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This talk: what is the particle nature of dark matter?
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Fermi has played a role in generalized ALP space
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Fermi could detect QCD axions with Galactic supernova

Supernova axions convert to gamma-rays in magnetic fields of progenitor stars

Claudio Andrea Manzari,1, 2 Yujin Park,1, 2 Benjamin R. Safdi,1, 2 and Inbar Savoray1, 2

1Berkeley Center for Theoretical Physics, University of California, Berkeley, CA 94720, U.S.A.
2Theoretical Physics Group, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, U.S.A.

(Dated: May 31, 2024)

It has long been established that axions could have been produced through the Primako↵ process
within the nascent proto-neutron-star formed following the type II supernova SN1987A, escaped the
star due to their weak interactions, and then converted to gamma-rays in the Galactic magnetic
fields; the non-observation of a gamma-ray flash coincident with the neutrino burst leads to strong
constraints on the axion-photon coupling for axion masses ma . 10�10 eV. In this work we use
SN1987A to constrain, for the first time, higher mass axions, all the way to ma ⇠ 10�3 eV, by
accounting for axion-photon conversion on the still-intact magnetic fields of the progenitor star.
Moreover, we show that gamma-ray observations of the next Galactic supernova, leveraging the
magnetic fields of the progenitor star, could detect quantum chromodynamics axions for masses
above roughly 50 µeV, depending on the supernova. We propose a new full-sky gamma-ray satellite
constellation that we call the GALactic AXion Instrument for Supernova (GALAXIS) to search for
such future signals along with related signals from extragalactic neutron star mergers.

Supernova (SN) 1987A (SN1987A) was a type II
SN that exploded in February 1987, producing roughly
two dozen neutrino events that were detected at the
Kamiokande II, IMB, and Baksan neutrino detectors over
a time interval of around 10 s [1–3]. The SN took place
in the Large Magellanic Cloud at a distance of approxi-
mately 51.4 kpc from Earth. SN1987A provides some of
the most stringent and well-established constraints on a
class of hypothetical ultra-light pseudo-scalar particles
known as axions [4–10]. These constraints have been
made all the more robust recently by the tentative dis-
covery of the NS formed after SN1987A, helping establish
that the SN formed a neutron star (NS) and not a black
hole [11, 12]. In this work we point out for the first time a
novel constraint from SN1987A that has promising impli-
cations for future SN; axions produced within the proto-
NS (PNS) can convert to observable gamma-rays in the
stellar magnetic field of the progenitor star.

Axions may address a number of outstanding problems
in nature such as the strong-CP problem [23–26] (i.e.,
the lack of a neutron electric dipole moment) and the
measured dark matter abundance in the Universe [27–
29]. Moreover, axions are now understood to arise gener-
ically in string theory compactifications [30–35]. String
theory motivates the picture of the ‘axiverse,’ where the
quantum chromodynamics (QCD) axion that solves the
strong-CP problem is accompanied by a number of axion-
like particles, which interact through higher dimensional
operators with the rest of the Standard Model but not
with QCD. The QCD axions receive a mass contribution
from QCD of the order mQCD

a ⇡ 5.70 µeV(1012 GeV/fa),
with fa the axion decay constant. The axion field a has
an interaction with photons L = ga��aE · B, with E
(B) the electric (magnetic) field, that is parameterized
by the coupling constant ga�� ⌘ Ca��↵EM/(2⇡fa), with
↵EM the fine-structure constant and Ca�� a coe�cient of
order unity that depends on the ultraviolet (UV) comple-
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Figure 1. Existing constraints (notably [13–20] and [21, 22]
for reviews) on the axion-photon coupling ga�� as a function
of the axion mass ma are shaded in grey, with the previously-
leading constraint from the non-observation of axion-induced
gamma-rays from SN1987A highlighted [8, 9]. We point out
in this work that the axions could convert to gamma-rays
in the stellar magnetic field of the progenitor star, extend-
ing the upper limit on ga�� to higher masses as indicated in
shaded blue. We take the surface field strength of the pro-
genitor to be 100 G to be conservative (⇠1 kG is favored).
Note that the KSVZ-like axion model assumes the couplings
to photons and hadrons are related as in the KSVZ QCD-
axion model (see text). The non-observation of gamma-rays
from the next Galactic SN (assumed to be at d = 10 kpc)
with the proposed GALAXIS full-sky gamma-ray telescope
network (modeled as being equivalent to the on-axis Fermi-
LAT instrument response with full-sky coverage) could cover
vast regions of QCD axion parameter space (red), depending
on the properties of the progenitor star (BSG shown here, as-
suming a typical 1 kG surface field strength) and the axion.

tion. For the QCD axion we thus expect ga�� / ma, as
illustrated by the gold band in Fig. 1; axion-like particles
are motivated throughout the ga��-ma plane.
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It has long been established that axions could have been produced through the Primako↵ process
within the nascent proto-neutron-star formed following the type II supernova SN1987A, escaped the
star due to their weak interactions, and then converted to gamma-rays in the Galactic magnetic
fields; the non-observation of a gamma-ray flash coincident with the neutrino burst leads to strong
constraints on the axion-photon coupling for axion masses ma . 10�10 eV. In this work we use
SN1987A to constrain, for the first time, higher mass axions, all the way to ma ⇠ 10�3 eV, by
accounting for axion-photon conversion on the still-intact magnetic fields of the progenitor star.
Moreover, we show that gamma-ray observations of the next Galactic supernova, leveraging the
magnetic fields of the progenitor star, could detect quantum chromodynamics axions for masses
above roughly 50 µeV, depending on the supernova. We propose a new full-sky gamma-ray satellite
constellation that we call the GALactic AXion Instrument for Supernova (GALAXIS) to search for
such future signals along with related signals from extragalactic neutron star mergers.

Supernova (SN) 1987A (SN1987A) was a type II
SN that exploded in February 1987, producing roughly
two dozen neutrino events that were detected at the
Kamiokande II, IMB, and Baksan neutrino detectors over
a time interval of around 10 s [1–3]. The SN took place
in the Large Magellanic Cloud at a distance of approxi-
mately 51.4 kpc from Earth. SN1987A provides some of
the most stringent and well-established constraints on a
class of hypothetical ultra-light pseudo-scalar particles
known as axions [4–10]. These constraints have been
made all the more robust recently by the tentative dis-
covery of the NS formed after SN1987A, helping establish
that the SN formed a neutron star (NS) and not a black
hole [11, 12]. In this work we point out for the first time a
novel constraint from SN1987A that has promising impli-
cations for future SN; axions produced within the proto-
NS (PNS) can convert to observable gamma-rays in the
stellar magnetic field of the progenitor star.

Axions may address a number of outstanding problems
in nature such as the strong-CP problem [23–26] (i.e.,
the lack of a neutron electric dipole moment) and the
measured dark matter abundance in the Universe [27–
29]. Moreover, axions are now understood to arise gener-
ically in string theory compactifications [30–35]. String
theory motivates the picture of the ‘axiverse,’ where the
quantum chromodynamics (QCD) axion that solves the
strong-CP problem is accompanied by a number of axion-
like particles, which interact through higher dimensional
operators with the rest of the Standard Model but not
with QCD. The QCD axions receive a mass contribution
from QCD of the order mQCD

a ⇡ 5.70 µeV(1012 GeV/fa),
with fa the axion decay constant. The axion field a has
an interaction with photons L = ga��aE · B, with E
(B) the electric (magnetic) field, that is parameterized
by the coupling constant ga�� ⌘ Ca��↵EM/(2⇡fa), with
↵EM the fine-structure constant and Ca�� a coe�cient of
order unity that depends on the ultraviolet (UV) comple-
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Figure 1. Existing constraints (notably [13–20] and [21, 22]
for reviews) on the axion-photon coupling ga�� as a function
of the axion mass ma are shaded in grey, with the previously-
leading constraint from the non-observation of axion-induced
gamma-rays from SN1987A highlighted [8, 9]. We point out
in this work that the axions could convert to gamma-rays
in the stellar magnetic field of the progenitor star, extend-
ing the upper limit on ga�� to higher masses as indicated in
shaded blue. We take the surface field strength of the pro-
genitor to be 100 G to be conservative (⇠1 kG is favored).
Note that the KSVZ-like axion model assumes the couplings
to photons and hadrons are related as in the KSVZ QCD-
axion model (see text). The non-observation of gamma-rays
from the next Galactic SN (assumed to be at d = 10 kpc)
with the proposed GALAXIS full-sky gamma-ray telescope
network (modeled as being equivalent to the on-axis Fermi-
LAT instrument response with full-sky coverage) could cover
vast regions of QCD axion parameter space (red), depending
on the properties of the progenitor star (BSG shown here, as-
suming a typical 1 kG surface field strength) and the axion.

tion. For the QCD axion we thus expect ga�� / ma, as
illustrated by the gold band in Fig. 1; axion-like particles
are motivated throughout the ga��-ma plane.
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It has long been established that axions could have been produced through the Primako↵ process
within the nascent proto-neutron-star formed following the type II supernova SN1987A, escaped the
star due to their weak interactions, and then converted to gamma-rays in the Galactic magnetic
fields; the non-observation of a gamma-ray flash coincident with the neutrino burst leads to strong
constraints on the axion-photon coupling for axion masses ma . 10�10 eV. In this work we use
SN1987A to constrain, for the first time, higher mass axions, all the way to ma ⇠ 10�3 eV, by
accounting for axion-photon conversion on the still-intact magnetic fields of the progenitor star.
Moreover, we show that gamma-ray observations of the next Galactic supernova, leveraging the
magnetic fields of the progenitor star, could detect quantum chromodynamics axions for masses
above roughly 50 µeV, depending on the supernova. We propose a new full-sky gamma-ray satellite
constellation that we call the GALactic AXion Instrument for Supernova (GALAXIS) to search for
such future signals along with related signals from extragalactic neutron star mergers.

Supernova (SN) 1987A (SN1987A) was a type II
SN that exploded in February 1987, producing roughly
two dozen neutrino events that were detected at the
Kamiokande II, IMB, and Baksan neutrino detectors over
a time interval of around 10 s [1–3]. The SN took place
in the Large Magellanic Cloud at a distance of approxi-
mately 51.4 kpc from Earth. SN1987A provides some of
the most stringent and well-established constraints on a
class of hypothetical ultra-light pseudo-scalar particles
known as axions [4–10]. These constraints have been
made all the more robust recently by the tentative dis-
covery of the NS formed after SN1987A, helping establish
that the SN formed a neutron star (NS) and not a black
hole [11, 12]. In this work we point out for the first time a
novel constraint from SN1987A that has promising impli-
cations for future SN; axions produced within the proto-
NS (PNS) can convert to observable gamma-rays in the
stellar magnetic field of the progenitor star.

