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Figure 1. Left panel: Combinations of neutralino mass parameters M1, M2, µ that produce the correct relic
abundance, accounting for Sommerfeld-enhancement, along with the LSP mass. The relic surface without
Sommerfeld enhancement is underlain in gray. Regions excluded by LEP are occluded with a white box.
Right panel: The wino fraction of the lightest neutralino.

sfermions are also motivated by models of split supersymmetry, where most scalar supersymmetric
partners are decoupled [71–84].

Neutralinos in the MSSM are mixtures of the spin-1
2

superpartners of the weak gauge bosons,
hypercharge gauge bosons, and Higgs bosons. After electroweak symmetry is broken, the neutral
and charged states mix to form neutralinos and charginos, respectively. We identify the neutralinos
as �̃0

i = Nij(B̃, W̃ 0, H̃0

u, H̃0

d) and the charginos as �̃±
i = Vij(W̃±, H̃±). Here B̃, W̃ , H̃0

d , H̃0

u, are the
bino, wino, and higgsino fields; Nij and Vij are the neutralino and chargino mixing matrices in the
bino-wino basis, such that i and j index mass and gauge respectively [85]. The bino, wino, and
higgsino mass parameters are M

1

, M
2

, and µ, and tan � defines the ratio of up- and down-type
Higgs boson vacuum expectation values in the MSSM.

Assuming that all scalar superpartners are heavy, when the universe cools to T
rad

< TeV during
radiation dominated expansion, MSSM neutralinos freeze out to a relic abundance determined by
their rate of annihilation to Standard Model particles. For neutralinos with masses below 1 TeV, it
is often su�cient to use tree-level annihilation cross-sections and ignore the initial state exchange
of photons and weak bosons between annihilating neutralinos. On the other hand, the exchange of
gauge bosons between two initial-state particles can substantially alter the annihilation probability
of neutralinos with masses above 1 TeV. At threshold this higher-order correction can diverge
like 1/v, where v is the relative velocity of the two incoming states. For a Yukawa-like potential,
mediated for example by a Z-boson, this e↵ect is cut o↵ at v ⇡ mZ/m�̃, leading to large e↵ects for
a large ratio of LSP vs weak boson masses. This non-relativistic modification of the potential of
two incoming states is called the Sommerfeld e↵ect. For freeze-out temperatures below the mass of
electroweak bosons (T

freeze-out

⌘ m�̃/20 . 0.1 TeV), and thus for lighter LSPs, the contribution of
W± exchange to the e↵ective potential of neutralino pairs is suppressed by factors of e�mW /Trad [69].

To understand when the Sommerfeld enhancement will a↵ect the freeze-out of mixed neutralinos,
it is useful to first consider the thermal relic abundance of pure neutralino states. With decoupled
scalars, two neutralinos or charginos can either annihilate through an s-channel Z or Higgs boson,
or through a t-channel neutralino or chargino. For the lightest neutralinos the relevant couplings
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of photons and weak bosons between annihilating neutralinos. On the other hand, the exchange of
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of neutralinos with masses above 1 TeV. At threshold this higher-order correction can diverge
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⌘ m�̃/20 . 0.1 TeV), and thus for lighter LSPs, the contribution of
W± exchange to the e↵ective potential of neutralino pairs is suppressed by factors of e�mW /Trad [69].

To understand when the Sommerfeld enhancement will a↵ect the freeze-out of mixed neutralinos,
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partners are decoupled [71–84].
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and charged states mix to form neutralinos and charginos, respectively. We identify the neutralinos
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u, are the
bino, wino, and higgsino fields; Nij and Vij are the neutralino and chargino mixing matrices in the
bino-wino basis, such that i and j index mass and gauge respectively [85]. The bino, wino, and
higgsino mass parameters are M
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, M
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, and µ, and tan � defines the ratio of up- and down-type
Higgs boson vacuum expectation values in the MSSM.

Assuming that all scalar superpartners are heavy, when the universe cools to T
rad

< TeV during
radiation dominated expansion, MSSM neutralinos freeze out to a relic abundance determined by
their rate of annihilation to Standard Model particles. For neutralinos with masses below 1 TeV, it
is often su�cient to use tree-level annihilation cross-sections and ignore the initial state exchange
of photons and weak bosons between annihilating neutralinos. On the other hand, the exchange of
gauge bosons between two initial-state particles can substantially alter the annihilation probability
of neutralinos with masses above 1 TeV. At threshold this higher-order correction can diverge
like 1/v, where v is the relative velocity of the two incoming states. For a Yukawa-like potential,
mediated for example by a Z-boson, this e↵ect is cut o↵ at v ⇡ mZ/m�̃, leading to large e↵ects for
a large ratio of LSP vs weak boson masses. This non-relativistic modification of the potential of
two incoming states is called the Sommerfeld e↵ect. For freeze-out temperatures below the mass of
electroweak bosons (T

freeze-out

⌘ m�̃/20 . 0.1 TeV), and thus for lighter LSPs, the contribution of
W± exchange to the e↵ective potential of neutralino pairs is suppressed by factors of e�mW /Trad [69].

