescopes (IACTs) to p- and d-wave annihilation signals
for TeV dark matter in the central region of the Milky Way.
To do so, we make use of the most up-to-date H.E.S.S.-like
observations of the GC with the five-telescope array [12].
These consist of the H.E.S.S. Inner Galaxy Survey [12],
which provides the currently GC region’s highest exposure
at very-high-energy (VHE, E = 100 GeV) gamma-rays,
with a total coverage of 546 hours distributed over the
inner few degrees of the Milky Way halo.

The paper is organized as follows. Section II describes
the expected DM distribution in the GC and expected
signals for velocity-dependent DM annihilation models.
In Sec. III, we present the sources of VHE gamma rays in
the Galactic Centre region. Section IV shows the analysis
framework used to compute the sensitivity to velocity-
dependent DM models in the GC. Results are presented in
Sec. V. Section VI is devoted to our conclusions.

*An alternative is to assume that the annihilation into the
electron channel dominates, in which case the GCE is produced
through inverse Compton scattering which is suppressed in dSphs
because of their low interstellar radiation fields, see, for instance,
Ref. [32].

II. VELOCITY-DEPENDENT DARK MATTER
IN THE GALACTIC CENTER

A. Dark matter distribution for
velocity-dependent models

For s-wave DM annihilation models, the expected
gamma-ray emission depends on the square of the DM
density integrated along the line of sight. This so-called
J-factor is typically computed using density profiles result-
ing from N-body simulations that ignore baryonic effects.
However, recent realistic hydrodynamic simulations of
MW-like galaxies have revealed substantial deviations from
the spatial distribution predicted by DM-only simulations
[30]. In particular, some hydrodynamical simulations,
including baryonic effects, predict the existence of kilo-
parsec-sized DM cores due to the impact of the Galactic bar
and stellar feedback [46].

For velocity-dependent models, such as the p-wave and
d-wave DM scenarios, the J-factor is generalized to encom-
pass the velocity distribution of DM particles. Reference [45]
conducted various hydrodynamical simulations using
FIRE-2 zoom-in simulations to compute high-resolution
J-factor maps for s, p, and d-wave DM models. FIRE-2
includes radiative heating and cooling for gas, stellar feed-
back from OB stars, type la and type Il supernovae, radiation
pressure, and star formation effects. They found that the
central DM velocity dispersion was significantly amplified in
FIRE-2 (by factors of ~2.5-4) compared to DM-only
simulations.” Since p-wave and d-wave DM models are
strongly velocity-dependent, the FIRE-2 J-factors derived in
Ref. [45] are amplified by factors of ~3—-60 and ~10-500
compared to DM-only simulations, respectively. Figure 1
shows integrated J-factor as a function of the angular distance
(from the GC) for p and d-wave annihilations, obtained
from FIRE-2 and DM-only simulations, respectively. These
amplifications persist even though their DM density profiles
are normalized to the same local DM density such that
p(rg = 8.3 kpc) = 0.38 GeVem ™. The chosen value of the
local DM density is derived from LAMOST DRS5 and Gaia
DR?2 [47]. The DM density at the solar location is subject to
uncertainties. Following Refs. [48,49], recent determinations
of p(rg) are in the range (0.2-0.6) GeV/cm?’. As observa-
tional estimates of the local density become more precise,
any change of p(ry) can be propagated to the results by
rescaling the DM signal by (p(rg)/0.38 GeV/cm?)2.

The authors of Ref. [45] studied 12 pairs of simulations
(for each FIRE-2 simulation, there is a DM-only one) suitable
for comparisons with the Milky Way. The analysis of these
zoom simulations has shown these are good candidates
for comparison with the Milky Way and used to generate

“The impact of galaxy formation on the spatial distribution of
DM halos are less dominant, increasing in some cases the central
DM density and decreasing in others.
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Integrated J-factor (in GeV>cm™) versus angular distance 6 (in °) from the Galactic Center for p-wave (left panel) and d-wave

(right panel) annihilations, respectively. Both are displayed from cosmological DM-only (light shaded area) and FIRE-2 (dark shaded
area) simulations. The mean J-factor is extracted from a set of 12 DM-only (dashed lines) and FIRE-2 (solid lines) simulations [45]. The
shaded areas show the J-factor value extrema obtained in these sets.

synthetic surveys resembling Gaia DR2 in data structure,
magnitude limits, and observational error [50]. In particular,
for each selected simulation, the stellar mass agrees with the
Milky Way one of M, = (3 —11) x 10'°M. The virial
masses of the halos found in these simulations are within the
expectations fro the Milky Way M,;, = (0.9-1.8) x 1012M,
The averaged virial mass from the FIRE-2 simulations is in
very good agreement with the value inferred by Gaia DR2 of
Ml = 1.087029 x 10"2M, [51].

