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Higgsino Dark Matter Confronts 14 Years of Fermi y-Ray Data
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Thermal Higgsino dark matter (DM), with mass around 1 TeV, is a well-motivated, minimal DM
scenario that arises in supersymmetric extensions of the standard model. Higgsinos may naturally be the
lightest superpartners in split-supersymmetry models that decouple the scalar superpartners while keeping
Higgsinos and gauginos close to the TeV scale. Higgsino DM may annihilate today to give continuum y-ray
emission at energies less than a TeV in addition to a linelike signature at energies equal to the mass.
Previous searches for Higgsino DM, for example with the H.E.S.S. y-ray telescope, have not reached the
necessary sensitivity to probe the Higgsino annihilation cross section. In this work we make use of 14 years
of data from the Fermi Large Area Telescope at energies above ~10 GeV to search for the continuum
emission near the Galactic Center from Higgsino annihilation. We interpret our results using DM profiles
from Milky Way analog galaxies in the FIRE-2 hydrodynamic cosmological simulations. We set the
strongest constraints to date on Higgsino-like DM. Our results show a mild, ~2¢ preference for Higgsino
DM with a mass near the thermal Higgsino mass and, depending on the DM density profile, the expected

1,2

cross section.
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Dark matter (DM) makes up ~27% of the energy in our
Universe today [1], with only ~5% of the energy density
in ordinary matter, yet its microscopic nature remains
unknown. One tantalizing possibility, which has driven
decades of experimental and theoretical effort, is that DM
arises as the lightest superpartner (LSP) in supersymmetric
(SUSY) extensions of the standard model that address the
hierarchy problem related to the unnaturally low Higgs mass
parameter (see Ref. [2] for a review). LSP DM at the ~TeV
scale may naturally acquire the correct DM abundance
through thermal freeze-out. On the other hand, electroweak
scale SUSY and LSP DM have come under increasing
tension in recent years from null searches for new physics at
the Large Hadron Collider (LHC) [3,4], direct detection
experiments [5], and indirect searches [6,7].

Natural LSP candidates are the neutral gauginos—
namely, bino and wino LSPs—and the Higgsino. Pure
bino DM is excluded by direct searches at the LHC [8,9].
Wino DM is in strong tension with null results from
DM annihilation searches with the H.E.S.S. y-ray
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telescope [6,10]. Nearly pure Higgsino LSPs, on the other
hand, remain one of the better motivated and sought after,
yet unprobed, DM scenarios (see, e.g., Ref. [11] for a recent
summary). Higgsinos, which are the superpartners of the
two Higgs doublets in the minimal supersymmetric stan-
dard model (MSSM), are especially motivated in light of
(1) null results for wino DM and (ii) the fact that null
searches for superpartners at, e.g., the LHC suggest that
nature may implement a split-spectrum version of SUSY
such as split-SUSY [12-16], which naturally leads to
Higgsino or wino LSP DM. Split-SUSY, mini-split, and
similar constructions [17] aim to preserve LSP DM and
high-scale gauge unification but give up on trying to fully
solve the hierarchy problem (see Ref. [18] for a review of
the hierarchy problem); in such models the scalar super-
partners are taken to have large masses, with the gauginos
and Higgsinos remaining near the TeV scale. Such
split-spectrum models may accommodate the observed
Higgs mass and solve a number of troublesome problems
with the MSSM, such as the lack of flavor changing neutral
currents [19] and the nonobservation of new CP violation
in electric dipole moment searches [20,21].

In this work we search for annihilation signatures of
Higgsino DM with Fermi Large Area Telescope (LAT)
y-ray data. The Higgsino interacts with ordinary matter
through the electroweak force. In this model the Higgsino
was thermally coupled with the standard model plasma at
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early times. As the Universe expands and cools down, the
Higgsinos freeze out of thermal equilibrium and behave
like cold DM thereafter. The requirement that freeze-out
produces the correct DM abundance fully determines the
Higgsino mass. Moreover, the Higgsino is invisible to
present-day direct detection experiments for the rea-
sons given below. The Higgsino mass arises from the
Lagrangian term £ D —uH, - € - H, + H.c., where y is the
MSSM pu parameter, H, (H,) is the up-type (down-type)
Higgsino electroweak doublet, and e is the totally anti-
symmetric symbol in SU(2), space. There are two neutral
Higgsino fermions, which are generically split into two
nondegenerate Majorana mass eigenstates by dimension-
five operators that have the effect of inducing a slight
mixing between the neutral gauginos and Higgsinos (see,
e.g., Ref. [22]). The charged Higgsino states are heavier
than the neutral states by at least ~350 MeV because of
radiative contributions to the charged Higgsino masses
below electroweak symmetry breaking [23]. The mass
splitting between the two neutral Majorana states, which
we call Am, must be greater than around 200 keV to avoid
direct detection constraints from inelastic scattering
through the exchange of a Z boson, where the lower
Majorana state scatters into the heavier mass eigenstate
(see, e.g., Ref. [22]). When Am Z 200 keV, direct detec-
tion of Higgsino DM proceeds through elastic scattering
with higher-dimensional operators and is thought to be
below the neutrino floor, which is the direct detection cross
section below which neutrinos become a virtually irreduc-
ible source of background [24-27].