To understand when the Sommerfeld enhancement will a↵ect the freeze-out of mixed neutralinos,
it is useful to first consider the thermal relic abundance of pure neutralino states. With decoupled
scalars, two neutralinos or charginos can either annihilate through an s-channel Z or Higgs boson,
or through a t-channel neutralino or chargino. For the lightest neutralinos the relevant couplings

•Find parameter space that gives the right relic density 
(ignore effects of sfermions) 

•Look at Direct/Indirect/Collider constraints (both present 
and future expectations)
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given in terms of the usual weak gauge couplings, the Higgs mixing angle ↵, and the neutralino
and chargino mixing matrices.

Obviously pure bino states do not couple to gauge or Higgs bosons, so no direct annihilation
process exists, and their annihilation as well as Sommerfeld enhancement can only occur through
mixing and co-annihilation.

For pure wino states we need to include the lightest chargino, typically with a sub-GeV mass
di↵erence. Following Eq.(1) there will still be no s-channel annihilation process, but for example
the LSP can annihilate through the wino-like chargino in the t-channel. Because the two states are
highly mass degenerate, the computation of the current relic abundance has to include a combined
annihilation of the lightest neutralino and chargino. Neutralino-chargino co-annihilation proceeds
through an s-channel W exchange, while diagonal neutralino and chargino annihilation require a
t-channel diagram. In the chargino case the exchange of electroweak bosons between the two non-
relativistic incoming particles leads to a sizeable Sudakov enhancement: an increased cross section
in the numerator of Eq.(2) has to be compensated by a larger wino mass on the relic neutralino
surface,
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In the top panel of Figure 1 this fact appears graphically — the sommerfelded surface, shown with
LSP masses colored, separates from gray points calculated without Sommerfeld enhancement when
m�̃ ⇠ 1.5 TeV, where the wino fraction is sizable.

Finally, pure higgsinos can annihilate e�ciently through an s-channel Z diagram. Co-
annihilation within the triplet of two neutralinos and one chargino sets the relic density. The
main distinction between this and the pure wino case, is that chargino pair annihilation con-
tributes much less to the complete annihilation process. Because higgsino annihilation is generally
more e�cient, and because the contribution of chargino pair annihilation with a possible elec-
troweak boson exchange between the incoming particles is suppressed, today’s relic density is given
by

⌦
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SE�! 0.12
⇣ m�̃

1.14 TeV

⌘
2

. (3)

This relatively small e↵ect is hardly visible in Figure 1. There are two reasons why the Sommerfeld
enhancement is significantly larger for the wino case: first, pure chargino co-annihilation with a
photon-induced Sommerfeld e↵ect is roughly three times more important for pure winos. Second,
as previously noted, the W, Z-induced Sommerfeld e↵ect is cut o↵ at v ⇡ mW,Z/m�̃ (compare this
to the freeze-out temperature, ⇠ m�̃/20), which means that it influences more phase-space for pure
winos at freeze-out.

To generate the sommerfelded surface shown in Figure 1, we first calculate electroweakino mass
parameters with SuSpect [86]. We include the loop-level, custodial-symmetry-breaking-induced
mass separation between the charged and neutral components of both the wino and higgsino, setting
these to 160 MeV [87–89] and 350 MeV [90–92] respectively, before diagonalizing electroweakino
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Obviously pure bino states do not couple to gauge or Higgs bosons, so no direct annihilation
process exists, and their annihilation as well as Sommerfeld enhancement can only occur through
mixing and co-annihilation.
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the LSP can annihilate through the wino-like chargino in the t-channel. Because the two states are
highly mass degenerate, the computation of the current relic abundance has to include a combined
annihilation of the lightest neutralino and chargino. Neutralino-chargino co-annihilation proceeds
through an s-channel W exchange, while diagonal neutralino and chargino annihilation require a
t-channel diagram. In the chargino case the exchange of electroweak bosons between the two non-
relativistic incoming particles leads to a sizeable Sudakov enhancement: an increased cross section
in the numerator of Eq.(2) has to be compensated by a larger wino mass on the relic neutralino
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LSP masses colored, separates from gray points calculated without Sommerfeld enhancement when
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Finally, pure higgsinos can annihilate e�ciently through an s-channel Z diagram. Co-
annihilation within the triplet of two neutralinos and one chargino sets the relic density. The
main distinction between this and the pure wino case, is that chargino pair annihilation con-
tributes much less to the complete annihilation process. Because higgsino annihilation is generally
more e�cient, and because the contribution of chargino pair annihilation with a possible elec-
troweak boson exchange between the incoming particles is suppressed, today’s relic density is given
by

⌦
˜Hh2 ' 0.12

⇣ m�̃

1.13 TeV

⌘
2

SE�! 0.12
⇣ m�̃

1.14 TeV

⌘
2

. (3)

This relatively small e↵ect is hardly visible in Figure 1. There are two reasons why the Sommerfeld
enhancement is significantly larger for the wino case: first, pure chargino co-annihilation with a
photon-induced Sommerfeld e↵ect is roughly three times more important for pure winos. Second,
as previously noted, the W, Z-induced Sommerfeld e↵ect is cut o↵ at v ⇡ mW,Z/m�̃ (compare this
to the freeze-out temperature, ⇠ m�̃/20), which means that it influences more phase-space for pure
winos at freeze-out.