Axions may address a number of outstanding problems
in nature such as the strong-CP problem [23–26] (i.e.,
the lack of a neutron electric dipole moment) and the
measured dark matter abundance in the Universe [27–
29]. Moreover, axions are now understood to arise gener-
ically in string theory compactifications [30–35]. String
theory motivates the picture of the ‘axiverse,’ where the
quantum chromodynamics (QCD) axion that solves the
strong-CP problem is accompanied by a number of axion-
like particles, which interact through higher dimensional
operators with the rest of the Standard Model but not
with QCD. The QCD axions receive a mass contribution
from QCD of the order mQCD

a ⇡ 5.70 µeV(1012 GeV/fa),
with fa the axion decay constant. The axion field a has
an interaction with photons L = ga��aE · B, with E
(B) the electric (magnetic) field, that is parameterized
by the coupling constant ga�� ⌘ Ca��↵EM/(2⇡fa), with
↵EM the fine-structure constant and Ca�� a coe�cient of
order unity that depends on the ultraviolet (UV) comple-
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Figure 1. Existing constraints (notably [13–20] and [21, 22]
for reviews) on the axion-photon coupling ga�� as a function
of the axion mass ma are shaded in grey, with the previously-
leading constraint from the non-observation of axion-induced
gamma-rays from SN1987A highlighted [8, 9]. We point out
in this work that the axions could convert to gamma-rays
in the stellar magnetic field of the progenitor star, extend-
ing the upper limit on ga�� to higher masses as indicated in
shaded blue. We take the surface field strength of the pro-
genitor to be 100 G to be conservative (⇠1 kG is favored).
Note that the KSVZ-like axion model assumes the couplings
to photons and hadrons are related as in the KSVZ QCD-
axion model (see text). The non-observation of gamma-rays
from the next Galactic SN (assumed to be at d = 10 kpc)
with the proposed GALAXIS full-sky gamma-ray telescope
network (modeled as being equivalent to the on-axis Fermi-
LAT instrument response with full-sky coverage) could cover
vast regions of QCD axion parameter space (red), depending
on the properties of the progenitor star (BSG shown here, as-
suming a typical 1 kG surface field strength) and the axion.

tion. For the QCD axion we thus expect ga�� / ma, as
illustrated by the gold band in Fig. 1; axion-like particles
are motivated throughout the ga��-ma plane.
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Recall the thermal (WIMP) DM Paradigm

Figure 15: Dark matter number density relative to the entropy density Y = n/s normalized
to its value at T = mDM as a function of x = mDM/T , for di↵erent choices of the averaged
annihilation cross sections. The black line corresponds to thermal equilibrium and the
coloured lines to the values of Y after freeze-out.

7.1 Minimal supersymmetric extension of the Standard Model

Supersymmetry is a global symmetry which relates the two classes of elementary particles:
To each fermion corresponds a boson and vice versa. In absence of supersymmetry breaking
the supersymmetric partners of the Standard Model bosons and fermions would have the
same masses as the Standard Model particles, which is obviously not the case since they
would have been discovered otherwise. Supersymmetry is therefore expected to be softly
broken at a high energy scale, leading to di↵erent masses for the Standard Model and
supersymmetric particles. The supersymmetric partners of the Standard Model particles
have not been discovered up to now.

The simplest supersymmetric model is the Minimal Supersymmetric extension of the
Standard Model (MSSM), in which to each Standard Model particle corresponds one or two
superpartners, and the Higgs sector is extended by the addition of a second Higgs doublet.
Phenomenologically, the particle content of the MSSM, in addition to the SM particles
(except the Higgs boson), is:

• two CP-even neutral Higgs bosons h
0 and H

0, one CP-odd neutral Higgs boson A
0

and two charged Higgs bosons H±

• twelve scalar quarks (or squarks) ũL,R, d̃L,R, c̃L,R, s̃L,R, t̃L,R, b̃L,R

• six charged scalar leptons (or sleptons) ẽL,R, µ̃L,R, ⌧̃L,R

• three scalar neutrinos (or sneutrinos) ⌫̃e, ⌫̃µ, ⌫̃⌧
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Figure 15: Dark matter number density relative to the entropy density Y = n/s normalized
to its value at T = mDM as a function of x = mDM/T , for di↵erent choices of the averaged
annihilation cross sections. The black line corresponds to thermal equilibrium and the
coloured lines to the values of Y after freeze-out.
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would have been discovered otherwise. Supersymmetry is therefore expected to be softly
broken at a high energy scale, leading to di↵erent masses for the Standard Model and
supersymmetric particles. The supersymmetric partners of the Standard Model particles
have not been discovered up to now.

The simplest supersymmetric model is the Minimal Supersymmetric extension of the
Standard Model (MSSM), in which to each Standard Model particle corresponds one or two
superpartners, and the Higgs sector is extended by the addition of a second Higgs doublet.
Phenomenologically, the particle content of the MSSM, in addition to the SM particles
(except the Higgs boson), is:
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0 and H

0, one CP-odd neutral Higgs boson A
0

and two charged Higgs bosons H±

• twelve scalar quarks (or squarks) ũL,R, d̃L,R, c̃L,R, s̃L,R, t̃L,R, b̃L,R

• six charged scalar leptons (or sleptons) ẽL,R, µ̃L,R, ⌧̃L,R

• three scalar neutrinos (or sneutrinos) ⌫̃e, ⌫̃µ, ⌫̃⌧
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Figure 4: Annihilation channels for the higgsino DM candidate j, which is a neutral Majorana fermion, that
are active both in the early universe and today for indirect detection. Note that j has a small mass splitting
relative to the other neutral, Majorana higgsino state j̃. These neutral states in-turn are slightly lighter than
the charged states j± that help make up the full (* (2)! multiplet for the higgsino.
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Figure 5: Co-annihilation channels involving the DM candidate j and the slightly heavier, neutral Majorana
state j̃. These channels are only relevant in the early universe.
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Figure 6: Co-annihilation channels involving j and heavier, charged states j± only relevant in the early
universe.

As we discuss further below, the neutral Dirac state j0 must be split into two neutral Majorana
states j (the lighter, DM candidate) and j̃, which is slightly heavier. (Note that the Majorana j

should not be confused with our notation for the full Dirac (* (2)! multiplet j.) The 5 in the
Feynman diagrams stand for generic SM fermions that are charged under the electroweak force, and
all appropriate final state fermions should be summed over. To include co-annihilations, we may
assign the annihilating j � j̄ pair (* (2)! indices 8 and 9 , respectively, such that the annihilation
cross-section is hf8 9Ei [83]. (Note that we are interested in the s-wave cross-section, obtained in
the limit E ! 0.) Then, the relevant total annihilation cross-section, averaged over all channels, is
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WIMP Indirect Detection: DM annihilation 
still happens today
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WIMP DM in Purest Form: Minimal Dark Matter

1. Put DM in electroweak multiplet with neutral component 

2. After EW symmetry breaking, charged components 
become heavier —> lightest compenent is DM

Quantum numbers DM can DM mass mDM± − mDM Events at LHC σSI in
SU(2)L U(1)Y Spin decay into in TeV in MeV

∫

L dt =100/fb 10−45 cm2

2 1/2 0 EL 0.54 ± 0.01 350 320 ÷ 510 0.2
2 1/2 1/2 EH 1.1 ± 0.03 341 160 ÷ 330 0.2
3 0 0 HH∗ 2.0 ± 0.05 166 0.2 ÷ 1.0 1.3
3 0 1/2 LH 2.4 ± 0.06 166 0.8 ÷ 4.0 1.3
3 1 0 HH, LL 1.6 ± 0.04 540 3.0 ÷ 10 1.7
3 1 1/2 LH 1.8 ± 0.05 525 27 ÷ 90 1.7
4 1/2 0 HHH∗ 2.4 ± 0.06 353 0.10 ÷ 0.6 1.6
4 1/2 1/2 (LHH∗) 2.4 ± 0.06 347 5.3 ÷ 25 1.6
4 3/2 0 HHH 2.9 ± 0.07 729 0.01 ÷ 0.10 7.5
4 3/2 1/2 (LHH) 2.6 ± 0.07 712 1.7 ÷ 9.5 7.5
5 0 0 (HHH∗H∗) 5.0 ± 0.1 166 ≪ 1 12
5 0 1/2 − 4.4 ± 0.1 166 ≪ 1 12
7 0 0 − 8.5 ± 0.2 166 ≪ 1 46

Table 1: Summary of the main properties of Minimal DM candidates. Quantum num-
bers are listed in the first 3 columns; candidates with Y ̸= 0 are allowed by direct DM searches
only if appropriate non-minimalities are introduced. The 4th column indicates dangerous decay
modes, that need to be suppressed (see sec. 2 for discussion). The 5th column gives the DM
mass such that the thermal relic abundance equals the observed DM abundance (section 4). The
6th column gives the loop-induced mass splitting between neutral and charged DM components
(section 3); for scalar candidates a coupling with the Higgs can give a small extra contribution,
that we neglect. The 7th column gives the 3σ range for the number of events expected at LHC
(section 6). The last column gives the spin-independent cross section, assuming a sample vale
f = 1/3 for the uncertain nuclear matrix elements (section 5).

For each potentially successful assignment of quantum numbers we list in table 1 the main
properties of the DM candidates.

The ‘decay’ column lists the decay modes into SM particles that are allowed by renormaliz-
ability, using a compact notation. For instance, the scalar doublet in the first row can couple as
XiLjβEαεijεαβ where L is a SM lepton doublet, E is the corresponding lepton singlet, i, j are
SU(2)L-indices, α, β are spinor indices, and ε is the permutation tensor; therefore the neutral
component of X can decay as X0 → eē. For another instance, the fermion doublet in the second
row can couple as XαiEβHjεijεαβ, where H is the Higgs doublet: its neutral component can
decay as X0 → eh.

In general, one expects also non-renormalizable couplings suppressed by 1/Λp (where Λ
is an unspecified heavy cut-off scale, possibly related to GUT-scale or Planck-scale physics).
These give a typical lifetime τ ∼ Λ2p TeV−1−2p for a particle with TeV-scale mass. In order to
make τ longer than the age of the universe1, dimension-5 terms (i.e. p = 1) must be effectively

1 We note that a τ comfortably longer than the age of the Universe already also prevents a decaying dark
matter particle from having an impact on a number of cosmological and astrophysical observations (galaxy and
cluster formation, type Ia supernovae, X–ray emissions from clusters, mass–to–light ratios in clusters, cosmic
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Mininal DM direct detection: hard but not impossible
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Figure 1: One loop DM/quark scattering for fermionic MDM with Y = 0. Two extra graphs
involving the four particle vertex exist in the case of scalar MDM.