We have selected the minimum and maximum J-factors in
the present work and computed the mean values as plotted in
Fig. 1, to investigate the H.E.S.S. sensitivity to velocity-
dependent DM models. More details on the calculation of the
integrated J-factors in the regions of interest used for the DM
search are provided in Appendix A.

We note that the minimum spatial resolution of the
FIRE-2 simulations is ~400 pc, and their study did not
consider AGN-like effects from Sgr A*. In the present
study, we have extrapolated the J-factor profile to the
central supermassive black hole using a linear approxima-
tion. These extrapolations imply an almost flat density
profile in the Galaxy’s inner ~400 pc. This is likely a
conservative approach, as it is expected that AGN feedback
would cause an even more significant enhancement in DM
velocities in the vicinity of the supermassive black hole Sgr
A* [45,52]. At distance below 400 pc, Sgr A* feedback
may impact DM velocities. However given the low mass of
Sgr A* compared to the expectation from the black hole
mass—velocity dispersion relationship found elliptical and
bulge galaxies [53], no significant decrease of the velocity
would be expected.

B. Expected velocity-dependent dark matter
annihilation signals

The energy-differential flux of gamma rays produced
by the pair-annihilation of Majorana DM particles of mass
mpy and velocities 7] and 7, in a DM halo of density p, can
be expressed as’:

d*® (ov)

dEdQ  8zmdy,
dJ,
— [ dspbtris.0)

dQ
x [ @uigon) [ @rsg(ea)

where n =0, 2, 4 for s, p and d-wave annihilations,
respectively. 0 is the angle between the GC and the line of
sight (los). The radial distance r from the GC is related to the
distance along the los s such as r = (s + 13 — 2srg cos0)!/2,
where r, is the distance between the GC and the Sun.

In case of standard s-wave annihilations, the velocity-
weighted cross section (cv) required to match the observed
DM density has been carefully computed in Ref. [10].
Following Refs. [6,54], the thermal (ov) values in case of
p- and d-wave annihilations as described in Ref. [45] can be
estimated to (ov)f =1.2x 1072 cm®s7!, and (ov)d =

4.3x 10723 cm?®s™!, respectively, for xpy = my/Tro = 25,

dNydJ
f n

BR,—
; /dE dQ’

Pl

(1)

)
Cn

>Such a formulation assumes that the DM velocity distribution
S (7, 7) can be written as (7, ¥) = p(7)g(v) normalized such that

[ &vf (7. 7) = p(7).
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FIG. 2. Energy-dependent fluxes in d>®/dEdQ versus energy
E for p-wave DM annihilation signals and backgrounds in the GC
region. The 7z, (solid red line) and ICS (solid pink line)
components of the Galactic diffuse emission are obtained from
v57 GALPROP simulations for the ROI used in this work and for
the model SA100 (R12). The red and pink circles show the 7, and
ICS components, respectively, as measured from Fermi-LAT
[24]. The residual background flux measured by H.E.S.S. [12] is
shown as a solid blue line. The flux points and upper limits from
the Fermi-LAT and H.E.S.S. analyses of the FBs [56] are shown
as gray and black points, respectively. The best-fit spectrum of the
FBs emission for energies above 100 GeV is shown as the solid
black line [56]. The expected fluxes for p-wave annihilation of
DM of 10 TeV mass in the W W~ channel with the mean DM
distribution predicted from FIRE-2 (solid green line) and DM-
only (dotted green line) simulations are shown for an annihilation

cross section of (ov) = (ov)f = 1.2 x 1072* cm®s71.

where T'gq is the freeze-out temperature. For a broad range
of masses from GeV to 100 TeV, xgg = 20-30, implying a
20% and 36% change on the thermal p- and d-wave thermal
cross section, respectively. We show the energy-dependent
expected fluxes p-wave DM with a mass of 10 TeV
annihilating into the W*W~ channel, for the mean DM
distribution predicted from FIRE-2 and DM-only simula-
tions in Fig. 2. The fluxes are convolved by the finite
energy resolution of the H.E.S.S. instrument, modeled

as a Gaussian with width specified by o/E = 10%,
following Ref. [55].

III. VHE GAMMA RAYS IN
THE GALACTIC CENTER

A. Modeling the Galactic diffuse
emission with GALPROP

Energetic cosmic rays (CRs) interact with interstellar
gas, magnetic, and radiation fields to produce diffuse
gamma-ray emission, which dominates the radiation flux

observed from the Galactic center in the GeV energy range
and is also expected to be a very significant component at
TeV-scale energies.