To generate the sommerfelded surface shown in Figure 1, we first calculate electroweakino mass
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Obviously pure bino states do not couple to gauge or Higgs bosons, so no direct annihilation
process exists, and their annihilation as well as Sommerfeld enhancement can only occur through
mixing and co-annihilation.
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di↵erence. Following Eq.(1) there will still be no s-channel annihilation process, but for example
the LSP can annihilate through the wino-like chargino in the t-channel. Because the two states are
highly mass degenerate, the computation of the current relic abundance has to include a combined
annihilation of the lightest neutralino and chargino. Neutralino-chargino co-annihilation proceeds
through an s-channel W exchange, while diagonal neutralino and chargino annihilation require a
t-channel diagram. In the chargino case the exchange of electroweak bosons between the two non-
relativistic incoming particles leads to a sizeable Sudakov enhancement: an increased cross section
in the numerator of Eq.(2) has to be compensated by a larger wino mass on the relic neutralino
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Finally, pure higgsinos can annihilate e�ciently through an s-channel Z diagram. Co-
annihilation within the triplet of two neutralinos and one chargino sets the relic density. The
main distinction between this and the pure wino case, is that chargino pair annihilation con-
tributes much less to the complete annihilation process. Because higgsino annihilation is generally
more e�cient, and because the contribution of chargino pair annihilation with a possible elec-
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This relatively small e↵ect is hardly visible in Figure 1. There are two reasons why the Sommerfeld
enhancement is significantly larger for the wino case: first, pure chargino co-annihilation with a
photon-induced Sommerfeld e↵ect is roughly three times more important for pure winos. Second,
as previously noted, the W, Z-induced Sommerfeld e↵ect is cut o↵ at v ⇡ mW,Z/m�̃ (compare this
to the freeze-out temperature, ⇠ m�̃/20), which means that it influences more phase-space for pure
winos at freeze-out.

To generate the sommerfelded surface shown in Figure 1, we first calculate electroweakino mass
parameters with SuSpect [86]. We include the loop-level, custodial-symmetry-breaking-induced
mass separation between the charged and neutral components of both the wino and higgsino, setting
these to 160 MeV [87–89] and 350 MeV [90–92] respectively, before diagonalizing electroweakino
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band where coherent scattering of 8B solar neutrinos, atmospheric neutrinos and di↵use supernova neutrinos
with nuclei will begin to limit the sensitivity of direct detection experiments to WIMPs. Finally, a suite of
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We believe that any proposed new direct detection experiment must demonstrate that it meets at least one
of the following two criteria:

• Provide at least an order of magnitude improvement in cross section sensitivity for some range of
WIMP masses and interaction types.

• Demonstrate the capability to confirm or deny an indication of a WIMP signal from another experiment.

The US has a clear leadership role in the field of direct dark matter detection experiments, with most
major collaborations having major involvement of US groups. In order to maintain this leadership role, and
to reduce the risk inherent in pushing novel technologies to their limits, a variety of US-led direct search
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As an addendum to our latest results on spin-
independent WIMP-nucleon scattering from 225 live days
of data [1] measured with the XENON100 dark matter
detector [2], we present in Fig. 1 the 90% exclusion limit
up to a WIMP mass of 10TeV/c2. All the points up to
an energy of 1TeV/c2 are identical to the ones in refer-
ence [1].

⇤ Electronic address: ajmelgarejo@astro.columbia.edu
† Electronic address: marc.schumann@physik.uzh.ch

[1] E. Aprile et al. (XENON100), Phys. Rev. Lett. 109,
181301 (2012).

[2] E. Aprile et al. (XENON100), Astropart. Phys. 35, 573
(2012).
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FIG. 1: Result on spin-independent WIMP-nucleon scatter-
ing from XENON100 up to 10TeV: The expected sensitivity
of this run is shown by the green/yellow band (1�/2�) and
the resulting exclusion limit (90% CL) in blue. For compari-
son, other experimental results are also shown, together with
the regions (1�/2�) preferred by supersymmetric (CMSSM)
models.
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FIG. 2. Observed events in the 2013 LUX exposure of 95 live
days and 145 kg fiducial mass. Points at <18 cm radius are
black; those at 18–20 cm are gray. Distributions of uniform-
in-energy electron recoils (blue) and an example 50 GeV c�2

WIMP signal (red) are indicated by 50th (solid), 10th, and
90th (dashed) percentiles of S2 at given S1. Gray lines, with
ER scale of keVee at top and Lindhard-model NR scale of
keVnr at bottom, are contours of the linear combined S1-
and-S2 energy estimator [19].

by 210Po plated on the wall. The leakage of wall events
towards smaller r depends strongly, via position reso-
lution, on S2 size. The wall population in the fiducial
volume thus appears close to the S2 threshold, largely
below the signal population in S2 at given S1. It is mod-
eled empirically using high-r and low-S2 sidebands in the
search data [33].