An elastic cross section on nuclei is generated at loop level via the diagrams in fig. 1. An
explicit computation of the relevant one-loop diagrams is needed to understand qualitatively and
quantitatively the result. We find that non-relativistic MDM/quark interactions of fermionic
MDM with mass M ≫ MW ≫ mq are described by the effective Lagrangian

L
W
eff = (n2 − (1 ± 2Y )2)

πα2
2

16MW

∑

q

[

(
1

M2
W

+
1

m2
h

)[X̄X ]mq[q̄q] −
2

3M
[X̄γµγ5X ][q̄γµγ5q]

]

(16)

where the + (−) sign holds for down-type (up-type) quarks q = {u, d, s, c, b, t}, mh is the Higgs
mass and mq are the quark masses. The first operator gives dominant spin-independent effects
and is not suppressed by M ; the second operator is suppressed by one power of M and gives
spin-dependent effects. Parameterizing the nucleonic matrix element as

⟨N |
∑

q

mq q̄q|N⟩ ≡ fmN (17)

where mN is the nucleon mass, the spin-independent DM cross section on a target nucleus N
with mass MN is given by

σSI(DMN → DMN ) = (n2 − 1)2πα4
2M

4
Nf 2

64M2
W

(
1

M2
W

+
1

m2
h

)2. (18)

In the case of scalar MDM we find in the relevant non-relativistic limit: an M-independent
contribution to σSI equal to the fermionic result of eq. (18); an UV-divergent effect suppressed
by M that corresponds to a renormalization of |X |2|H|2 operators (that can produce a much
larger σSI if present at tree level); no spin-dependent effect.

Assuming mh = 115 GeV and f ≈ 1/37 (QCD uncertainties induce one order of magnitude
uncertainty on σSI) we plot in fig. 2 the MDM prediction for the standard nucleonic [1, 19, 22]

7To properly compute nuclear matrix elements one must keep quarks off-shell, finding several operators that
become equivalent on-shell [19]:

mq[X̄X ][q̄q], [X̄X ][q̄i∂/q],
4

3M
[X̄ i∂µγνX ][q̄i(∂µγν + ∂νγµ − ηµν

2
∂/ )q], . . .

Summing over all quarks the matrix elements are f ≈ (0.3 ÷ 0.6) [20] for the first operator, f ≈ 1.2 for the
third operator, while the matrix element of the second operator is unknown. In our computation, only the
first operator contributes to the SI effects suppressed by the higgs mass, while the other SI effects arise from
a combination of the various operators in proportion 0 : −1 : 2. Therefore cancellations are possible. We do
not fully agree with result of a previous computation [21], performed for the fermionic supersymmetric DM
candidates: wino (n = 3, Y = 0) and Higgsino (n = 2, |Y | = 1/2).
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No Z-exchange, 
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FIG. 3. Expected SI cross-sections for di↵erent complex WIMPs for minimal splitting as defined in Sec. III. The blue
dots correspond to Dirac WIMPs and the red dots to complex scalar WIMPs. The vertical error bands correspond to
the propagation of LQCD uncertainties on the elastic cross-section (Eq. 18), while the horizontal error band comes from
the uncertainty in the theory determination of the WIMP freeze out mass in Table I. The light green shaded region
is excluded by the present experimental contraints from XENON-1T [36] and PandaX-4T [5], the green dashed lines
shows the expected 95% CL reach of LZ/Xenon-nT [8, 9] and DARWIN [10, 11].

A. Direct Detection prospects

The spin independent scattering cross-section �SI

of DM on nuclei receives two contributions: i) from
purely EW loop diagrams ii) from Higgs mediated
tree-level diagrams generated by bothO0 andO+. For
minimal splitting Higgs mediated scattering is sub-
dominant and �SI can be computed by considering
only EW loop diagrams.

Following [17, 42], the Lagrangian describing the

spin-independent (SI) DM interactions with quarks
and gluons is

L SI

e↵
= fqmq�̄�q̄q+

gq

MDM

�̄i@
µ
�
⌫
�O

q

µ⌫
+fG�̄�Gµ⌫G

µ⌫
,

(16)
where O

q

µ⌫
⌘

i

2
q̄
�
Dµ�⌫ +D⌫�µ �

1

2
gµ⌫ /D

�
q is the

quark twist-2 operator. The Wilson coe�cients are
given by [17]

f
EW

q
' �
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⇥
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� 1)�
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@1.03
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(17)

where mh is the mass of the Higgs and c =
1.32, b = 1.19, t = 1. Furthermore we have de-
fined a

V

q
= T3q/2 � Qqs

2
w
, aA

q
= �T3q/2 with cw, sw

being the cosine and the sine of the Weinberg angle,
respectively. The terms proportional to Y correspond
to the exchange of Z bosons inside the EW loops.

After the IR matching of these interactions at the
nucleon scale [42], we can express �SI per nucleon (for
MDM � mN ) as

�SI '
4

⇡
m

4

N
|k

EW

N
|
2
, (18)

where mN is the mass of the nucleon and

k
EW

N
=

X

q=u,d,s

f
EW

q
fTq+

3

4
(q(2)+q̄(2))gEW

q
�

8⇡

9↵s

fTGf
EW

G
,

where the nucleon form factors are defined as
fTq = hN |mq q̄q|Ni/mN , fTG = 1 �

P
q=u,d,s

fTq,

and hN(p)|Oq

µ⌫
|N(p)i = (pµp⌫ �

1

4
m

2

N
gµ⌫)(q(2) +

q̄(2))/mN , and q(2), q̄(2) are the second moments of
the parton distribution functions for a quark or an-
tiquark inside the nucleon [17]. The values of these
form factors are taken from the results of direct com-
putation on the lattice, as reported by the FLAG Col-

2205.04486
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True WIMP DM 
(higgsino, wino, etc.) 
is very hard to detect 
with direct 
detection!
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Figure 4: Annihilation channels for the higgsino DM candidate j, which is a neutral Majorana fermion, that
are active both in the early universe and today for indirect detection. Note that j has a small mass splitting
relative to the other neutral, Majorana higgsino state j̃. These neutral states in-turn are slightly lighter than
the charged states j± that help make up the full (* (2)! multiplet for the higgsino.
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Figure 5: Co-annihilation channels involving the DM candidate j and the slightly heavier, neutral Majorana
state j̃. These channels are only relevant in the early universe.
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Figure 6: Co-annihilation channels involving j and heavier, charged states j± only relevant in the early
universe.

As we discuss further below, the neutral Dirac state j0 must be split into two neutral Majorana
states j (the lighter, DM candidate) and j̃, which is slightly heavier. (Note that the Majorana j

should not be confused with our notation for the full Dirac (* (2)! multiplet j.) The 5 in the
Feynman diagrams stand for generic SM fermions that are charged under the electroweak force, and
all appropriate final state fermions should be summed over. To include co-annihilations, we may
assign the annihilating j � j̄ pair (* (2)! indices 8 and 9 , respectively, such that the annihilation
cross-section is hf8 9Ei [83]. (Note that we are interested in the s-wave cross-section, obtained in
the limit E ! 0.) Then, the relevant total annihilation cross-section, averaged over all channels, is
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10

�m+ to ensure m
±
�

& 100 GeV (we may assume this
comes from incorporating a small bino admixture with-
out significantly altering the phenomenology). The DM
annihilates at tree-level to WW and to �� via W � �

±

loops; the relevant diagrams governing both the contin-
uum and photon-line annihilation are shown in Fig. 10.
The annihilation cross section in this case is given explic-
itly by

h���!WW vi =
g
4(m2

�
� m

2

W
)3/2

2⇡m�(2m2
�

� m
2

W
)2

+ O(v2) , (18)

where v is the relative DM velocity. For the DM masses
under consideration, electroweak corrections and Som-
merfeld enhancement e↵ects are negligible. The tree-
level cross-section evaluates to h�vi ⇡ 4 ⇥ 10�24 cm3

/s
for m� ⇠ 100 GeV. This is far larger than the cross
section needed to achieve the observed relic density, and
if the wino experiences a thermal history it will freeze-
out to only a small fraction of the DM abundance,
f� ⇡ (h�vi/h�vif.o.)

�1
⇠ 10�2. Correspondingly, the

observed annihilation signal is suppressed by a factor
of f

2

�
. Alternatively, the wino may be populated non-

thermally and make up any fraction or all of the DM
abundance. We consider both scenarios, but note that
while this changes the theoretical prediction of the wino
annihilation signal, it does not change the relationship
between the observed continuum annihilation products
from the GCE and its corresponding photon line signal,
as the same amount of DM is producing both.

For near-threshold masses m� ⇠ mW , which is the case
preferred by the data, thermal corrections to the s-wave
annihilation may become relevant and even dominant.
In the regime where m� = mW (1 + �), with � ⌧ 1, the
leading order contributions to the WW annihilation are
given by

h�vi ⇡
g
4

2⇡m
2

W

�
5v

3 + 7�v + O(v5
, �v

3)
�
. (19)

For masses below threshold, the dominant annihila-
tions are to q̄q and ¯̀̀ at 1-loop, but we simply trun-
cate our analysis at m� = mW . The cross section to
monochromatic photons, illustrated in Fig. 10, evaluates
to h�vi�� ⇠ 10�2

h�viWW for m� ⇠ 100 GeV.
The blue line in Fig. 11 shows the best-fit cross section

to explain the GCE for fixed wino DM mass, assuming
the wino is all of the DM. The half-ellipses delineate the
68% and 95% CL containment regions preferred by the
data, allowing both the mass and cross-section to vary.
The fit of the model to the GCE data is conducted as in
the Higgs portal case. As expected, the data ultimately
prefers a near-threshold wino (see, e.g., [43, 44]). Super-
imposed is the e↵ective theoretical cross section of an an-
nihilating wino, both as a fraction and all of the DM, for
a range of chargino masses, �m+/m� 2 [0, 0.3]. We take
the scenario of �m+ = 0.2m� as fiducial, which guaran-
tees m

±
�

> 95 GeV for the entire considered range. Last,
we show the limits of our line search on this parameter

�

�
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Figure 10. As in Fig. 7, but for wino-like DM. Extra diagrams
from the exchange of final-state bosons have been omitted for
brevity.

Figure 11. The 95% upper limits of our line search, applied
to constrain wino-like explanations of the GCE, as a function
of the DM mass (black, and shaded green and yellow contain-
ment bands), assuming that at each mass the wino is 100% of
the DM. The best-fit cross section to the GCE at each fixed
mass is shown (blue line), as well as the 68% and 95% contain-
ment ellipses to illustrate the best-fit parameter space when
the mass and cross-section are both treated as free parame-
ters. The theoretical wino annihilation cross sections are il-
lustrated assuming it constitutes all (dot dashed) or a thermal
fraction (dotted) of the DM, for the case where the neutralino-
chargino mass gap is set at �m+ = 0.2m�. The gray shaded
regions represent varying across �m+ 2 [0, 0.3]m�, though
note that charginos with mass . 100 GeV are experimentally
disfavored [43, 75–77]. In the case where the wino is a DM
sub-fraction we illustrate the annihilation cross-section mul-
tiplied by the sub-fraction squared.

space. The parameter space that is maximally preferred
by the GCE is tightly constrained by our search for pho-
ton lines. Only a small mass range around 85 GeV is
allowed for the wino at 95% confidence as an explana-
tion of the GCE, given our null results for an associated
gamma-ray line.