In this work, we use the most recent release of the CR
propagation framework GALPROP (version 57) [57] to
model the expected TeV-scale diffuse gamma-ray emission
for a set of models that assume different realistic CR source
density and interstellar radiation field distributions. Despite
their differences, the models considered here agree with an
extensive collection of locally measured CR data and are
expected to be representative of the gamma-ray uncertain-
ties related to the transport of CRs in the Galaxy.

For a given GALPROP simulation, the key inputs are the
CR source density distribution, the distributions of inter-
stellar gas, interstellar radiation fields, and magnetic fields
leading to energy losses and secondary particle production.
Below is a brief summary of our simulations setup.

(i) CR source distribution: There are considerable
uncertainties associated with the CR source distri-
bution. We use two representative three-dimensional
models that assume different injection luminosity
strengths in the Galactic disc and spiral arms.
Following Refs. [58,59], we employ the CR source
distribution termed SAO, which assumes that all
sources are located in the Galactic disk, and SA700,
which places all the CR sources in the spiral arms.
The first and third columns of Table I in Ref. [58]
show the parameter setup assumed for models SAQ
and SA100, respectively. For simplicity, we disre-
gard the possibility of a new central source of
electrons in the GC [60]. This important point will
be addressed in a future study.

(i) Interstellar gas models: Since our CR simulations
are run in three-dimensional (3D) mode, we use the
3D interstellar gas distribution models developed in
Ref. [59]. Their HI and '’CO 3D maps were
obtained by fitting to LAB-H/ [61] and CfA
composite CO data [62]. They provide a more
accurate representation of the interstellar gas dis-
tribution than the 2D gas maps available in older
versions of the GALPROP framework.

(iii) Interstellar radiation fields and magnetic field
model: Reference [58] developed 3D interstellar
radiation field (ISRF) models—namely R12 and
F98—for the Galaxy using stellar and dust distri-
bution functions with spatially smooth surfaces.
These are based on the models introduced in
Refs. [63,64]. Despite offering equivalent solutions
for the ISRF intensity distribution in the Galaxy,
neither matches the data perfectly. As a result, we
run GALPROP simulations with both ISRF models
to estimate the extent of the modeling uncertainty
associated with our incomplete knowledge of the
distribution of the ISRF.

We use the magnetic field model of Ref. [65]
(available in GALPROP) for the synchrotron energy
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losses. We are considering an exponential disk
model with a strength of 5 pG at the solar position.

(iv) Spatial resolution of the simulations: We perform
the GALPROP runs using a nonlinear (tangential)
transformation of coordinates [57] allowing us to
achieve 50 pc spatial resolution in the GC, and 1 kpc
in the outskirts of the Galaxy. Each simulation
required ~290 Gb of memory and ~8 h of running
time on a 128-core computing node.
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The spectral and morphological behaviors and the
flux overall normalization of 7z, and ICS components
are provided by the GALPROP predictions. We take these
normalizations to match the measured values from Fermi-
LAT [24], to input a physical modeling from GeV to TeV
energies. The energy-dependent fluxes for the 7z, and ICS
components, for the model SA100 (R12) adopted for
the GDE predictions with GALPROP, are shown in Fig. 2.
The measured 7z, and ICS energy-differential fluxes

1 TeV

0° 358°356°

10
xX10~ 8

-~

% 0—10

0° 358°356°

—5

x 1072

0° 358°356°

0° 358°356°
14

10

-

D

e~

[\]

0

oo

(=)

S

10 TeV  x10-12
40
2.0
20
OO 15
—2° 1.0
—4 0.5

4°2° (0° 358°356°
x 10712

1.5

1.0

0.5
0° 358°356°

X012

3
2
1

O 20

O 20

x 10712
4° 3
90
0° 2
_9°
—4° 1

0° 358°356°

4°2° 0° 358°356°

14

Inverse Compton flux maps (d’°®/dEdQ) in Galactic coordinates (I, b) predicted by GALPROP v57 [57] (in units of
cm™2 s~ sr~!). Each row shows the IC morphology for a particular choice of CR sources density (SAO or SA100) and ISRF

model (F98 or R12). The columns display the maps at three different energies: 10 GeV, 1 TeV, and 10 TeV, respectively. The propagation
parameter setup used in this simulation agrees with local CR measurements. See text for more details.
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measured with Fermi-LAT [24] are shown in the same
figure.

The energy-differential fluxes for the =z, and ICS
components for all the other models considered for the
GDE—SAO (R12), SA100 (F98) and SAO (F98)—are
shown in Fig. 7 in Appendix B. Figure 8 in Appendix B
shows the Galactic diffuse emission model SA100 (R12)
obtained from the sum of the 7z, and ICS components at an
energy of 10 TeV. The main results obtained in this work
consider SA100 (R12) as a baseline model for GDE
predictions.