Systematic uncertainties in background rates are
treated via nuisance parameters in the likelihood: their
constraints are listed with other fit parameters in Table I.
S1, S2, z and r are each useful discriminants against back-
grounds and cross sections are tested via the likelihood
of the search events in these four observables.

Search data were acquired between April 24th and
September 1st, 2013. Two classes of cuts based on pre-
vailing detector conditions assure well-measured events in
both low-energy calibration and WIMP-search samples.
Firstly, data taken during excursions in macroscopic de-
tector properties, such as xenon circulation outages or
instability of applied high voltage, are removed, consti-
tuting 0.8% of gross livetime. Secondly, an upper thresh-
old is imposed on summed pulse area during the event
window but outside S1 and S2. It removes triggers dur-
ing the aftermath of photoionization and delayed elec-
tron emission following large S2s. The threshold is set
for >99% tritium acceptance and removes 1% of gross
livetime [34]. We report on 95.0 live days. Fig. 2 shows
the measured light and charge of the 591 surviving events
in the fiducial volume.

A double-sided, profile-likelihood-ratio (PLR) statis-
tic [41] is employed to test signal hypotheses. For each
WIMP mass we scan over cross section to construct a
90% confidence interval, with test statistic distributions
evaluated by MC using the RooStats package [42]. At all
masses, the maximum-likelihood value of �n is found to

be zero. The background-only model gives a good fit to
the data, with KS test p-values of 0.05, 0.07, 0.34, and
0.64 for the projected distributions in S1, S2, r, and z

respectively. Upper limits on cross section are shown in
Fig. 3. The raw PLR result lies between one and two
Gaussian � below the expected limit from background
trials. We apply a power constraint [43] at the median
so as not to exclude cross sections for which sensitiv-
ity is low through chance background fluctuation. We
include systematic uncertainties in the nuclear recoil re-
sponse in the PLR, which has a modest e↵ect on the limit
with respect to assuming the best-fit model exactly: less
than 20% at all masses. Limits calculated with the alter-
nate, Bezrukov parametrization would be 0.48, 1.02, and
1.05 times the reported ones at 4, 33, and 1000 GeV c

�2,
respectively. Uncertainties in the assumed dark matter
halo are beyond the scope of this letter but are reviewed
in, e.g., [44].

In conclusion, we have improved the WIMP sensitivity
of the 2013 LUX search data, excluding new parameter
space. The lowered analysis thresholds and signal model
energy cut-o↵, added exposure, and improved resolution
of light and charge over the first LUX result yield a 23%
reduction in cross-section limit at high WIMP masses.
Reach is significantly extended at low mass where the
cut-o↵ has most e↵ect on the predicted event rate: the
minimum kinematically-accessible mass is reduced from
5.2 to 3.3 GeV c

�2. These techniques further enhance
the prospects for discovery in the ongoing 300-day LUX
search and the future LUX-ZEPLIN [45] experiment.
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1 Executive Summary

Dark matter exists

It is now generally accepted in the scientific community that roughly 85% of the matter in the universe is
in a form that neither emits nor absorbs electromagnetic radiation. Multiple lines of evidence from cosmic
microwave background probes, measurements of cluster and galaxy rotations, strong and weak lensing and big
bang nucleosynthesis all point toward a model containing cold dark matter particles as the best explanation
for the universe we see. Alternative theories involving modifications to Einstein’s theory of gravity have not
been able to explain the observations across all scales.

WIMPs are an excellent candidate for the dark matter

Weakly Interacting Massive Particles (WIMPs) represent a class of dark matter particles that froze out of
thermal equilibrium in the early universe with a relic density that matches observation. This coincidence of
scales - the relic density and the weak force interaction scale - provides a compelling rationale for WIMPs as
particle dark matter. Many particle physics theories beyond the Standard Model provide natural candidates
for WIMPs, but there is a huge range in the possible WIMP masses (1GeV to 100 TeV) and interaction cross
sections with normal matter (10�40 to 10�50 cm2). It is expected that WIMPs would interact with normal
matter by elastic scattering with nuclei [1], requiring detection of nuclear recoil energies in the 1-100 keV
range. These low energies and cross sections represent an enormous experimental challenge, especially in
the face of daunting backgrounds from electron recoil interactions and from neutrons that mimic the nuclear
recoil signature of WIMPs. Direct detection describes an experimental program that is designed to identify
the interaction of WIMPs with normal matter.

Discovery of WIMPs may come at any time

Direct detection experiments have made tremendous progress in the last three decades, with sensitivity
to WIMPs doubling roughly every 18 months, as seen in Fig. 1. This rapid progress has been driven by
remarkable innovations in detector technologies that have provided extraordinary active rejection of normal
matter backgrounds. A comprehensive program to model and reduce backgrounds, using a combination
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Figure 27. A compilation of WIMP-nucleon spin-dependent cross section limits (solid curves) and
projections (dot and dot-dashed curves) for US-led direct detection experiments that are expected to operate
over the next decade.

experiments is required. In addition, continuation of a robust detector R&D program will ensure that new
technologies can be brought to bear on WIMP signals as they appear.