Smoothed at 
~10%

(Wino is 
analogous)
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Abstract

A fermion triplet of SU(2)L – a wino – is a well-motivated dark matter candidate.

This work shows that present-day wino annihilations are constrained by indirect

detection experiments, with the strongest limits coming from H.E.S.S. and Fermi.

The bounds on wino dark matter are presented as a function of mass for two

scenarios: thermal (winos constitute a subdominant component of the dark matter

for masses less than 3.1 TeV) and non-thermal (winos comprise all the dark matter).

Assuming the NFW halo model, the H.E.S.S. search for gamma-ray lines excludes the

3.1 TeV thermal wino; the combined H.E.S.S. and Fermi results completely exclude

the non-thermal scenario. Uncertainties in the exclusions are explored. Indirect

detection may provide the only probe for models of anomaly plus gravity mediation

where the wino is the lightest superpartner and scalars reside at the 100 TeV scale.
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Abstract

Indirect detection constraints on gamma rays (both continuum and lines) have set strong constraints on wino
dark matter. By combining results from Fermi-LAT and HESS, we show that: light nonthermal wino dark matter
is strongly excluded; thermal wino dark matter is allowed only if the Milky Way dark matter distribution has a
significant (

⇠
> 0.4 kpc) core; and for plausible NFW and Einasto distributions the entire range of wino masses from

100 GeV up to 3 TeV can be excluded. The case of light, nonthermal wino dark matter is particularly interesting in
scenarios with decaying moduli that reheat the universe to a low temperature. Typically such models have been
discussed for low reheating temperatures, not far above the BBN bound of a few MeV. We show that constraints
on the allowed wino relic density push such models to higher reheating temperatures and hence heavier moduli.
Even for a flattened halo model consisting of an NFW profile with constant-density core inside 1 kpc and a density
near the sun of 0.3 GeV/cm3, for 150 GeV winos current data constrains the reheat temperature to be above 1.4
GeV. As a result, for models in which the wino mass is a loop factor below m3/2, the data favor moduli that are more
than an order of magnitude heavier than m3/2. We discuss some of the sobering implications of this result for the
status of supersymmetry. We also comment on other neutralino dark matter scenarios, in particular the case of
mixed bino/higgsino dark matter. We show that in this case, direct and indirect searches are complementary to
each other and could potentially cover most of the parameter space.

1 Introduction

Supersymmetry has long been a favorite theoretical candidate for physics beyond the Standard Model. Its phe-
nomenological consequences include the possibility of natural electroweak symmetry breaking, gauge coupling
unification, and weakly-interacting dark matter candidates stabilized by matter parity. Our goal in this paper is
to explore the implications of indirect searches for neutralino dark matter in the MSSM using gamma rays, both
continuum and lines. We are particularly interested in the case of light wino dark matter, and in the implications of
constraints on its abundance for nonthermal cosmological histories. Such cosmologies are now motivated by LHC
constraints on supersymmetry and insights from top-down models of SUSY breaking. We will also initiate a study
of mixed states as neutralino dark matter candidates, in particular, a mixed bino/higgsino scenario, to illustrate
that ongoing indirect searches of gamma rays could be a powerful complementary probe to direct dark matter
searches.

The discovery of a 125 GeV Higgs boson at the LHC has thrown the naturalness argument for supersymmetry
into sharp relief. The reason is that the MSSM requires large supersymmetry-breaking stop soft masses or A-terms
to lift the Higgs mass above the Z boson mass [1, 2]. These large stop masses and A-terms feed quadratically into
one-loop corrections to the soft mass m 2

Hu
, directly making the theory more fine-tuned. As a result, models for

supersymmetry at the weak scale have split into two possibilities with very different implications for naturalness
and the fine-tuning of our universe. The first route, “natural supersymmetry,” invokes new contributions to the
Higgs mass (generally arising at tree-level) to achieve mh ⇡ 125 GeV while still keeping the stop soft masses and
A-terms small, as required for low fine-tuning [3, 4]. It requires significant model-building in both the Higgs and
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Sommerfeld enhancement, which kicks in around a TeV wino mass. The details of the calculations and matching
between different calculations can be found in Appendix B. We have not plotted the higgsino annihilation rate,
which is too small for current experiments to exclude.
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Figure 3: Constraints on the cross section of wino annihilation into photon(s). The burgundy solid curve is the wino anni-
hilation cross section by matching one-loop calculation [54–57] and the Sommerfeld enhancement calculation [50]. Details
can be found in Appendix B. The purple curve is the constraint from the Fermi line search [52] assuming an NFW profile with
⇢(r�) = 0.4 GeV/cm3 and r� = 8 kpc. The purple (lighter purple) bands are derived by varying ⇢(r�) of NFW (Einasto) dark
matter profiles as discussed in the text. The green curve is the constraint from the HESS line search [53] assuming an NFW
profile with ⇢(r�) = 0.4 GeV/cm3 and r� = 8 kpc. The green (lighter green) bands are derived by varying ⇢(r�) of NFW (Einasto)
dark matter profiles as discussed in the text. The vertical dashed orange line marks the wino with thermal relic abundance
⌦thermalh2 = 0.12.

2.2.2 Constraints from Fermi and HESS line searches

Both the Fermi and HESS collaborations have reported dark matter constraints from photon line searches in the
galactic center [52, 53]. The constraints rule out a cross section h�v i ⇠ 10�27 � 10�26 cm3/s depending on the
dark matter mass. The quantitative bounds are presented in Fig. 3. The Fermi line search defined four regions
of interest for annihilating dark matter, with each region optimized for a particular dark matter halo profile. The
HESS line search has one search region of interest contained within a 1� circle near the galactic center, and hence
is weakened more for less concentrated halo profiles. Both Fermi and HESS analyses assumed r� = 8.5 kpc and
⇢(r�) = 0.4 GeV/cm3.

To have a unified normalization of dark matter profiles and estimate the astrophysical uncertainties, we fol-
lowed the same strategy we used in setting the bounds from continuum photons in the galactic center as discussed
in Sec. 2.1. Again we only focused on cuspy profiles, i.e., NFW and Einasto profiles, in this section. In Fig. 3, we
rescale the bounds in [52, 53] and plot the bounds assuming the NFW profile with ⇢(r�) = 0.4 GeV/cm3 and r� = 8
kpc as reference curves. We also plot the bands of bounds in Fig. 3 by varying ⇢(r�) in the 2� range from [49]. No-
tice that for the Fermi line constraints, the NFW band and Einasto band have different shapes because the Fermi
line analysis used different search regions for NFW and Einasto profiles. In Sec. 2.3, we will discuss dark matter
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10

�m+ to ensure m
±
�

& 100 GeV (we may assume this
comes from incorporating a small bino admixture with-
out significantly altering the phenomenology). The DM
annihilates at tree-level to WW and to �� via W � �

±

loops; the relevant diagrams governing both the contin-
uum and photon-line annihilation are shown in Fig. 10.
The annihilation cross section in this case is given explic-
itly by

h���!WW vi =
g
4(m2

�
� m

2

W
)3/2

2⇡m�(2m2
�

� m
2

W
)2

+ O(v2) , (18)

where v is the relative DM velocity. For the DM masses
under consideration, electroweak corrections and Som-
merfeld enhancement e↵ects are negligible. The tree-
level cross-section evaluates to h�vi ⇡ 4 ⇥ 10�24 cm3

/s
for m� ⇠ 100 GeV. This is far larger than the cross
section needed to achieve the observed relic density, and
if the wino experiences a thermal history it will freeze-
out to only a small fraction of the DM abundance,
f� ⇡ (h�vi/h�vif.o.)

�1
⇠ 10�2. Correspondingly, the

observed annihilation signal is suppressed by a factor
of f

2

�
. Alternatively, the wino may be populated non-

thermally and make up any fraction or all of the DM
abundance. We consider both scenarios, but note that
while this changes the theoretical prediction of the wino
annihilation signal, it does not change the relationship
between the observed continuum annihilation products
from the GCE and its corresponding photon line signal,
as the same amount of DM is producing both.

For near-threshold masses m� ⇠ mW , which is the case
preferred by the data, thermal corrections to the s-wave
annihilation may become relevant and even dominant.
In the regime where m� = mW (1 + �), with � ⌧ 1, the
leading order contributions to the WW annihilation are
given by

h�vi ⇡
g
4

2⇡m
2

W

�
5v

3 + 7�v + O(v5
, �v

3)
�
. (19)

For masses below threshold, the dominant annihila-
tions are to q̄q and ¯̀̀ at 1-loop, but we simply trun-
cate our analysis at m� = mW . The cross section to
monochromatic photons, illustrated in Fig. 10, evaluates
to h�vi�� ⇠ 10�2

h�viWW for m� ⇠ 100 GeV.
The blue line in Fig. 11 shows the best-fit cross section

to explain the GCE for fixed wino DM mass, assuming
the wino is all of the DM. The half-ellipses delineate the
68% and 95% CL containment regions preferred by the
data, allowing both the mass and cross-section to vary.
The fit of the model to the GCE data is conducted as in
the Higgs portal case. As expected, the data ultimately
prefers a near-threshold wino (see, e.g., [43, 44]). Super-
imposed is the e↵ective theoretical cross section of an an-
nihilating wino, both as a fraction and all of the DM, for
a range of chargino masses, �m+/m� 2 [0, 0.3]. We take
the scenario of �m+ = 0.2m� as fiducial, which guaran-
tees m

±
�

> 95 GeV for the entire considered range. Last,
we show the limits of our line search on this parameter
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Figure 10. As in Fig. 7, but for wino-like DM. Extra diagrams
from the exchange of final-state bosons have been omitted for
brevity.

Figure 11. The 95% upper limits of our line search, applied
to constrain wino-like explanations of the GCE, as a function
of the DM mass (black, and shaded green and yellow contain-
ment bands), assuming that at each mass the wino is 100% of
the DM. The best-fit cross section to the GCE at each fixed
mass is shown (blue line), as well as the 68% and 95% contain-
ment ellipses to illustrate the best-fit parameter space when
the mass and cross-section are both treated as free parame-
ters. The theoretical wino annihilation cross sections are il-
lustrated assuming it constitutes all (dot dashed) or a thermal
fraction (dotted) of the DM, for the case where the neutralino-
chargino mass gap is set at �m+ = 0.2m�. The gray shaded
regions represent varying across �m+ 2 [0, 0.3]m�, though
note that charginos with mass . 100 GeV are experimentally
disfavored [43, 75–77]. In the case where the wino is a DM
sub-fraction we illustrate the annihilation cross-section mul-
tiplied by the sub-fraction squared.

space. The parameter space that is maximally preferred
by the GCE is tightly constrained by our search for pho-
ton lines. Only a small mass range around 85 GeV is
allowed for the wino at 95% confidence as an explana-
tion of the GCE, given our null results for an associated
gamma-ray line.