The relic abundance of Higgsinos from thermal freeze-
out matches the observed DM abundance [1] for mass
m, = 1.08 £ 0.02 TeV, accounting for uncertainties on the
DM abundance [28]. We refer to the Higgsino with such a
mass as the thermal Higgsino. Apart from the SUSY
motivations, Higgsino DM may be viewed through the
lens of minimal DM [29]. The strongest existing indirect
detection constraints on the thermal Higgsino arise from
Galactic Center (GC) searches for the line emission
expected due to the yy and yZ final states with H.E.S.S.
[30], which constrain (6v),, <4 x 1072% cm™ /s assuming
an Einasto DM profile, whereas the thermal cross section is
a factor of 4 smaller, and for H.E.S.S. searches for
continuum emission from annihilation to W+W= [31].
The forthcoming Cherenkov Telescope Array (CTA), on
the other hand, with 500 hours of exposure, is expected to
have sensitivity to Higgsino DM at the thermal mass [32].
Future lepton or hadron colliders may also be able to
discover thermal Higgsinos [33-35]. Potential discovery
via next-generation direct detection experiments on the
other hand is comparatively difficult, due to the fact that
elastic scattering for all presently viable Higgsino models is
expected to be suppressed below the neutrino floor [28].

In this Letter we use the existing 14 years of data from
the Fermi LAT to achieve world-leading sensitivity to

Higgsino DM by searching for annihilation to continuum
gamma rays through the W W~ and ZZ final states. Our
upper limits on the annihilation cross section surpass those
from H.E.S.S. for Higgsino-like DM with mass m, ~ TeV,
though our upper limits are weaker than expected due to the
presence of a modest (~20) preference for the signal model
over the null hypothesis. We interpret our results in the
context of DM profiles from the FIRE-2 hydrodynamic
cosmological simulations [36,37] to show that the best-fit
annihilation cross section we recover may be consistent
with the expected Higgsino cross section, potentially
providing the first hint of thermal Higgsino DM.

Data reduction and analysis.—We reduce 722 weeks
of Pass 8 Fermi y-ray data with SOURCE selection crite-
rion taken between August 4, 2008, and June 10, 2022,
with the recommended quality cuts DATAQUAL > 0 and
LATCONFIG == 1 along with zenithangle less than 90°.
We include the top three of four quartiles of the data as
ranked by the point spread function. As in Ref. [38], we
initially bin the data into 40 logarithmically spaced energy
bins between 200 MeV and 2 TeV, and we bin spatially
using HEALPIX [39] with nside = 512. However, in our
analysis we only analyze data starting in the 18th energy
bin, with minimum energy ~10.02 GeV, since our signal
peaks at higher energies and since the lower energies are
more contaminated by Galactic diffuse emission. Starting at
10 GeV we also mostly avoid the Fermi Galactic Center
excess, which is an excess of ~GeV gamma rays observed
near the GC [40-45]; the excess has not been found to
extend above 10 GeV with our Galactic emission model
[46]. We include energies up to the DM mass m,,, as the
signal spectrum has no support beyond that.

Our region of interest (ROI) for the analysis is that within
10° of the GC, with the Galactic plane masked (|»| > 1°) in
addition to a 4FGL-DR3 point source (PS) mask [47,48],
which is described in the Supplemental Material [49]. We
then further divide our ROI into nine concentric annuli,
going out to 10° from the GC starting at 1°, with angular
spacings of 1°. We stack and analyze the spectral data in
each of these annuli independently. The photon counts in
our analysis ROI above 10 GeV are illustrated in the top
panel of Fig. 1.