In a resource-limited environment, not every proposed direct detection experiment will be funded. Infor-
mation gleaned from past experiments, detector R&D e↵orts and other types of dark matter searches has
to be used to help inform funding agencies on how to choose a mix of experiments that will achieve the
fundamental science goals of WIMP dark matter discovery and subsequent study. Fig. 28 shows how a
“decision tree” for direct detection might utilize the information available from the current generation (G2)
of experiments to make choices for the next generation (G3) experimental suite. It is very important to keep
in mind that, even for the simplest scenarios, the science goals are unlikely to be met with a single direct
detection experiment, since confirmation from other experiments will be vital to convince the community
that the particle nature of dark matter has finally been established. The decision tree shown reflects our
roadmap presented in Section 1 and summarized as the following three stages:

A. Discovery: Search broadly for WIMPS, with at least an order of magnitude improvement in sensitivity
in each generation.

B. Confirmation: Check any evidence for WIMP signals using complementary targets and the same target
with enhanced sensitivity

C. Study: If a signal is confirmed, extract maximal information about WIMP properties using multiple
technologies.

11 Summary

It is the consensus of the scientific community that identifying the particle nature of the dark matter in our
universe is one of the most fundamental problems in particle physics today. The solution to this problem
may well lead the way to physics beyond the Standard Model. Direct detection of dark matter particles
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1 Executive Summary

Dark matter exists

It is now generally accepted in the scientific community that roughly 85% of the matter in the universe is
in a form that neither emits nor absorbs electromagnetic radiation. Multiple lines of evidence from cosmic
microwave background probes, measurements of cluster and galaxy rotations, strong and weak lensing and big
bang nucleosynthesis all point toward a model containing cold dark matter particles as the best explanation
for the universe we see. Alternative theories involving modifications to Einstein’s theory of gravity have not
been able to explain the observations across all scales.

WIMPs are an excellent candidate for the dark matter

Weakly Interacting Massive Particles (WIMPs) represent a class of dark matter particles that froze out of
thermal equilibrium in the early universe with a relic density that matches observation. This coincidence of
scales - the relic density and the weak force interaction scale - provides a compelling rationale for WIMPs as
particle dark matter. Many particle physics theories beyond the Standard Model provide natural candidates
for WIMPs, but there is a huge range in the possible WIMP masses (1GeV to 100 TeV) and interaction cross
sections with normal matter (10�40 to 10�50 cm2). It is expected that WIMPs would interact with normal
matter by elastic scattering with nuclei [1], requiring detection of nuclear recoil energies in the 1-100 keV
range. These low energies and cross sections represent an enormous experimental challenge, especially in
the face of daunting backgrounds from electron recoil interactions and from neutrons that mimic the nuclear
recoil signature of WIMPs. Direct detection describes an experimental program that is designed to identify
the interaction of WIMPs with normal matter.

Discovery of WIMPs may come at any time

Direct detection experiments have made tremendous progress in the last three decades, with sensitivity
to WIMPs doubling roughly every 18 months, as seen in Fig. 1. This rapid progress has been driven by
remarkable innovations in detector technologies that have provided extraordinary active rejection of normal
matter backgrounds. A comprehensive program to model and reduce backgrounds, using a combination
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Figure 5. Left panel: The neutralino annihilation cross-section to �� and 1
2Z� is given for Milky Way

velocities, as detailed in the text. Right panel: Relic neutralino parameters excluded by the H.E.S.S.
gamma ray line search, assuming Einasto, NFW, and cored (Burkert, 3 kpc) profiles, along with the projected
CTA exclusion for an Einasto profile.

ing more rapidly towards the core of the Milky Way, results in a more stringent bound on DM
annihilation. We consider three DM halo density profiles that are increasingly flat towards the
center of the Milky Way. The generalized Navarro-Frenk-White (NFW) profile [109] is given by

⇢
NFW

(r) =
⇢�

(r/R) (1 + r/R)2
, (5)

where r is the distance from the galactic center, and we assume a characteristic scale R = 20 kpc,
solar position DM density ⇢(r�) ⌘ 0.4 GeV/cm3, and r� = 8.5 kpc throughout this study. Second,
we consider the Einasto profile,

⇢
Ein

(r) = ⇢� exp


� 2

↵

⇣⇣ r

R

⌘↵ � 1
⌘�

, (6)

where we take ↵ = 0.17 and R = 20 kpc. This is the halo profile model that best fits micro-lensing
and star velocity data [110, 111]. Third, we consider a Burkert or “cored” profile, with constant
DM density inside radius rc = 3 kpc,

⇢
Burk

(r) =
⇢�

(1 + r/rc) (1 + (r/rc)2)
, (7)

For this profile, rc sets the size of the core — we assume rc = 3 kpc. Assuming such a large core
results in very di↵use dark matter at the galactic center, and therefore yields the weakest bound
on neutralino self annihilation. On the other hand, assuming a core of smaller size (e.g. 0.1 kpc)
only alters DM annihilation constraints by an O(1) factor [112].