The flux maps for the simulated IC component are
presented in Fig. 3. Each row corresponds to a CR source
density (SAO or SA100) and an ISRF model (F98 or R12).
The three different columns show the spatial morphologies
at 10 GeV, 1 TeV and 10 TeV, respectively. These are
determined by a convolution of the CR source distribution
and the geometry of the ISRF components. As the energy of
the CR e* increases, the Klein-Nishina effects become
important, and the spatial morphology of the IC map

x 10712
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¢ x 10712

SA100 (F98)
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l

resembles more and more the spatial distribution of the
CR sources. This is because, in this case, the relevant target
photons are the cosmic microwave background photons,
which are isotropically distributed. Figure 4 shows the flux
maps for the hadronic component at an energy of 10 TeV
for the CR source densities (SAO or SA100) and the ISRF
models (F98 or R12) considered in this work. As expected,
the spatial morphology is mostly driven by the target
material density.

B. Backgrounds in the central region
on the Milky Way

Any analysis searching for DM annihilation signals with
IACT observations of the GC region has to deal with the
irreducible gamma-ray background, which comes from
conventional astrophysical emissions arising from a variety
of objects and production processes, as well as from hadron
and electron cosmic rays (CRs) that are misidentified as
gamma rays due to the finite discrimination between
gamma-rays and CRs [66]. The latter is referred to hereafter

x 10712
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FIG. 4. Hadronic flux maps (d>®/dEdS) in Galactic coordinates (I, b) at an energy of 10 TeV computed with GALPROP v57 [57] (in
units of TeV~! ecm™2 s~! sr~!). Each panel shows the predicted morphology for a particular choice of CR source density (SAO or SA100)
and ISRF model (F98 or R12). Note that all models agree with local CR measurements by construction and that the spatial morphology
of the maps is heavily dominated by the distribution of interstellar gas.
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as the residual background. Its determination in the GC and
blank-field regions may differ due to the different levels of
night sky background in these environments. However, the
method used in Ref. [12] can properly determine the
background in the signal region from regions with different
night sky background conditions. It is, therefore, safely
assumed that the residual background measurement per-
formed in Ref. [12] applies to extragalactic blank-field
observations. For the analysis, we adopt the ON and OFF
method. The region of interest (ROI) for DM search is
assumed as the ON region. The OFF region provides the
control dataset to constrain the dominant CR background.

The observations of the GC with H.E.S.S. revealed a
complex astrophysical region with the detection of the
central source HESS J1745-290 [67,68] coincident with the
supermassive black hole Sagittarius A*, as well as diffuse
emission connected to the interaction of relativistic par-
ticles in clouds of the central molecular zone [69], and more
recently within the inner 50 pc of the GC [70] from PeV
protons interacting in the interstellar medium. To avoid
complex modeling of these background emissions and
leakage of VHE emissions in the ROI for DM search, a
conservative set of exclusion regions is considered here
following Ref. [12]. The survey carried out by the H.E.S.S.
instrument provides an accurate measurement of the
residual CR background of the GC region [12]. The
energy-differential flux of the residual background is
shown in Fig. 2 and is used as a baseline for the residual
VHE gamma-ray background affecting DM signal searches
with IACTs observations.

Another potentially significant background emission in
the GC region comes from the Fermi bubbles (FBs), the
giant double-lobe emission detected using the Fermi-LAT
satellite [71]. We consider here the flux points and upper
limits from the Fermi-LAT and H.E.S.S. analyses given in
[56]. We also extract the best-fit spectrum for energies
above 100 GeV from the same reference. However, as
demonstrated in Refs. [72,73], subtracting the FBs emis-
sion from the overall background for DM searches is
negligible on the sensitivity reach. The Fermi-LAT and
H.E.S.S. flux points and upper limits, together with the
best-fit spectrum are shown in Fig. 2.

The most intense astrophysical background in the GC
region is generated by energetic cosmic rays interacting
with interstellar gas, magnetic, and radiation fields, as
described in Sec. III A.

Several studies [27,29,30,74,75] have discussed the
possibility of a high-energy tail in the Galactic Center
excess (GCE), which might extend up to a few TeV. If the
GCE is due to a new population of millisecond pulsars, then
this high-energy tail could naturally arise from the injection
of TeV-scale electrons/positrons from the putative popula-
tion of MSPs (e.g., Ref. [60]). However, we do not model
the high-energy tail in our analysis in order to compute
conservative upper limits for p- and d-wave DM.