We model the spectral data in each annulus under the
null hypothesis using a linear combination of (i) the
spectral template derived from the Fermi Galactic emission
model gll_iem_v07 (p8r3), which also accounts for emis-
sion from the Fermi bubbles, reprocessed for our dataset
and selection criterion; (ii) the 4FGL-DR3 PS spectral
template appropriate for our ROI; and (iii) the isotropic
diffuse emission appropriate for our Galactic emission
model and dataset. PS and isotropic emission, however,
are subdominant compared with Galactic diffuse emission,
as illustrated in the Supplemental Material [49], Fig. S1.
Spatial-spectral models for each component are gene-
rated accounting for the instrumental response using the
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FIG. 1. The photon count data used in this work in our ROI,
which has the Galactic plane masked at |b| > 1° along with
4FGL-DR3 PSs and pixels more than 10° from the GC. For
illustration the data are summed above 10 GeV. We analyze the
data in nine concentric annuli, as indicated.

gtsrcmaps and gtmodel functions in Fermitools. We define
the ensemble of null-hypothesis spectral models (Galactic
emission, PS, and isotropic) as the background templates.
In each radial bin we construct a likelihood to constrain the
spectral model, which consists of the background templates
along with the signal template that is discussed shortly, by
taking the product of the Poisson probabilities to observe
the data counts in each energy bin given the model
prediction. The background templates are given individual
nuisance parameters that rescale the overall normalization
of that template; we require the nuisance parameters to be
positive. At a given DM mass m, and in a given radial
annulus, we construct the profile likelihood for the anni-
hilation cross section (o) profiling over the background
nuisance parameters. We then construct the joint profile
likelihood for (ow), at fixed m,, by taking the product
of the profile likelihoods over all radial bins. (See the
Supplemental Material [49] for details, along with an
alternative analysis that incorporates spatial information
into the likelihood.)

In Fig. 2 we show the background-subtracted counts
data, with the best-fit null hypothesis model, summed over
all annuli up through 1.1 TeV for an analysis looking for a
Higgsino with m, = 1.1 TeV. The data are largely con-
sistent with the null hypothesis. Note that this figure is for
illustrative purposes only and is not used in the analysis,
which treats the radial bins separately. Our sensitivity is
dominated by the energy bins less than around 100 GeV;
this should be contrasted with the sensitivity of upcoming
experiments like CTA that will probe thermal Higgsino
DM at energies near a TeV but lose sensitivity below
~100 GeV. Our inclusion of photons with energies
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FIG. 2. The data with the best-fit null hypothesis model
subtracted and then summed over all annuli. For reference
we illustrate a Higgsino-like signal with m, = 1.1 TeV,
{ov) = 5% 1072 cm?/s, and a NFW DM profile.

between ~10 and 100 GeV is what makes us competitive
with CTA, even though CTA will have a much larger
effective area than Fermi.

Results.—To interpret the data in the context
of the Higgsino model we need to compute the y-ray
spectrum dN/dE per annihilation from the decays of the
unstable particles produced during Higgsino annihilation.
The dominant annihilation channels are yy — WTW~ and
xx = ZZ. At m, = 1.1 TeV the branching ratio to W (Z)
pairs is ~60% (~40%). Since the Higgsino annihilates
through its electroweak interactions, for a given m,, there is
a fixed and calculable (ov). This annihilation cross section
is illustrated in Fig. 3 as a function of m,. The dN/dE for
annihilations to W and Z pairs are calculated using PPPC 4
DM ID [58]. When constraining the Higgsino model we
treat the overall cross section (ov) as a free parameter,
which could be negative, but with the branching ratio to W
and Z pairs fixed.

In addition to the spectrum per annihilation we also
need to know the astrophysical J factor, J = [ dsphy(s),
in our ROI in order to compute the expected signal
in our radial annuli. Here, ppy(s) is the DM density along
the line of sight, parametrized by the distance s
from Earth. Our benchmark DM profile is the spherically
symmetric Navarro-Frenk—White (NFW) [59,60] profile,
normalized to produce a local DM density ppy(s = 0) =
0.4 GeV/cm?, with a scale radius r, = 20 kpc, and with
the distance from the GC to the Sun of ro = 8.23 kpc [61].
Our local DM density choice is motivated by the recent
review [62], which concludes that local DM density
measurements, from analyses of stellar motions perpendi-
cular to the disk within a few kpc, tend to favor the range
0.4-0.6 GeV/cm?, broadly consistent with rotation curve
data, though one should keep in mind that the true local
DM density may be slightly larger or smaller than our
choice. Furthermore, the scale radius is currently poorly
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The best-fit annihilation cross section for Higgsino-like DM as a function of the DM mass for our fiducial analysis assuming a