In Figure 4, we illustrate the three halo profiles. The impact on gamma ray flux of di↵erent
dark matter halo profiles is conveniently parameterized with a J factor,

J /
Z

�⌦

d⌦

Z

l.o.s.
dl ⇢2�̃(l) ⇠

Z
dr ⇢2�̃(r). (8)

We show J factors integrating over the approximate H.E.S.S. galactic center gamma ray search
range, r ' 0.05 to 0.15 kpc, and normalizing so that J(⇢
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gamma ray line search, assuming Einasto, NFW, and cored (Burkert, 3 kpc) profiles, along with the projected
CTA exclusion for an Einasto profile.
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where we take ↵ = 0.17 and R = 20 kpc. This is the halo profile model that best fits micro-lensing
and star velocity data [110, 111]. Third, we consider a Burkert or “cored” profile, with constant
DM density inside radius rc = 3 kpc,
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(1 + r/rc) (1 + (r/rc)2)
, (7)

For this profile, rc sets the size of the core — we assume rc = 3 kpc. Assuming such a large core
results in very di↵use dark matter at the galactic center, and therefore yields the weakest bound
on neutralino self annihilation. On the other hand, assuming a core of smaller size (e.g. 0.1 kpc)
only alters DM annihilation constraints by an O(1) factor [112].

In Figure 4, we illustrate the three halo profiles. The impact on gamma ray flux of di↵erent
dark matter halo profiles is conveniently parameterized with a J factor,
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gamma ray line search, assuming Einasto, NFW, and cored (Burkert, 3 kpc) profiles, along with the projected
CTA exclusion for an Einasto profile.

ing more rapidly towards the core of the Milky Way, results in a more stringent bound on DM
annihilation. We consider three DM halo density profiles that are increasingly flat towards the
center of the Milky Way. The generalized Navarro-Frenk-White (NFW) profile [109] is given by
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NFW

(r) =
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(r/R) (1 + r/R)2
, (5)

where r is the distance from the galactic center, and we assume a characteristic scale R = 20 kpc,
solar position DM density ⇢(r�) ⌘ 0.4 GeV/cm3, and r� = 8.5 kpc throughout this study. Second,
we consider the Einasto profile,
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where we take ↵ = 0.17 and R = 20 kpc. This is the halo profile model that best fits micro-lensing
and star velocity data [110, 111]. Third, we consider a Burkert or “cored” profile, with constant
DM density inside radius rc = 3 kpc,

⇢
Burk

(r) =
⇢�

(1 + r/rc) (1 + (r/rc)2)
, (7)

For this profile, rc sets the size of the core — we assume rc = 3 kpc. Assuming such a large core
results in very di↵use dark matter at the galactic center, and therefore yields the weakest bound
on neutralino self annihilation. On the other hand, assuming a core of smaller size (e.g. 0.1 kpc)
only alters DM annihilation constraints by an O(1) factor [112].

In Figure 4, we illustrate the three halo profiles. The impact on gamma ray flux of di↵erent
dark matter halo profiles is conveniently parameterized with a J factor,
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Z

�⌦

d⌦

Z

l.o.s.
dl ⇢2�̃(l) ⇠

Z
dr ⇢2�̃(r). (8)

We show J factors integrating over the approximate H.E.S.S. galactic center gamma ray search
range, r ' 0.05 to 0.15 kpc, and normalizing so that J(⇢
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FIG. 6: Same as Fig. 3, but for 5 h of Galactic center observations with CTA.

resolution of [18], and we also assume the energy depen-
dence of the effective area from [56]. As signal region, we
adopt a circular target region of 2◦ around the Galactic
center.
The signal region definition and background descrip-

tion we adopted for CTA are similar to the ones dis-
cussed above for HESS-II. With the presence of several
large size telescope in the centre of the array, CTA will
be more sensitive than HESS-II. In order to remain in
the statistically limited regime, we reduced the observ-
ing time for CTA down to 5 hours. At very low energies,
since we impose that the showers are observed at least by
two telescopes, CTA in its current design will not have
a much larger effective area. Moreover the intrinsic fluc-
tuations in the low energy showers limit the energy reso-
lution that will be achieved even with several telescopes,
so that in this energy range, we do not expect stronger
limits from CTA. Above 80 GeV however, the higher tele-
scopes multiplicity will increase the performance (larger
effective area and better energy resolution) so that CTA
sensitivity will be almost constant up to 1 TeV. From
figure 6, we also see that CTA will be very important
to probe line-like signals from DM annihilations above
100 GeV, since after 5 h of observations of the Galac-
tic centre, CTA will be more sensitive than five years of
GAMMA-400 observations.

IV. DISCUSSION AND CONCLUSIONS

The detection of a sharp feature at an energy of 130
GeV in Fermi-LAT data has sparked the interest of the

astroparticle community, since the presence of gamma-
ray lines has long been considered a smoking-gun signa-
ture of new physics, possibly pointing to the annihilation
of dark matter particles. Of course, future Fermi-LAT
data will be very important: If the Fermi-LAT collabo-
ration can exclude instrumental effects as the cause of the
structure, it may well, in case upcoming data strength-
ens the feature, confidently establish discovery of the ef-
fect. In any case, future gamma-ray observatories would
provide necessary independent confirmation and are ex-
pected to clarify the experimental situation, in view of
their increased effective area or better angular resolu-
tion. In particular we focused here on three upcoming
experiments: HESS-II, CTA and GAMMA-400.
We summarize here the main results:

• We have calculated the sensitivity to gamma-ray
lines for the three experiments, and we have shown
that all of them will be able to confirm or rule out
the presence of the 130 GeV line. In all cases, in
fact, the feature found in Fermi-LAT data would
be detectable with a significance higher than 5σ.