IV. STATISTICAL ANALYSIS

The statistical analysis and the derivation of upper limits
is performed following the well-established procedure
based on the definition of a 2-dimensional log-likelihood
ratio test statistic (see, for instance, Refs. [12,73,76-78]).
This exploits the DM signal’s expected spectral and spatial
features in logarithmically spaced energy bins, defined for
an energy range spanning between 200 GeV and 70 TeV,
and spatial bins corresponding to the ROI, respectively. The
binned two-dimensional likelihood function for a given
DM mass reads as:

L',-j(NiSj,Nfi.,NiSj,NfﬂNgN,NgFF)

= Pois[(N%; + N%), NON]
x Pois[(N}; + N7), N (2)

The number of measured events in the ON and OFF
regions, in the spectral bin i and the spatial bin j, is given
by NJN and NO. They are obtained with the procedure
explained in Sec. Il B. The expected numbers of events
in the signal and background regions are expressed by
N3, + N} and N7 + N7, respectively. The background is
assumed to be measured from extragalactic blank-field
observations such that NI-S]- can be considered negligible
compared to Nf]-. The expected number of background
events in the (i, j) bin for the ON and OFF regions is given
by Ng. For the computation of the sensitivity, the back-

ground model, referred as to residual background, has no
free parameter since it is directly extracted from measure-
ment. The residual background taken from the OFF region
is assumed to be a perfect description on the background
model in the ON region. Our background-modeling
approach with real data would require the consideration
of possible systematic uncertainties on the expected
residual background in the ON region from the OFF
measurement (see Ref. [12] for more details). For the
GDE, we do not allow its normalization, for example, to
vary. Instead, the impact of the mismodeling of the GDE
component on the sensitivity is studied via the use different
representative models of the GDE presented in Sec. IIT A.
The ON-OFF approach we use here has the advantage of
factoring out instrumental systematic uncertainties which
should affect in a similar way the background in the OFF
and ON regions. However, it requires to define OFF region
with similar background to the ON region, which may be
challenging due to the nonuniform GDE spatial morphol-
ogy. We do not aim here to define the optimal observational
pointing position strategy and the definition of the OFF
regions. We use here a simplified approach where we model
the expected background in the ON region, and our results
correspond to a best-case scenario to velocity-dependent
DM signals. The number of expected events from DM
annihilations, NS, is obtained by folding the expected DM
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flux, given in Eq. (1) with the energy-dependent acceptance
and energy resolution of the H.E.S.S. instrument, extracted
from Ref. [12]. The gamma-ray yield dN{ /dE, in the
channel f, is obtained from PPPC4DMID computational
tools from Ref. [79]. Niﬁ is computed for the different DM

profiles we consider in the analysis. The J-factor values
obtained for each ROI are reported in Table I for the FIRE-2
and DM-only simulations, respectively, in the case of p and
d-wave annihilations. Once the DM mass is chosen, the
only free parameter is the strength of signal controlled
by (o).

Upper limits on (ov) are obtained using the test statistics
(TS) defined with the full likelihood function. The latter is
the result of the product of the binned two-dimensional
Poisson likelihood function £;; over the spectral (i) and
spatial (j) bins. Therefore, the TS depends on the particle
DM properties, which for a given spectrum, are specified
by (ov) and mpy;. For a given DM mass and annihilation
channel, the TS can be defined as

L({ov), mpm) .

p—

TS(mpy) = —21log
L({ov), mpm)

(3)

The value of the cross section maximizing the likelihood for

—

a given mpy; is given by (ov). When the limit of large
statistics is reached, the TS follows a y? distribution with a
single degree of freedom (ov). With this assumption, we

10718: 1
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1019k
10-20
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: — b
[ Thermal relic_density bb, Fermi-LAT
10*2'1 e Sl S S S S S S S Y S S S S ) Sl——— -
1072 107! 10° 10!
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FIG. 5.

compute one-sided 95% confidence level (C.L.) upper limits
on (ov) extracting the cross section value corresponding
to TS = 2.71 [80]. The upper limits shown in this work are
derived as the mean expectation by applying the above
procedure to the Asimov dataset, for which the measured
background is considered as the data to compute the mean of
the expected sensitivity [80]. This procedure is an accurate
estimate when compared to computations with a large set of
Monte Carlo datasets, as shown in Ref. [73]. In what follows,
the Asimov procedure is also used to compute confidence
intervals of the expected sensitivity [80].

V. RESULTS

We search for DM annihilation signals in an ROI defined
as a disk of radius up to 4°. Following Ref. [12], the ROI is
further divided into concentric annuli of width Ag = 0.1°,
to exploit the spatial characteristics of the DM signal in
contrast to the background. The ROI is here extended such
that the annuli’s inner radii range from 6; = 0.5° up to
6; = 3.9°. The exposure in each annulus considered in
this analysis is extracted from Ref. [12] and applied to
compute the measured number of events from irreducible
VHE gamma-ray background using the residual fluxes
shown in Fig. 2.