1. Used Ferni gamma-ray line search in the 
Inner Galaxy of Milky Way 

2. Now well established for any reasonable 
DM profile, wino should have been 
discovered 

3. Can exclude wino with Fermi alone using 
continuue (in progress!)
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Figure 4: Annihilation channels for the higgsino DM candidate j, which is a neutral Majorana fermion, that
are active both in the early universe and today for indirect detection. Note that j has a small mass splitting
relative to the other neutral, Majorana higgsino state j̃. These neutral states in-turn are slightly lighter than
the charged states j± that help make up the full (* (2)! multiplet for the higgsino.
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Figure 5: Co-annihilation channels involving the DM candidate j and the slightly heavier, neutral Majorana
state j̃. These channels are only relevant in the early universe.
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Figure 6: Co-annihilation channels involving j and heavier, charged states j± only relevant in the early
universe.

As we discuss further below, the neutral Dirac state j0 must be split into two neutral Majorana
states j (the lighter, DM candidate) and j̃, which is slightly heavier. (Note that the Majorana j

should not be confused with our notation for the full Dirac (* (2)! multiplet j.) The 5 in the
Feynman diagrams stand for generic SM fermions that are charged under the electroweak force, and
all appropriate final state fermions should be summed over. To include co-annihilations, we may
assign the annihilating j � j̄ pair (* (2)! indices 8 and 9 , respectively, such that the annihilation
cross-section is hf8 9Ei [83]. (Note that we are interested in the s-wave cross-section, obtained in
the limit E ! 0.) Then, the relevant total annihilation cross-section, averaged over all channels, is

27
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DM representation does not have any model parameters,
since it is completely deterministic. However, it is con-
venient to assign the signal model a model parameter µ,
which is an overall rescaling of the predicted flux. The
parameter µ is useful both because the J-factor itself is
uncertain but also because it provides an interpolation
between the null hypothesis (µ = 0) and the signal hy-
pothesis.

IV. FERMI CONSTRAINTS ON MINIMAL
DARK MATTER

We begin by considering the wino (30) DM model. In
Fig. 2 (bottom panel) we show the spectral template for
wino annihilation with mDM = 2.86 TeV (see Tab. I).
Across the 14 DM profiles we consider (the 12 FIRE-2
profiles, along with our canonical NFW and Einasto pro-
files) the smallest J-factor within the ROI (and thus the
weakest limit) arises from the Thelma FIRE-2 profile. In
particular, Thelma has J̄ ⇡ 1.4⇥ 1023 GeV2/cm5, where
J̄ is defined as the exposure-averaged J-factor over the
ROI. In contrast, the NFW profile, which has the second-
lowest J-factor, has J̄ ⇡ 1.6 ⇥ 1023 GeV2/cm5; the Ro-
mulus FIRE-2 DM profile has the highest J-factor of our
ensemble of DM density profiles, with J̄ ⇡ 6.4 ⇥ 1023

GeV2/cm5. We note that analyses of the sub-annuli, in-
corporating spatial information, are more powerful for
the cuspier DM profiles (such as NFW), while the gain
in sensitivity from using a spatial analysis with the more
cored profiles (such as Thelma) is more minor; see the SM
for results with the spatial likelihood over Galactocentric
sub-annuli. Here, we concentrate on the single-ROI anal-
ysis because we are focused on the most pessimistic, cored
DM scenario to be conservative, as encapsulated by the
Thelma DM profile, and because the analysis framework
is more straightforward than those incorporating spatial
information.

Throughout the rest of this work we assume the
Thelma DM profile, since has the smallest J-factor in our
ROI of all DM profiles considered. For this DM profile,
we constrain at 95% confidence µ < 0.51 for m� = 2.86
TeV for the wino. Varying mDM within the 1� range for
accounting for the correct relic abundance (see Tab. I),
the 95% confidence upper limits stays at µ < 0.51. This
implies that the thermal wino, which has µ = 1, is ruled

out by the Fermi continuum analysis at more than 95%
confidence for even our most conservative DM profile.
The best-fit value for µ, which we refer to has µ̂, for
mDM = 2.86 TeV is µ̂ ⇡ 0.015, with a discovery test
statistic (TS) of TS ⇡ 2.5 ⇥ 10�3, meaning we find no
evidence for wino DM annihilation. The discovery TS
is defined as twice the log-likelihood di↵erence between
the best-fit null and signal models. Interestingly, we note
that Ref. ?? recently constrained the thermal wino model
using archival H.E.S.S. data (though subject to caveats
regarding the reliability of those data, as described in
that work) to search for the gamma-ray line at the spec-
tral end-point and found µ < 0.5 at 95% confidence for
Thelma for the mDM = 2.86 TeV wino, which is nearly
an identical result that obtained here for the continuum.
Interestingly, the energy range used in that analysis is
completely non-overlapping with that used here.

We now consider the other minimal DM models. For
each model (given in Tab. I) we compute vary its mass
within the allowed range to explain the DM abundance
at 1� significance. We account for Sommerfeld enhance-
ment in the annihilation, and we chose the mass that
gives the weakest 95% upper limit. The results of this
exercise are illustrated in Fig. 3.
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My opinion
Higgsino DM only true WIMP model left 

1.  mass of 1.01 TeV 

2.  too heavy for LHC —> maybe future collider 

3.  invisible to direct detection 

4.  not within reach of HESS 

1.  within reach CTA (line) 

5.  Marginally within reach of Fermi (continuum)

Higgsino is the canoncial DM model in modern 
supersymmetry models, like split-SUSY
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to be below the neutrino floor [23–26].
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 [27]. We refer to the higgsino with such a
mass as the thermal higgsino. Apart from the SUSY mo-
tivations, higgsino DM may be viewed through the lens of
minimal DM [28]. If m� is less than the TeV scale, then
higgsinos are a computable but subdominant component
of the DM, unless there is a non-standard cosmological
history that increases their abundance. The same anni-
hilation processes that set the higgsino DM abundance
in the early universe also lead to annihilation signatures
of higgsinos today. Sommerfeld enhancement introduces
dependencies of the present-day annihilation rate on the
mass splittings between the neutral and charged higgsino
states, though this e↵ect is relatively minor at the ther-
mal higgsino mass [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 ��

and �Z final states with H.E.S.S. [30], which constrain
h�vi�� . 4 ⇥ 10�28 cm�3/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 emis-
sion 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 sensi-
tivity to higgsino DM at the thermal mass [32]. Future
lepton or hadron colliders may also be able to discover
thermal higgsinos [33–35].

In this Letter we use the existing 14 years of Fermi
data 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 lim-
its 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 (⇠2�) preference for the signal
model over the null hypothesis. We interpret our results
in the context of DM profiles from the FIRE-2 hydro-
dynamic cosmological simulations [36, 37] to show that
the best-fit annihilation cross-section we recover may be
consistent with the expected higgsino cross-section, po-
tentially providing the first hint of thermal higgsino DM.
Data reduction and analysis.— We reduce 722 weeks
of Pass 8 Fermi gamma-ray data with SOURCE selec-
tion criterion 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 3 of 4 quartiles of the data as ranked
by the point spread function (PSF). As in [38], we ini-
tially 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
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Figure 1. The photon count data used in this work in our
ROI, which has the Galactic plane masked at |b| � 1� along
with 4FGL PSs and pixels more than 10� from the GC. For
illustration the data are summed above 10 GeV. We analyze
the data in 9 concentric annuli, as indicated.
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Figure 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, h�vi =
5 ⇥ 10�26 cm3/s, and an NFW DM profile.

more contaminated by Galactic di↵use emission. Start-
ing 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 emis-
sion 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
(|b| � 1�) in addition to a 4FGL point source (PS)
mask [47]. The PS mask is constructed through the
following procedure. First, we use [47] to construct a
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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 gamma-ray emission at energies less than a TeV in addition to
a line-like signature at energies equal to the mass. Previous searches for higgsino DM, for example
with the H.E.S.S. gamma-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 Fermi gamma-ray data
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 analogue 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 cross-section.

Dark matter (DM) makes up ⇠27% of the energy in
our Universe today [1], with only ⇠5% of the energy den-
sity in ordinary matter, yet its microscopic nature re-
mains unknown. One tantalizing possibility, which has
driven decades of experimental and theoretical e↵ort, is
that DM arises as the lightest superpartner (LSP) in su-
persymmetric (SUSY) extensions of the Standard Model
that address the hierarchy problem related to the unnat-
urally low Higgs mass parameter (see [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 Col-
lider (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. gamma-ray tele-
scope [6, 10]. Nearly-pure higgsino LSPs, on the other
hand, remain one of the better motivated and sought af-
ter, yet unprobed, DM scenarios (see, e.g., [11] for a re-
cent summary). Higgsinos, which are the superpartners
of the two Higgs doublets in the minimal supersymmet-
ric standard model (MSSM), are especially motivated in
light of (i) null results for wino DM, and (ii) the fact
that null searches for superpartners at e.g. the LHC sug-
gest that nature may implement a split-spectrum ver-
sion of SUSY such as Split-SUSY [12–16], which natu-
rally 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; in such

models the scalar superpartners are taken to have large
masses, with the gauginos and higgsinos remaining near
the TeV scale. Such split-spectrum models may accom-
modate the observed Higgs mass and solve a number
of troublesome problems with the MSSM, such as the
lack of flavor changing neutral currents [18] and the non-
observation of new CP violation in electric dipole mo-
ment searches [19, 20].

In this work we search for annihilation signatures of
higgsino DM with Fermi gamma-ray data. The hig-
gsino interactions with the Standard Model are speci-
fied by its representation under the electroweak force,
and thus the requirement that freeze-out of annihi-
lation produces the correct DM abundance fully de-
termines the higgsino mass under thermal cosmolo-
gies. The higgsino mass arises from the Lagrangian
term L � �µH̃u · ✏ · H̃d + h.c., where µ is the MSSM µ-
parameter, H̃u (H̃d) is the up-type (down-type) higgsino
electroweak doublet, and ✏ is the totally anti-symmetric
symbol in SU(2)L space. There are two neutral hig-
gsino fermions, which are generically split into two non-
degenerate Majorana mass eigenstates by dimension-five
operators that have the e↵ect of inducing a slight mix-
ing between the neutral gauginos and higgsinos (see,
e.g., [21]). The charged higgsino states are heavier than
the neutral states by at least ⇠350 MeV because of radia-
tive contributions to the charged higgsino masses below
electroweak symmetry breaking [22]. The mass splitting
between the two neutral Majorana states, which we call
�m, must be greater than around 200 keV to avoid direct
detection constraints from inelastic Z-exchange, where
the lower Majorana state scatters into the heavier mass
eigenstate (see, e.g., [21]). When �m & 200 keV, direct
detection of higgsino DM proceeds through elastic scat-
tering with higher-dimensional operators and is thought
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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 DMmay annihilate today to give continuum γ-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. γ-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, ∼2σ preference for Higgsino
DM with a mass near the thermal Higgsino mass and, depending on the DM density profile, the expected
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 lowHiggsmass
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. γ-ray

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
(i) 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)
γ-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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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 gamma-ray emission at energies less than a TeV in addition to
a line-like signature at energies equal to the mass. Previous searches for higgsino DM, for example
with the H.E.S.S. gamma-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 Fermi gamma-ray data
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 analogue 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 cross-section.