• We have assessed, for each experiment, the
prospects for identifying the presence of additional
lines, which would allow a better reconstruction
of the particle properties of the annihilating dark
matter particle. We found that only GAMMA-
400, thanks to a claimed energy resolution of about
1.5 % at 100 GeV, will be able to separate a γγ line
from a Zγ or Hγ, if the corresponding branching
ratio is comparable to that into two photons, while
HESS-II and CTA cannot separate them.
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We study the prospects for studying line features in gamma-ray spectra with upcoming gamma-
ray experiments, such as HESS-II, the Cherenkov Telescope Array (CTA), and the GAMMA-400
satellite. As an example we use the narrow feature at 130 GeV seen in public data from the Fermi-
LAT satellite. We found that all three experiments should be able to confidently confirm or rule
out the presence of this 130 GeV feature. If it is real, it should be confirmed with a confidence level
higher than 5σ. Assuming it to be a spectral signature of dark matter origin, GAMMA-400, thanks
to a projected energy resolution of about 1.5 % at 100 GeV, should also be able to resolve both the
γγ line and a corresponding Zγ or Hγ feature, if the corresponding branching ratio is comparable
to that into two photons. It will also allow to distinguish between a gamma-ray line and the similar
feature resulting from internal bremsstrahlung photons.

PACS numbers:

I. INTRODUCTION

As the Large Hadron Collider (LHC) keeps accumu-
lating data at high luminosity (and soon at full energy),
hopes are high that it will help elucidating the nature of
the particle making up around 23 % of the energy den-
sity of the universe, the dark matter particle [1, 2]. So
far, no such new mass scale has been found, although the
prediction from supersymmetric (SUSY) models that the
lightest Higgs boson should weigh less than 130 GeV [3],
which seems to be confirmed by the detection recently
done at CERN’s LHC, which gives a mass of the poten-
tial Higgs boson of around 125 GeV.

As for dark matter candidates, only constraints on the
parameter space of the most popular extensions of the
Standard Model, in particular Supersymmetry, have been
obtained [4], but even if such candidates were to be found,
it will be hard to prove with LHC data only that they
actually constitute most of the dark matter in the Uni-
verse, as the required lifetime of many times the age of
the universe would seem impossible to verify in accelera-
tor experiments [5].

Fortunately, direct and indirect dark matter searches
will provide complementary information, possibly allow-
ing a precise identification of dark matter particles [6, 7].
Direct detection by scattering of dark matter particles

∗Electronic address: lbe@fysik.su.se
†Electronic address: conrad@fysik.su.se
‡Electronic address: Christian.Farnier@fysik.su.se
§Electronic address: gf.bertone@gmail.com
¶Electronic address: weniger@mpp.mpg.de

traversing the earth in ultra-pure counting experiments
has historically been the most advanced technique, but
indirect detection methods have recently received in-
creased interest (see e.g. Ref. [1] for reviews).

Indirect detection is based on the search for secondary
photons, antimatter, and neutrinos produced by the an-
nihilation or decay of dark matter particles. For γ-rays
coming from annihilations of dark matter particles in the
halo, Fermi-LAT has very successfully delivered bounds
that have started to probe into the parameter space of
viable models, in line with pre-launch expectations [8],
in particular for dwarf spheroidal galaxies [9] and galaxy
clusters [10].

Recently, a possible hint of a dark matter signal
in the form of a narrow spectral line or an internal
bremsstrahlung (IB) feature, has been found in analy-
ses of public data from the Fermi-LAT satellite detector
[11, 12] (see also [13, 14]). The signal is too weak to
claim a discovery, but being of a type and at an energy
where there is no other known astrophysical explanation1

it is important to further study this type of signature in
independent experiments.

We take in this paper, as an exercise, the existence of
these recent indications for a line or an IB bump seriously,
and we discuss how this effect, if real, would appear in a
number of existing (Fermi-LAT [16], HESS-II [17]) and
planned (CTA [18], GAMMA-400 [19]) γ-ray detectors.
If the present indications of a line structure in the Fermi-
LAT public data would disappear, our results should be

1 The very fine-tuned pulsar model from [15] can be disregarded
since the signal is significantly extended.
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CGH dataset.
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20%, depending on the energy and the statistics in the
individual spectrum bins. The maximum shift is ob-
served in the extragalactic limit curve and amounts to
40%. In total, the systematic error on the flux upper
limits is estimated to be about 50%. All flux upper
limits were cross-checked using an alternative analysis
framework [24], with an independent calibration of cam-
era pixel amplitudes, and a different event reconstruction
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FIG. 4. Limits on the velocity-weighted cross section for DM
annihilation into two photons calculated from the CGH flux
limits (red arrows with full data points). The Einasto density
profile with parameters described in [20] was used. Limits ob-
tained by Fermi-LAT, assuming the Einasto profile as well, are
shown for comparison (black arrows with open data points)
[15].

and event selection method, leading to results well con-
sistent within the quoted systematic error.
For the Einasto parametrization of the DM density

distribution in the Galactic halo [20], limits on the
velocity-weighted DM annihilation cross section into γ
rays, ⟨σv⟩χχ→γγ , are calculated from the CGH flux limits
using the astrophysical factors given in [8]. The result is
shown in Fig. 4 and compared to recent results obtained
at GeV energies with the Fermi-LAT instrument.