The left panel of Fig. 5 shows the 95% C.L. mean
expected upper limits on the velocity-weighted cross
section for p-wave Majorana WIMPs annihilating in the

10-12 .

—— FIRE-2
DM-only

1013k

107"F d-wave annihilation|

1071

(ov) [em3s™]

1016

1017 —_ WrW-
bb

—— bb, Fermi-LAT

10—18 " PP |
1072 107!

1l Ll
10° 10!

mpm [TOV]

95% C.L. mean expected upper limits on (ov) versus the DM mass, assuming p-wave (left panel) and d-wave (right panel)

annihilations, respectively, in the W W~ (solid blue line) and bb (solid red line) channels, respectively. The limits obtained when the
GDE is subtracted from the measured residual background are shown for the W W~ channel (dashed blue line). The dark and light-
shaded lines correspond to the FIRE-2 and DM-only simulations, respectively. The horizontal gray dashed line corresponds to the
expected thermal annihilation cross section for the p-wave annihilation signal. The Fermi-LAT constraints are shown as a solid green
line [45]. The containment bands show the limits obtained when considering the maximum and minimum values of the J-factors from

the FIRE-2 simulations used in this analysis.
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FIG. 6. 95% C.L. mean expected upper limits on (ov) versus
the DM mass, assuming p-wave annihilation in the WTW~
channel. The limits obtained when the GDE is subtracted from
the measured residual background are shown for all the models
tested in this work—SA100 (R12), SAO (R12), SA100 (F98),
and SAO (F98) as solid red, dashed red, solid green, and dashed
green lines, respectively. The limits when no GDE modeling is
subtracted are shown as the solid blue line.

W*W~ and bb channels, respectively, for the above-
mentioned velocity-dependent J-factors in case of FIRE-2
and DM-only simulations. The results including the con-
fidence intervals obtained with the Asimov procedure are
provided in Appendix C.

The limits reach 4.6 x 10722 cm?s™' and 7.8 x
10722 cm®s™! for a DM particle mass of 1.7 TeV in the
W* W~ and bb annihilation channels, respectively. For a DM
mass of about 1 TeV, considering annihilation in the bb
channel, our limits improve upon the limits derived from
Fermi-LLAT data extracted from Ref. [45], by a factor ~4.
Accurate modeling of the expected Galactic diffuse emission
in the TeV range would allow for an improvement in the
limits by a factor ~2.5 for a DM particle mass of 1.7 TeV.
This is shown in Fig. 5, for the limits obtained when the
baseline GDE model is subtracted from the H.E.S.S. mea-
sured residual background. The right panel of Fig. 5 show
limits for d-wave annihilation, using J-factors from FIRE-2
and DM-only simulations and considering annihilation into
the same channels as in the right panel of the same figure. The
limits reach 9.2 x 1077 cm?s™! and 1.5 x 107'® cm?s~!
for a DM particle mass of 1.7 TeV in the WHW~ and bb
annihilation channels, respectively.

As presented in Sec. II, we have extracted the minimum
and maximum J-factors for FIRE-2 and DM-only simu-
lations. Figure 5 shows how the limits obtained for p- and
d-wave annihilations into the bb channel would improve

(degrade) when the maximum (minimum) J-factors are
considered. This manifests that a non-negligible uncer-
tainty for the signal prediction is obtained from the choice
of the J-factor. For a DM mass of 1.7 TeV, adopting the
maximum (minimum) J-factor would result in limits a
factor ~3.8 more (less) constraining.

Figure 5 showed the improvement obtained on the
constraints when the GDE is modeled with the baseline
GDE model adopted in this work. As mentioned above, the
GDE background model has no free parameter. Instead, we
show the limits obtained when modeling the GDE with the
other setups, as discussed in Sec. III B, and subtracting it
from the H.E.S.S. measured residual background in Fig. 6,
in order to quantify the impact of the GDE mismodeling.
The improvement when the diffuse emission is modeled
following the SAO (R12), SA100 (F98), and SAO (F98) CR
source density (ISRF) models is shown and compared to
the previously shown limits with no GDE subtraction and
with modeling according to the SA100 (R12) setup. With
SAO0 (R12), SA100 (F98), and SAO (F98), the limits would
improve by factors ~2.2, ~2.7 and ~2.5, respectively, for a
DM particle mass of 1.7 TeV.