NFW DM profile (left) and the FIRE-2 Romulus profile (right), which gives the best fit to the data of all profiles considered. We
illustrate the best fit, 1o (green) and 20 (gold) confidence intervals for the recovered cross section, in addition to the 95% one-sided
upper limit. We compare our results to the expected Higgsino annihilation cross section (red) and to the 95% upper limits from the
H.E.S.S. searches for annihilation to W W~ and y-ray lines. The m, range, accounting for uncertainties, where Higgsinos make up the
correct DM abundance in the standard thermal cosmology is shaded (thermal m,,). For the Romulus profile the recovered cross section is
consistent with the expected cross section for the thermal Higgsino within 1o (green band) and inconsistent with the null hypothesis of
no Higgsino at ~2o, as illustrated by the gold band. Note that (cv) is allowed to be both positive and negative in the analysis, even
though negative cross sections are unphysical. For all m, we assume that Higgsinos make up all of the observed DM.

constrained, such that r; = 20 kpc represents a reasonable
choice as opposed to a value strongly preferred by data.
Given the ad hoc nature of the NFW profile, and that it is
motivated by DM-only N-body simulations, a potentially
more promising approach to computing the J-factor
profiles is to use the results for Milky Way analog galaxies
in hydrodynamic cosmological simulations that include
baryonic effects. Toward that end, we also compute the
J-factor profiles in 12 FIRE-2 enlarged Milky Way analog
galaxies [36], using simulation outputs provided in
Ref. [37]. The FIRE-2 simulations are state-of-the-art
hydrodynamic simulations, which provide the highest
angular resolution to date for J-factor profiles, that incor-
porate, e.g., stellar feedback and radiative transfer amongst
baryons, which dominate the inner potential wells of
Milky Way sized galaxies, in addition to gravitational
dynamics. Six of these twelve galaxies, including
Romulus and Romeo which we discuss more below, were
evolved in pair configurations to mimic the interactions
between the Milky Way and Andromeda. The Milky Way
analogs are chosen to have stellar masses in the range
(3,11) x 10'°M, with virial masses in (0.9,1.8) x
10'>M, [37]. The particle masses and positions were then
adjusted in Ref. [37] such that the local DM density is
0.38 GeV/cm® at the distance to the Sun ry = 8.3 kpc,
which are similar to our fiducial values for the NFW
profile. We then compute the azimuthally averaged J
factors in our ROI annuli; these J factors are compared

to those from the NFW profile in the Supplemental Material
[49], Fig. S5.

In the left panel of Fig. 3 we show the results of our
analysis of the Fermi data interpreted for Higgsino DM
using the NFW DM profile. We illustrate the best-fit cross
section, along with 1 and 20 significance containment
intervals, as functions of the Higgsino mass, assuming that
at each mass the Higgsino makes up all of the DM (see the
Supplemental Material [49], Fig. S10, for our results
assuming a subfraction of the DM). Our one-sided 95%
upper limit is also illustrated. For the fiducial NFW profile
we are unable to exclude the Higgsino cross sections over
the mass range shown. At the thermal mass the local
significance in favor of the signal model is ~2¢ (see the
Supplemental Material [49], Fig. S8). Since the spectral
shape of the signal is not strongly dependent on the
Higgsino mass, we are not able to further constrain m,.
Note that in Fig. 2 we illustrate the Higgsino model
prediction relative to the background-subtracted and fully
stacked data for a reference cross section. We find no
evidence for mismodeling, as is quantified in Table S1,
which provides a list of p values associated with the signal
and null hypothesis fits in each annuli.