Dark matter (DM) makes up ⇠27% of the energy in
our Universe today [1], with only ⇠5% of the energy den-
sity in ordinary matter, yet its microscopic nature re-
mains unknown. One tantalizing possibility, which has
driven decades of experimental and theoretical e↵ort, is
that DM arises as the lightest superpartner (LSP) in su-
persymmetric (SUSY) extensions of the Standard Model
that address the hierarchy problem related to the unnat-
urally low Higgs mass parameter (see [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 Col-
lider (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. gamma-ray tele-
scope [6, 10]. Nearly-pure higgsino LSPs, on the other
hand, remain one of the better motivated and sought af-
ter, yet unprobed, DM scenarios (see, e.g., [11] for a re-
cent summary). Higgsinos, which are the superpartners
of the two Higgs doublets in the minimal supersymmet-
ric standard model (MSSM), are especially motivated in
light of (i) null results for wino DM, and (ii) the fact
that null searches for superpartners at e.g. the LHC sug-
gest that nature may implement a split-spectrum ver-
sion of SUSY such as Split-SUSY [12–16], which natu-
rally 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; in such

models the scalar superpartners are taken to have large
masses, with the gauginos and higgsinos remaining near
the TeV scale. Such split-spectrum models may accom-
modate the observed Higgs mass and solve a number
of troublesome problems with the MSSM, such as the
lack of flavor changing neutral currents [18] and the non-
observation of new CP violation in electric dipole mo-
ment searches [19, 20].

In this work we search for annihilation signatures of
higgsino DM with Fermi gamma-ray data. The hig-
gsino interactions with the Standard Model are speci-
fied by its representation under the electroweak force,
and thus the requirement that freeze-out of annihi-
lation produces the correct DM abundance fully de-
termines the higgsino mass under thermal cosmolo-
gies. The higgsino mass arises from the Lagrangian
term L � �µH̃u · ✏ · H̃d + h.c., where µ is the MSSM µ-
parameter, H̃u (H̃d) is the up-type (down-type) higgsino
electroweak doublet, and ✏ is the totally anti-symmetric
symbol in SU(2)L space. There are two neutral hig-
gsino fermions, which are generically split into two non-
degenerate Majorana mass eigenstates by dimension-five
operators that have the e↵ect of inducing a slight mix-
ing between the neutral gauginos and higgsinos (see,
e.g., [21]). The charged higgsino states are heavier than
the neutral states by at least ⇠350 MeV because of radia-
tive contributions to the charged higgsino masses below
electroweak symmetry breaking [22]. The mass splitting
between the two neutral Majorana states, which we call
�m, must be greater than around 200 keV to avoid direct
detection constraints from inelastic Z-exchange, where
the lower Majorana state scatters into the heavier mass
eigenstate (see, e.g., [21]). When �m & 200 keV, direct
detection of higgsino DM proceeds through elastic scat-
tering with higher-dimensional operators and is thought
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Figure S1. The spectrum within our first two annuli compared to the spectral templates used in our fiducial analysis, including
the p8r3 Galactic emission model, the residual PS model, and the isotropic model. The signal model is illustrated for a DM
mass of m� = 1.1 TeV and a cross-section of h�vi = 5 ⇥ 10�26 cm3/s. Note that we do not include line emission in the signal
spectrum, with the peak near a TeV arising from electroweak radiative e↵ects in the W+W� spectrum. We also show the IC
spectral template used in Sec. III F.

We constrain the model parameters using the data through a Poisson likelihood

p(d|✓) =
Y

i

µi(✓)nie
�µi(✓)

ni!
, (S1)

with the product being over energy bins. In particular, we construct the test statistic (TS) for upper limits

t(Asig) ⌘ �2
h
log p(d|Asig, Âbkg) � log p(d|✓̂)

i
, (S2)

where in the second term ✓̂ refers to the model parameters that maximize the likelihood while in the first term Âbkg

refers to the background nuisance parameter vector that maximizes the log likelihood at fixed Asig. We assume Wilks’

theorem such that the 95% one-sided upper limit is given by the value of Asig greater than the best-fit value Âsig

where t(Asig) ⇡ 2.71 (see, e.g., [56]). The discovery TS for a one-sided test, which determines the significance of the

signal model over the null model, is given by q = t(Asig = 0) if Âsig > 0 and q = 0 otherwise. Note that we allow
Asig < 0, even though such values are unphysical, to ensure that we find the likelihood maximum.

In the SM we perform an alternate analysis using a spatial template fit instead of a spectral template fit. In each
energy bin we assign independent nuisance parameters for the PS template and the Galactic emission template. The
spatial PS template is constructed from the 4FGL catalog along with the instrument PSF, though we treat the overall
normalization of the template as a nuisance parameter. In each energy bin we assign independent nuisance parameters
to the PS model and to the Galactic emission model. Thus, the likelihood may be written as

p(d|✓) =
Y

energies i

Y

pixels j

µij(✓)nije
�µij(✓)

nij !
, (S3)

where nij is the observed number of counts in energy bin i and spatial pixel j, while µij is the model prediction in
that pixel. There is still a single signal parameter Asig, which – given a DM mass – rescales the signal amplitude in
each energy bin according to the DM spectrum. The spatial profile of the signal is given by the J-factor. The number
of nuisance parameters is twice the number of energy bins.

B. Higgsino annihilation signal

For a nearly-pure higgsino, the freeze-out abundance under a thermal cosmology is essentially determined by its
mass, and thus the requirement that it saturates the total amount of observed DM fixes a precise mass prediction.

Galactic 
diffuse 
model (p8)

isotropic
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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
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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, ∼2σ preference for Higgsino
DM with a mass near the thermal Higgsino mass and, depending on the DM density profile, the expected
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 lowHiggsmass
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. γ-ray

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
(i) 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)
γ-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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with the MSSM, such as the lack of flavor changing neutral
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Figure 3. The best-fit annihilation cross-section for higgsino-like DM as a function of the DM mass for our fiducial analysis
assuming an 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, 1� (green) and 2� (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 gamma-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
1� (green band) and inconsistent with the null hypothesis of no higgsino at ⇠2�, as illustrated by the gold band. Note that
h�vi 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.

incorporate e.g. stellar feedback and radiative transfer
amongst baryons, which dominate the inner potential
wells of Milky Way sized galaxies, in addition to gravita-
tional 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
analogues are chosen to have stellar masses in the range
(3, 11) ⇥ 1010 M� with virial masses in (0.9, 1.8) ⇥ 1012

M� [37]. The particle masses and positions were then
adjusted in [37] such that the local DM density is 0.38
GeV/cm3 at the distance to the Sun r� = 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 SM 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 2� significance contain-
ment intervals, as functions of the higgsino mass, assum-
ing that at each mass the higgsino makes up all of the
DM (see SM Fig. S10 for our results assuming a sub-
fraction of the DM). Our one-sided 95% upper limit is
also illustrated. For the fiducial NFW profile we are un-
able to exclude the higgsino cross-sections over the mass
range shown. However, our upper limit is weaker than
expected due to a slight statistical preference for the sig-

nal model over the null model. At the thermal mass the
local significance in favor of the signal model is ⇠2� (see
SM Fig. S8 for the discovery test statistic as a function
of mass). 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.

The FIRE-2 J-factor profiles are typically enhanced
relative to that of the NFW model due to adiabatic con-
traction, as illustrated in SM Fig. S5, though there is
significant spread over the 12 realizations. In the right
panel of Fig. 3 we show our results interpreted in the
context of the FIRE-2 halo, Romulus, with the largest
J-factor (the other halos are illustrated in the SM). Note
that we use the FIRE-2 naming conventions for the Milky
Way analogue galaxies [36]. The FIRE-2 halo profiles
lead to comparable discovery significances compared to
the NFW analysis, as illustrated in SM 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. Over the ensemble of 12 FIRE-2 J-factor profiles
that we consider, the best-fit h�vi for m� ⇡ 1.08 TeV
ranges from 1.7 ⇥ 10�26 cm3

/s to 7.3 ⇥ 10�26 cm3
/s,

with the median value of 3.4⇥10�26 cm3
/s; the higgsino

cross-section at this mass is h�vi ⇡ 1.3 ⇥ 10�26 cm3
/s.

The Romulus profile leads to the best-fit cross-section at
m� ⇡ 1.08 TeV of h�vi = 1.7 ± 0.8 ⇥ 10�26 cm3

/s. The
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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 gamma-ray emission at energies less than a TeV in addition to
a line-like signature at energies equal to the mass. Previous searches for higgsino DM, for example
with the H.E.S.S. gamma-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 Fermi gamma-ray data
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 analogue 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 cross-section.

Dark matter (DM) makes up ⇠27% of the energy in
our Universe today [1], with only ⇠5% of the energy den-
sity in ordinary matter, yet its microscopic nature re-
mains unknown. One tantalizing possibility, which has
driven decades of experimental and theoretical e↵ort, is
that DM arises as the lightest superpartner (LSP) in su-
persymmetric (SUSY) extensions of the Standard Model
that address the hierarchy problem related to the unnat-
urally low Higgs mass parameter (see [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 Col-
lider (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. gamma-ray tele-
scope [6, 10]. Nearly-pure higgsino LSPs, on the other
hand, remain one of the better motivated and sought af-
ter, yet unprobed, DM scenarios (see, e.g., [11] for a re-
cent summary). Higgsinos, which are the superpartners
of the two Higgs doublets in the minimal supersymmet-
ric standard model (MSSM), are especially motivated in
light of (i) null results for wino DM, and (ii) the fact
that null searches for superpartners at e.g. the LHC sug-
gest that nature may implement a split-spectrum ver-
sion of SUSY such as Split-SUSY [12–16], which natu-
rally 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; in such

models the scalar superpartners are taken to have large
masses, with the gauginos and higgsinos remaining near
the TeV scale. Such split-spectrum models may accom-
modate the observed Higgs mass and solve a number
of troublesome problems with the MSSM, such as the
lack of flavor changing neutral currents [18] and the non-
observation of new CP violation in electric dipole mo-
ment searches [19, 20].