VI. DISCUSSION AND SUMMARY

In this work, we have presented constraints on velocity-
dependent DM models based on the latest H.E.S.S. deep
VHE observations of the central region of the Milky Way,
where the highest velocity-dependent DM annihilation
signals are expected. To model the DM distribution in
the GC region, we use the state-of-the-art FIRE-2 zoom
hydrodynamical simulations of Milky Way-like galaxies.
We have determined that for p-wave DM particles of about
1.7 TeV (annihilating into the WTW~ channel), the
velocity-weighted annihilation cross section has an upper
limit of 4.6 x 10722 cm® s™! at 95% C.L. These constraints
are the strongest so far in the TeV mass range, improving
limits obtained with Fermi-LAT data above 250 GeV [45].
For a DM mass mpy; = 1 TeV, our limits for annihilation
into the bb channel improve Fermi-LAT results by a factor
~4. Alternative searches for velocity-dependent DM mod-
els focus on the local largest bounded structures where the
highest velocity dispersions are measured. Compared to
galaxy cluster searches [81], our results improve by about
two orders of magnitude for a DM mass of 500 GeV.

Further, we have investigated to some extent the impact
of Galactic diffuse gamma-ray emission mismodeling on
our constraints by using different configuration sets for the
GDE predictions with GALPROP. Our findings indicate that
this form of uncertainty impact the constraints by about
15% on average over the considered mass range as shown
in Fig. 6.

Our study utilized the DM velocity-dispersion and spatial
distribution as predicted by Ref. [45], which align with
those independently obtained by Ref. [44]. In both hydro-
dynamic simulations, DM particle dispersion velocities are
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amplified toward the GC. This results in higher J-factors for
velocity-dependent annihilation than DM-only simulations.
We chose to solely rely on the J-factors determined
by Ref. [45] due to their superior spatial resolution.
Additionally, Ref. [44] limits their analysis region to areas
beyond 10 degrees of the GC.

Unresolved VHE sources in the GC region, i.e., indi-
vidual sources below the detection threshold, could also
contribute to the total Galactic diffuse gamma-ray emis-
sion, providing an additional contribution to the truly
diffuse emission measured by H.E.S.S. A recent study
has investigated the unresolved source population contri-
bution from the H.E.S.S. Galactic plane survey and the
detection potential of CTA [82]. We note that if we
subtracted this unresolved source component from the
GC region, our p-wave annihilating DM constraints could
be further improved. We leave this interesting possibility
for future work.

The H.E.S.S. observatory offers exceptional sensitivity
to the Galactic Center, compared to other IACTs in
operation. Data collected by H.E.S.S. offer unprecedented
insight into annihilating TeV-scale DM particles in regions
of the sky where the highest dispersion velocities are
expected at Galactic scales. This results in significant
velocity dependence on the annihilation cross section.
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APPENDIX A: J-FACTORS FOR p- AND d-WAVE
ANNIHILATION MODELS

The integrated J-factors (GeV?cm™), as a function of the
angular distance 0 from the GC (in °), are obtained for
p- and d-wave annihilation from FIRE-2 and DM-only
simulations [45], as shown in the left and right panels of
Fig. 1, respectively.

The distance between the GC and the Sun is taken at
ro = 8.3 kpc. The value of the dark matter density at the
solar location is taken as p(rg) =0.38 GeVZem™. A
significant enhancement in p- and d-wave J-factors in
hydrodynamic simulations compared to DM-only cases
is obtained. In the inner 5° of the Galactic Center, the
J-factors are enhanced by a factor ~14 and ~96 for the
p- and d-wave annihilations, respectively. The containment
bands represent the extrema of the J-factor values obtained
from the set of the 12 FIRE-2 simulations [45].

TABLE I. J-factors values in the ROI. The columns show the
definition of the ith ROI together with the corresponding solid
angle size, and values of the p- and d-wave J-factors obtained for
DM-only and FIRE-2 simulations, respectively.

J-factor: J(AQ;)

p-wave d-wave
Solid angle: [10' GeVZem ™ sr] [10° GeVZem™ sr]

i"ROI AQ; [10™* sr] DM-only FIRE-2 DM-only FIRE-2

1 1.05 0.22 3.28 0.09 11.82
2 1.24 0.26 3.84 0.11 13.99
3 1.44 0.30 4.40 0.13 16.09
4 1.63 0.34 491 0.14 17.90
5 1.82 0.37 543 0.16 19.62
6 2.01 0.41 5.92 0.17 21.08
7 2.20 0.44 6.42 0.19 22.38
8 2.39 0.47 6.95 0.20 23.54
9 2.58 0.50 7.43 0.21 24.51
10 277 0.53 7.83 0.22 25.37
11 297 0.56 8.13 0.24 26.11
12 3.16 0.58 8.41 0.25 26.62
13 3.35 0.61 8.72 0.25 26.97
14 3.54 0.63 8.98 0.27 2747
15 3.73 0.65 9.15 0.27 27.69
16 3.92 0.67 9.32 0.28 27.83
17 4.11 0.69 9.53 0.29 28.08
18 431 0.70 9.66 0.30 27.99
19 4.50 0.72 9.86 0.31 28.04
20 4.69 0.73 9.98 0.31 28.02
21 4.88 0.74 10.04 0.32 27.89
22 5.07 0.75 10.14 0.33 27.78
23 5.26 0.76 10.25 0.33 27.62
24 5.45 0.77 10.36 0.34 27.49
25 5.64 0.78 10.45 0.34 27.30
26 5.83 0.79 10.49 0.35 26.96
27 6.03 0.80 10.53 0.35 26.76
28 6.22 0.80 10.57 0.36 26.55
29 6.41 0.81 10.55 0.36 26.24
30 6.60 0.81 10.51 0.37 25.98
31 6.79 0.82 10.45 0.37 25.73
32 6.98 0.82 10.43 0.37 25.39
33 7.17 0.83 10.40 0.38 25.09
34 7.36 0.83 10.41 0.38 24.82
35 7.55 0.83 10.35 0.38 24.45