SUMMARY AND CONCLUSIONS

For the first time, a search for spectral γ-ray signatures
at very-high energies was performed based on H.E.S.S.
observations of the central Milky Way halo region and ex-
tragalactic sky. Both regions of interest exhibit a reduced
dependency of the putative DM annihilation flux on the
actual DM density profile. Upper limits on monochro-
matic γ-ray line signatures were determined for the first
time for energies between ∼ 500GeV and ∼ 25TeV, cov-
ering an important region of the mass range of particle
DM. Additionally, limits were obtained on spectral sig-
natures arising from internal bremsstrahlung processes,
as predicted by the models BM2 and BM4 of [14]. It
should be stressed that the latter results are valid for
all spectral signatures of comparable shape. Besides, all
limits also apply for potential signatures in the spectrum
of cosmic-ray electrons and positrons.
Flux limits on monochromatic line emission from the

central Milky Way halo were used to calculate upper lim-
its on ⟨σv⟩χχ→γγ . Limits are obtained in a neutralino
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background remains the same at 100 TeV collisions as it was at 8 TeV. This assumption can be
tested at the 13 TeV run of the LHC. The background normalization we use rescales the background
found at ATLAS, by using the ratio of the Z(⌫⌫̄)+jets cross sections that pass initial analysis cuts
on pT,j , /pT , and ��

j,/pT , at
p

s = 8 TeV and 100 TeV, respectively.

The same steps are used in Refs. [146] and [147] to estimate the background for the disappearing
track signature at a 100 TeV collider. Both references acknowledge the large amount of uncertainty
and present their searches for the pure wino as a band with the background 20% to 500% as large
as the estimated value. Both find that a pure wino could be discovered at the 100 TeV collider,
although Ref. [147] uses di↵erent cuts, resulting in improved discovery prospects. Here we combine
these searches with the constrains from the observed dark matter relic abundance, including slightly
mixed binos. To this end, we use the optimized cuts of Ref. [147] and scan over a representative
sample of the relic neutralino surface. The optimized cuts are

pT,j1 > 1 TeV pT,j2 > 500 GeV

/pT > 1.4 TeV pT,track > 2.1 TeV , (10)

All other cuts are identical to the ATLAS analysis. For each of the data points we calculate the
Gaussian significance

#� =
Sp

B + ↵2B2 + �2S2

, (11)

where S and B are the number of signal and background events passing the cuts assuming 15 ab�1

of data. The systematic uncertainties on the background and signal are conservatively given as
↵ = 20% and � = 10% [146, 147]. As we are scanning over a range of model parameter space with
di↵erent characteristics, there is no good way to display a band of significances for the 20 � 500%
backgrounds. Instead, we will only quote the central background estimate. The left panel of
Figure 7 shows the representative sample of points that we used mapped on the surface as well as
the calculated significance. It appears that most of the wino plateau is covered and that the search
works better for larger values of |µ|.

For the points on the relic neutralino surface, if the decay length is less than 15 mm, the
charginos have almost no chance of traveling far enough to be registered as a track. We find that
for tracks longer than this, at least in the range we are considering, the points can be fit well
by a cubic function. We focus on the relic neutralino points with a mass di↵erence between the
chargino and the neutralino smaller than 0.5 GeV and find their significance based on the best fit
cubic curve. We then plot the points that can be discovered at 5� and those which can be excluded
at 2�. The result is shown in Figure 7. We see that most of the wino plateau is within reach,
but as mixing with bino and higgsinos grows, so does the chargino-neutralino mass splitting. The
chargino decay length then decreases, making the search less e↵ective.

B. Compressed search

Our compressed bino-wino search is directed at neutralinos with mass eigenstates separated by
1 � 40 GeV and follows the previous study of Ref. [1]. It targets events with missing transverse
momentum, photons, and leptons emitted in the decay of heavier neutralinos. The dominant
production and decay process on the relic neutralino surface is

pp ! (�̃0

2

! ��̃0

1

) (�̃±
1

! `±⌫`�̃
0

1

)j ! �̃0

1

�̃0

1

`±⌫`�j , (12)
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•Pure winos can best be detected 
with tracks + indirect detection 

•Pure Higgsinos as well as Wino-
Higgsinos can be detected with 
direct (and/or) indirect detection 

•Bino-Winos can only be 
detected with collider searches

Almost all of SUSY DM can be detected within 
next 10-20 years!