In this work we search for annihilation signatures of
higgsino DM with Fermi gamma-ray data. The hig-
gsino interactions with the Standard Model are speci-
fied by its representation under the electroweak force,
and thus the requirement that freeze-out of annihi-
lation produces the correct DM abundance fully de-
termines the higgsino mass under thermal cosmolo-
gies. The higgsino mass arises from the Lagrangian
term L � �µH̃u · ✏ · H̃d + h.c., where µ is the MSSM µ-
parameter, H̃u (H̃d) is the up-type (down-type) higgsino
electroweak doublet, and ✏ is the totally anti-symmetric
symbol in SU(2)L space. There are two neutral hig-
gsino fermions, which are generically split into two non-
degenerate Majorana mass eigenstates by dimension-five
operators that have the e↵ect of inducing a slight mix-
ing between the neutral gauginos and higgsinos (see,
e.g., [21]). The charged higgsino states are heavier than
the neutral states by at least ⇠350 MeV because of radia-
tive contributions to the charged higgsino masses below
electroweak symmetry breaking [22]. The mass splitting
between the two neutral Majorana states, which we call
�m, must be greater than around 200 keV to avoid direct
detection constraints from inelastic Z-exchange, where
the lower Majorana state scatters into the heavier mass
eigenstate (see, e.g., [21]). When �m & 200 keV, direct
detection of higgsino DM proceeds through elastic scat-
tering with higher-dimensional operators and is thought
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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, ∼2σ preference for Higgsino
DM with a mass near the thermal Higgsino mass and, depending on the DM density profile, the expected
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 lowHiggsmass
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. γ-ray

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
(i) 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
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γ-ray data. The Higgsino interacts with ordinary matter
through the electroweak force. In this model the Higgsino
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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. γ-ray

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
(i) 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)
γ-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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22Dipartimento di Fisica, Università degli Studi di Perugia, I-06123 Perugia, Italy

23College of Science, George Mason University, Fairfax, VA 22030,
resident at Naval Research Laboratory, Washington, DC 20375, USA

24Agenzia Spaziale Italiana (ASI) Science Data Center, I-00133 Roma, Italy
25INAF Osservatorio Astronomico di Roma, I-00040 Monte Porzio Catone (Roma), Italy

26Wallenberg Academy Fellow
27INAF Istituto di Radioastronomia, I-40129 Bologna, Italy

28Dipartimento di Astronomia, Università di Bologna, I-40127 Bologna, Italy
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FIG. 1. Constraints on the DM annihilation cross section at 95% CL for the bb̄ (left) and ⌧+⌧� (right) channels derived from
a combined analysis of 15 dSphs. Bands for the expected sensitivity are calculated by repeating the same analysis on 300
randomly selected sets of high-Galactic-latitude blank fields in the LAT data. The dashed line shows the median expected
sensitivity while the bands represent the 68% and 95% quantiles. For each set of random locations, nominal J-factors are
randomized in accord with their measurement uncertainties. The solid blue curve shows the limits derived from a previous
analysis of four years of Pass 7 Reprocessed data and the same sample of 15 dSphs [13]. The dashed gray curve in this and
subsequent figures corresponds to the thermal relic cross section from Steigman et al. [5].
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FIG. 2. Comparison of constraints on the DM annihilation cross section for the bb̄ (left) and ⌧+⌧� (right) channels from this
work with previously published constraints from LAT analysis of the Milky Way halo (3� limit) [34], 112 hours of observations
of the Galactic Center with H.E.S.S. [35], and 157.9 hours of observations of Segue 1 with MAGIC [36]. Pure annihilation
channel limits for the Galactic Center H.E.S.S. observations are taken from Abazajian and Harding [37] and assume an Einasto
Milky Way density profile with ⇢� = 0.389 GeV cm�3. Closed contours and the marker with error bars show the best-fit cross
section and mass from several interpretations of the Galactic center excess [16–19].

[3] L. Bergstrom, Rept. Prog. Phys. 63, 793 (2000),
arXiv:hep-ph/0002126 [hep-ph].

[4] G. Bertone, D. Hooper, and J. Silk, Phys. Rep. 405, 279
(2005), arXiv:hep-ph/0404175 [hep-ph].

[5] G. Steigman, B. Dasgupta, and J. F. Beacom, Phys.
Rev. D 86, 023506 (2012), arXiv:1204.3622 [hep-ph].

[6] M. Mateo, Annu. Rev. Astron. Astrophys. 36, 435 (1998),
arXiv:astro-ph/9810070 [astro-ph].

[7] A. W. McConnachie, Astron.J. 144, 4 (2012),
arXiv:1204.1562 [astro-ph.CO].

[8] G. D. Martinez, Mon. Not. R. Astron. Soc. 451, 2524
(2015), arXiv:1309.2641 [astro-ph.GA].

[9] A. Geringer-Sameth, S. M. Koushiappas, and M. Walker,
(2014), arXiv:1408.0002 [astro-ph.CO].

[10] M. Ackermann et al. (Fermi-LAT Collaboration), Phys.
Rev. Lett. 107, 241302 (2011), arXiv:1108.3546 [astro-
ph.HE].

[11] A. Geringer-Sameth and S. M. Koushiappas, Phys. Rev.
Lett. 107, 241303 (2011), arXiv:1108.2914 [astro-ph.CO].

[12] M. N. Mazziotta, F. Loparco, F. de Palma, and N. Gigli-
etto, Astropart. 37, 26 (2012), arXiv:1203.6731 [astro-
ph.IM].

[13] M. Ackermann et al. (Fermi-LAT Collaboration), Phys.
Rev. D 89, 042001 (2014), arXiv:1310.0828 [astro-
ph.HE].

[14] A. Geringer-Sameth, S. M. Koushiappas, and M. G.
Walker, (2014), arXiv:1410.2242 [astro-ph.CO].

Fermi 
upper limit

“Expected” cross -section
annihilations to b-quarks



Beyond motivated targets, Fermi has 
significant impact on excluding / 
detecting!? WIMP DM parameter space 
Searching for Dark Matter Annihilation from Milky Way Dwarf Spheroidal Galaxies

with Six Years of Fermi-LAT Data

M. Ackermann,1 A. Albert,2 B. Anderson,3, 4, ⇤ W. B. Atwood,5 L. Baldini,6, 2 G. Barbiellini,7, 8 D. Bastieri,9, 10

K. Bechtol,11 R. Bellazzini,12 E. Bissaldi,13 R. D. Blandford,2 E. D. Bloom,2 R. Bonino,14, 15 E. Bottacini,2

T. J. Brandt,16 J. Bregeon,17 P. Bruel,18 R. Buehler,1 G. A. Caliandro,2, 19 R. A. Cameron,2 R. Caputo,5

M. Caragiulo,13 P. A. Caraveo,20 C. Cecchi,21, 22 E. Charles,2 A. Chekhtman,23 J. Chiang,2 G. Chiaro,10

S. Ciprini,24, 21, 25 R. Claus,2 J. Cohen-Tanugi,17 J. Conrad,3, 4, 26 A. Cuoco,14, 15 S. Cutini,24, 25, 21

F. D’Ammando,27, 28 A. de Angelis,29 F. de Palma,13, 30 R. Desiante,31, 14 S. W. Digel,2 L. Di Venere,32

P. S. Drell,2 A. Drlica-Wagner,33, † R. Essig,34 C. Favuzzi,32, 13 S. J. Fegan,18 E. C. Ferrara,16 W. B. Focke,2

A. Franckowiak,2 Y. Fukazawa,35 S. Funk,36 P. Fusco,32, 13 F. Gargano,13 D. Gasparrini,24, 25, 21 N. Giglietto,32, 13

F. Giordano,32, 13 M. Giroletti,27 T. Glanzman,2 G. Godfrey,2 G. A. Gomez-Vargas,37, 38 I. A. Grenier,39

S. Guiriec,16, 40 M. Gustafsson,41 E. Hays,16 J.W. Hewitt,42 D. Horan,18 T. Jogler,2 G. Jóhannesson,43 M. Kuss,12
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18Laboratoire Leprince-Ringuet, École polytechnique, CNRS/IN2P3, Palaiseau, France
19Consorzio Interuniversitario per la Fisica Spaziale (CIFS), I-10133 Torino, Italy

20INAF-Istituto di Astrofisica Spaziale e Fisica Cosmica, I-20133 Milano, Italy
21Istituto Nazionale di Fisica Nucleare, Sezione di Perugia, I-06123 Perugia, Italy
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22Dipartimento di Fisica, Università degli Studi di Perugia, I-06123 Perugia, Italy

23College of Science, George Mason University, Fairfax, VA 22030,
resident at Naval Research Laboratory, Washington, DC 20375, USA

24Agenzia Spaziale Italiana (ASI) Science Data Center, I-00133 Roma, Italy
25INAF Osservatorio Astronomico di Roma, I-00040 Monte Porzio Catone (Roma), Italy

26Wallenberg Academy Fellow
27INAF Istituto di Radioastronomia, I-40129 Bologna, Italy

28Dipartimento di Astronomia, Università di Bologna, I-40127 Bologna, Italy
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FIG. 1. Constraints on the DM annihilation cross section at 95% CL for the bb̄ (left) and ⌧+⌧� (right) channels derived from
a combined analysis of 15 dSphs. Bands for the expected sensitivity are calculated by repeating the same analysis on 300
randomly selected sets of high-Galactic-latitude blank fields in the LAT data. The dashed line shows the median expected
sensitivity while the bands represent the 68% and 95% quantiles. For each set of random locations, nominal J-factors are
randomized in accord with their measurement uncertainties. The solid blue curve shows the limits derived from a previous
analysis of four years of Pass 7 Reprocessed data and the same sample of 15 dSphs [13]. The dashed gray curve in this and
subsequent figures corresponds to the thermal relic cross section from Steigman et al. [5].
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FIG. 2. Comparison of constraints on the DM annihilation cross section for the bb̄ (left) and ⌧+⌧� (right) channels from this
work with previously published constraints from LAT analysis of the Milky Way halo (3� limit) [34], 112 hours of observations
of the Galactic Center with H.E.S.S. [35], and 157.9 hours of observations of Segue 1 with MAGIC [36]. Pure annihilation
channel limits for the Galactic Center H.E.S.S. observations are taken from Abazajian and Harding [37] and assume an Einasto
Milky Way density profile with ⇢� = 0.389 GeV cm�3. Closed contours and the marker with error bars show the best-fit cross
section and mass from several interpretations of the Galactic center excess [16–19].
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What is the Fermi Galactic Center Excess?36
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Figure 15. Spectrum of the GC excess. Points are derived using the Sample Model described in Section 2.2.

The systematic uncertainty band is derived from taking the envelope of the GC excess fluxes for di↵erent

analysis configurations, and di↵erent models of di↵use gamma-ray emission and sources in Sections from 3

to 6. Our results are compared to previous determinations of the GC excess spectrum from the literature.