The FIRE-2J-factor profiles are typically enhanced
relative to that of the NFW model due to adiabatic
contraction, as illustrated in the Supplemental Material
[49], Fig. S5, though there is significant spread over the 12
realizations. In the right panel of Fig. 3 we show our results
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interpreted in the context of the FIRE-2 halo, Romulus,
with the largest J factor (the other halos are illustrated in the
Supplemental Material [49]). Note that we use the FIRE-2
naming conventions for the Milky Way analog galaxies
[36]. The FIRE-2 halo profiles lead to comparable discov-
ery significances compared with the NFW analysis, as
illustrated in the Supplemental Material [49], Fig. S8, with
Romulus providing the best fit. Intriguingly, with the
Romulus profile and multiple other FIRE-2 profiles the
excess in favor of the signal model has a best-fit cross
section consistent with the Higgsino model at the thermal
mass. (As seen in Fig. 3, the best-fit cross section is slightly
higher than the predicted Higgsino cross section for the
Romulus profile, implying that the expected significance in
favor of the signal model, ~1.60, is slightly lower
than the observed value ~2.20.) Over the ensemble of
12 FIRE-2J-factor profiles that we consider, the best-fit
(ov) for m, ~1.08 TeV ranges from 1.7 x 10726 cm?/s
to 7.3x 10726 cm’/s, with the median value of
3.4 x 10726 ¢cm?/s; the Higgsino cross section at this mass
is (ov) ~ 1.3 x 10726 ¢cm?/s. The Romulus profile leads to
the best-fit cross section at m,~1.08 TeV of
(ov) = 1.7+£0.8 x 10726 ¢cm®/s. The Romeo halo may
be the most Milky Way-like, due to the similarities of its
thick disk, circular velocity, and stellar mass to the
Milky Way; using this halo we recover a cross section
(ov) = 1.9+ 1.0 x 10726 ¢cm®/s at the thermal Higgsino
mass. We caution that the FIRE-2 profiles are expected to
have resolution down to ~2.75°, and thus our results in the
inner two annuli could be subject to simulation error, in
particular, underestimates of the J factors [37]. In the
Supplemental Material [49], however, we show that we find
comparable results when excluding the inner rings.

In Fig. 3 (left) we show the 95% upper limit from an
analysis of H.E.S.S. data looking for continuum emission
above ~200 GeV associated with yy — WTW~ [31].
H.E.S.S. is less sensitive to yy — ZZ, since annihilation to
Z pairs produces significantly fewer photons above
~200 GeV than annihilation to W pairs, so to convert the
results presented in Ref. [31] to Higgsino-like DM limits we
use only the W W~ result (additionally, H.E.S.S. does not
present results for annihilation to Z pairs). Furthermore,
Ref. [31] uses a ROI ranging from 0.5° to 2.9° from the
GC and assumes an Einasto profile; we rescale their results
to those appropriate for a NFW profile in the left panel of
Fig. 3. The H.E.S.S. upper limits are less constraining than our
upper limits across the mass range shown. (The FIRE-2
simulations do not have resolution down to ~0.5°, so we do
not show the results from Ref. [31] in the right panel of Fig. 3).

Constraints on Higgsino DM using H.E.S.S. searches for
y-ray lines, which are from the loop-suppressed processes
xx — vy and yy — Zy, are also relevant, though the hard-
photon spectrum is affected by electroweak radiative effects
[63]. We translate the H.E.S.S. y-ray line limits in Ref. [30],
which were computed using the same ROI as in their

continuum WTW~ search described above, to limits on
the total annihilation cross section using the next-to-leading
logarithmic prime calculation for the energy spectrum near
the y-ray endpoint in Ref. [63] (see also Ref. [64]); the
recasted limit is illustrated in the left panel of Fig. 3. The
H.E.S.S. upper limit surpasses our upper limit at large
masses, though it should be kept in mind that the H.E.S.S.
analysis is significantly closer to the GC than ours, and thus
the comparison relies on the possibly incorrect shape of the
NFW profile.

Discussion.—In this work we set the strongest con-
straints to date on Higgsino-like DM that annihilates to
WHW~ and ZZ using nearly the entire Fermi dataset
collected since the mission’s launch in 2008. We search
for the continuum y-ray emission above 10 GeV associated
with the decays of these massive vector bosons. We find a
modest (~20) preference for the Higgsino model over the
null hypothesis of background-only emission. The best-fit
cross section is consistent with the expected Higgsino cross
section for a thermal (m, = 1.1 TeV) Higgsino making up
all of the DM for multiple FIRE-2 DM density profiles.
Given that Higgsino DM is well motivated from super-
symmetry, the possibility that the data present the first hint
for Higgsino DM is promising. This possibility will be
tested with the upcoming CTA [32], which should be
sensitive to Higgsino DM annihilation.

The supporting data for this Letter, including a data cube
containing the log-likelihood values that go into our results,
are openly available from [65].
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