Table I gives the J-factor values integrated in each ROI
adopted in this work for p- and d-wave annihilations in the
case of the FIRE-2 and DM-only cosmological simulations.

APPENDIX B: EXPECTED BACKGROUND
FLUXES IN THE GC REGION

The energy-differential fluxes for the 7z, and ICS
components for the baseline model adopted for the GDE
predictions were introduced in Sec. III A. We show here the
fluxes for the other three setups which are used to estimate
the impact of the GDE modeling. The energy-differential
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FIG. 7. Energy-dependent fluxes in E2d*®/dEdQ versus

energy E for the backgrounds in the GC region. The 7, (pink
line) and ICS (red line) components of the Galactic diffuse
emission are obtained from the latest v57 GALPROP simulations
for the ROI and all the models considered in this analysis—
SA100 (R12), SAO (R12), SA100 (F98), and SAO (F98)—as
solid, dashed, dotted, and dashed-dotted lines, respectively.
The red and violet points show the 7, and ICS components,
respectively, from Fermi-LAT measurements. [24]. The residual
background flux measured by H.E.S.S. is extracted from Ref. [12]
and shown as a solid blue line. The flux points and upper limits
from the Fermi-LAT and H.E.S.S. analyses of the FBs, as
described in Ref. [56], are shown as gray and black points,
respectively. The best-fit spectrum of the FBs emission for
energies above 100 GeV is shown as the solid black line [56].

fluxes for the 7, and ICS components for all the other
models considered for the GDE—SAO (R12), SA100
(F98), and SAO (F98)—are shown in Fig. 7. As previously
explained, we took the overall normalizations provided by
the GALPROP predictions for SA100 (R12) and matched
them to the measured values from Fermi-LAT. The nor-
malizations of the other three setups are rescaled such that
the ratio of their normalizations to the baseline model one is

x 10712

[\ w w W=
) o o ot o
A [1/TeV Jem? /s /st]

b
o

4° 2° 0° 308°  356°
l

FIG. 8. Total (7 decay + ICS) energy-differential gamma-ray
flux map predicted by GALPROP v57 [57] for a gamma-ray energy
of 10 TeV displayed in Galactic coordinates (/, b). The black-
filled areas correspond to the regions masked in the analysis. The
simulation was performed with the new 3D interstellar gas model
[59] and the SA100 (R12) CR source density model.

maintained. We show the total flux in the GC region from
our baseline model of the Galactic diffuse emission in
Fig. 8. This is obtained as a sum of the 7, and ICS
components at an energy of 10 TeV.

APPENDIX C: MEAN EXPECTED UPPER
LIMITS AND CONTAINMENT BANDS
FOR p AND d-WAVE ANNIHILATIONS

The mean expected limits and confidence intervals are
obtained by applying the Asimov procedure of Ref. [80].
For the confidence intervals, to avoid limits below the
expected one-sigma lower limit, we power constrain [80].
Figure 9 show the power-constrained mean expected upper
limits at 95% C.L. on (o) for p- and d-wave annihilations
for the WW~ channel, both when utilizing FIRE-2 and
DM-only simulations for the DM distribution. Mean
expected upper limits are obtained here without subtraction
of the GDE contribution from the measured residual
background. Containment bands at 1 and 2¢ are shown.
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FIG.9. Power-constrained mean expected upper limits computed at 95% C.L. on (ov) for p-wave (left panel) and d-wave (right panel)
annihilation, respectively, for the W W~ channel. The mean expected limits (solid black lines) are shown together with the 1 (green
shaded area) and 2o (yellow shaded area) containment bands versus the DM mass for FIRE-2 (dark shaded area) and DM-only (light
shaded area) simulations, respectively. The horizontal gray dashed line corresponds to the expected thermal annihilation cross section

for the p-wave annihilation signal.
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