Note, that the area of integration varies in di↵erent cases. In this analysis we mask some bright PS, which

e↵ectively masks the GC within about 2� radius. Gordon & Maćıas (2013) have a 7� ⇥ 7� square around

the GC. The flux from Calore et al. (2015) is obtained by taking the intensity in Figure 14 and multiplying

by the area of the ROI (2� < |b| < 20� and |`| < 20�) in their analysis. The ROI in Ajello et al. (2016) is

a 15� ⇥ 15� square around the GC. The two cases that we consider here correspond to the model with the

CR sources traced by the distribution of pulsars (Yusifov & Küçük 2004) where either only overall intensity

(“fit intens”) or both intensity and index (“fit index”) for the di↵use components spectra are fit to the data

(cf. Figure 13 of Ajello et al. 2016).

and modeling of PS. The excess remains significant in all cases in the energy range from 1 GeV to a

few GeV, although its flux is found to vary by a factor of & 3 owing to uncertainties in the modeling

of IC emission, additional CR sources near the GC, and a contribution of the low-latitude emission

from the Fermi bubbles.

Figure 15 also shows that our determination of the GC excess spectrum is generally consistent with

previous determinations in the literature, but our assessment of systematic uncertainties is generally

larger than that reported in other studies. We note that the ROIs used to determine the flux and

the flux profiles assumed are di↵erent for di↵erent analyses, thus the curves cannot be compared

quantitatively. The main purpose of the figure is to show that there is a qualitative agreement.

8. MORPHOLOGY OF THE GALACTIC CENTER EXCESS

Characterizing the morphology of the GC excess is important to understand its nature. In partic-

ular, spherical symmetry is expected for DM annihilation as well as, to a good approximation, for a

population of MSPs in the bulge of the Milky Way (e.g., Brandt & Kocsis 2015) or young pulsars

produced as a result of star formation near the GC (O’Leary et al. 2015), while a continuation of

Fermi Collab. 2017

1. Roughly spherically symmetric gamma-ray excess around GC  

2. First discovered: Goodenough & Hooper 2009 

3. Radial dependence from GC consistent with DM annihilation 

4. Near thermal annihilation cross-section for e.g. b-quark final states



What is responsible for Fermi GC Excess?

1. Morphology and cross-section 
consistent with WIMP 
expectation! (1402.6703) 

2. WIMP (e.g., neutralino) 
models difficult because 
collider + direct detection 
constraints (1507.07008)  

1. Hidden sectors can work 
(1912.08821) 

2. But also strong constraints 
from 1-loop line (e.g., 
Higgs portal) (B.S. et al. 
2212.07435)

Outstanding question to be answered from Fermi data

Option 1: WIMP DM!
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scaling by luminosity. The red line is the average of the
spectra with and without weighting by L−1/2, i.e, as-
suming volume-limited and flux-limited samples, respec-
tively. The blue and orange hatching show the 1σ and
2σ uncertainties in the red spectrum as estimated from
bootstrap resampling of the 45 MSPs. For this exer-
cise, we have adopted the fitted spectra in Table I of
Cholis et al. (2014) and have neglected measurement er-
rors, fitting errors, and distance errors.
The difference in Figure 4 between the scaled and un-

scaled spectra results from a correlation between lumi-
nosity and spectral index. Distance errors will tend to
blur this correlation; the MSP spectrum of a population
at a single distance is likely to be slightly harder than the
red line in Figure 4. Including this effect and adding mea-
surement errors would not bring the MSP spectrum into
perfect agreement with the Galactic center excess, but it
could bring the 1σ discrepancy to as little as ∼20–30%
at 500 MeV. Selecting only those MSPs with |b| > 10◦

(38 of the 45 that pass our 1–3 GeV signal-to-noise cut)
would also marginally improve the agreement with the
spectrum of the GeV excess.
The discrepancy between our estimated average MSP

spectrum and the GeV excess is only significant at the
lowest energies (<800 MeV) where Fermi’s sensitivity is
rapidly falling. Uncertainties in Galactic diffuse emis-
sion are largest here (Calore et al. 2015). As a result,
there are spectrally correlated systematic errors in the
spectrum of the GeV excess not shown in the black
stars of Figure 4. Systematic errors can be quite large,
and can also arise from the method of masking point
sources and from the assumed morphology of the excess,
among other aspects of the fitting (Daylan et al. 2014;
Calore et al. 2015). Figure 4 also shows the systematic
errors from varying the diffuse backgrounds as estimated
by Calore et al. (2015). These gray and gold hatched
regions neglect statistical errors.

7. PROSPECTS FOR RADIO DETECTIONS

Our results show that a population of disrupted glob-
ular clusters, which must exist to explain the current
clusters, naturally predicts a field population of MSPs in
the Galaxy’s inner few kpc. These MSPs satisfy the spa-
tial, spectral, and luminosity requirements imposed by
the Fermi observations. A large population of MSPs in
a nuclear star cluster is another necessary consequence
of a population of disrupted massive globular clusters.
Such a population explains the 20–40 keV X-ray emis-
sion seen by NuSTAR (Perez et al. 2015) and implies
that many of the unidentified Chandra point sources may
be MSPs (Muno et al. 2004; Perez et al. 2015). Astro-
H (Takahashi et al. 2010) will also be sensitive to high-
energy X-rays, and could confirm the NuSTAR results.
A population of ∼1000 MSPs around Sgr A* can also
explain the observed TeV emission by inverse Comp-
ton scattering of the dense interstellar radiation field
(Bednarek & Sobczak 2013).
Radio observations could individually detect our pre-

dicted MSPs and confirm their identities. However,
the bulk of the radio observations to date have fo-
cused not on scales of tens to thousands of pc, where
most of our predicted MSPs lie, but in the inner-
most pc. This was motivated by theoretical estimates
predicting ∼100–1000 pulsars formed in situ within

Fig. 4.— The average spectrum of Fermi-detected field MSPs
adopting the fitted spectral parameters of Cholis et al. (2014). The
dotted-dashed blue line is the unweighted average spectrum. The
red line has selected only those MSPs detectable based only on
their 1–3 GeV flux (45 of 59 MSPs), and is the average of the spec-
tra expected for a population at uniform distance assuming the
Cholis et al. (2014) to be volume-limited and flux-limited. These
scenarios almost certainly bracket the truth. The blue and or-
ange hatching show 1σ and 2σ sample variances as estimated us-
ing bootstrap resampling. We have neglected errors in the MSP
distances and in the spectral measurements; both would tend to
alleviate the discrepancy with the observed Galactic center excess
(Daylan et al. 2014). The error bars on the Daylan et al. (2014)
fits are only statistical; systematic errors (which are spectrally cor-
related) are neglected. The gold and gray hatching show 1σ and 2σ
systematic uncertainties (neglecting statistical errors) as estimated
by Calore et al. (2015).

0.02 pc of Sgr A* (Pfahl & Loeb 2004). More re-
cently, Faucher-Giguère & Loeb (2011) noted that the
encounter rate in the inner 1 pc of the central star clus-
ter is comparable to that of the globular cluster Terzan 5
(which has many MSPs), and estimated that up to ∼1200
MSPs may be present in this region due to the deeper
gravitational potential well of Sgr A*. The disrupted
globular cluster scenario instead predicts these MSPs to
be found over a larger region: we predict ∼1,000 MSPs
within 3 pc of Sgr A*, and a further ∼1,000 MSPs within
300 pc (2◦, see Figure 1).
MSP observations towards the Galactic center are ex-

tremely challenging because of the large dispersion mea-
sures. Radio pulses at a frequency ν are broadened by
an amount τ = (1.3 ± 0.2)(ν/GHz)−3.8±0.2 (with τ in
seconds, Spitler et al. 2014), implying that MSPs may
not be observed below ∼8 GHz. The radio intensity of
pulsars scales steeply with frequency (I ∝ ν−1.6 to ν−1.8,
Kramer et al. 1998), so high-frequency detections require
extended integration times.
While discovering and timing MSPs 0.001 pc from

the central supermassive black hole would offer tanta-
lizing measurements of general relativity and tests of
alternative theories of gravity (Wex & Kopeikin 1999;
Kramer et al. 2004; Cordes et al. 2004; Pfahl & Loeb
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preference for PSs (e.g., 
pulsars) 

2. Direct MSP searches wtih 
e.g. SKA will be useful 



My opinion: DM question for GCE best resolved 
with improving dwarf constraints
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FIG. 1. Constraints on the DM annihilation cross section at 95% CL for the bb̄ (left) and ⌧+⌧� (right) channels derived from
a combined analysis of 15 dSphs. Bands for the expected sensitivity are calculated by repeating the same analysis on 300
randomly selected sets of high-Galactic-latitude blank fields in the LAT data. The dashed line shows the median expected
sensitivity while the bands represent the 68% and 95% quantiles. For each set of random locations, nominal J-factors are
randomized in accord with their measurement uncertainties. The solid blue curve shows the limits derived from a previous
analysis of four years of Pass 7 Reprocessed data and the same sample of 15 dSphs [13]. The dashed gray curve in this and
subsequent figures corresponds to the thermal relic cross section from Steigman et al. [5].
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FIG. 2. Comparison of constraints on the DM annihilation cross section for the bb̄ (left) and ⌧+⌧� (right) channels from this
work with previously published constraints from LAT analysis of the Milky Way halo (3� limit) [34], 112 hours of observations
of the Galactic Center with H.E.S.S. [35], and 157.9 hours of observations of Segue 1 with MAGIC [36]. Pure annihilation
channel limits for the Galactic Center H.E.S.S. observations are taken from Abazajian and Harding [37] and assume an Einasto
Milky Way density profile with ⇢� = 0.389 GeV cm�3. Closed contours and the marker with error bars show the best-fit cross
section and mass from several interpretations of the Galactic center excess [16–19].
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Fermi 
upper limit

Fermi Galactic 
Center Excess

1. Need more Fermi data + more dwarf targets + better J-factors 

2. In progress: Folsom, Kaplinghat, Lisanti, Park, Raman, B.S. — more careful 
accounting of DM in dwarfs reduces limit factor ~2



Summary: past accomplishments and future 
outlooks for Fermi and WIMP DM

1. Indirect detection strong, nearly-model independent probe 

2. Fermi legacy: exclude generic WIMP below ~many 10’s of GeV 

1. Help (along with HESS) exclude wino benchmark model <— changed BSM 

3. Fermi GCE —> might be sign of ~10’s of GeV WIMP (or not) 

1. Future: more data / dwarfs / dwarf kinematic data & studies to test DM 

4. Future: ~1 TeV higgsino last minimal WIMP. Marginal for Fermi. Need more data 
and analyses!  

1. For definitive detection need future instrumentation (CTA or space-based 
telescope more effective area at 1 TeV)

Axions: Fermi excluded some ALP space. Future gamma-ray transients 
from supernovae / NS-mergers very promising discovery tool.  Future: 
full-sky instrumentation needed.



THANK YOU FERMI!


