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Photon flux from dark matter annihilations

We will also comment on pure bino and higgsino scenarios and initiate a study of mixed states by showing that for
the bino/higgsino scenario, future indirect searches could be complementary to direct searches.

2 Constraints on wino dark matter from indirect dark matter searches

We first present constraints on neutralino dark matter from indirect detection experiments which search for ei-
ther excesses in the photon continuum spectrum or a line-like feature. The continuum photons arise mostly from
fragmentation of hadronic final states in the tree-level processes �̃0�̃0 ! W +W � (for winos and higgsinos) and
�̃0�̃0! ZZ (for higgsinos). Lines arise from the one-loop processes �̃0�̃0! �� and �̃0�̃0! Z�. We limit our at-
tention to searches involving gamma rays, although searches in antiprotons set limits comparable to those in the
photon continuum [36, 37]. Understanding the antiproton bounds requires more detailed astrophysics, related to
how cosmic rays propagate through the galaxy. Because the gamma ray constraints are comparably strong, and
more easily understood, we will exclusively focus on gamma rays. We will also neglect the possibility of sharp line-
like spectral features arising from internal bremsstrahlung [38,39], which require scalars tuned to be nearly degen-
erate in mass with the neutralino, and hence are absent in models with a split spectrum. Internal bremsstrahlung
associated with �̃0�̃0!W +W �� gives a broader, subdominant feature that we will not take into account. We will
initially discuss the bounds for standard cuspy (NFW and Einasto) dark matter halo profiles, before turning at the
end of the section to a discussion of the possibility that the Milky Way halo has a large constant-density core of
dark matter.

2.1 Photon continuum constraints

In this subsection, we summarize existing constraints from searches of the photon continuum in either the Milky
Way’s satellite dwarf galaxies [40, 41] or the galactic center [42]. The results are presented in Fig. 1, in which we
plotted the bounds on the cross section of continuum production from [41, 42]. The bound from satellite dwarf
galaxies is based on Fermi 4 year data in the reprocessed Pass 7 Clean event class and is already marginalized over
astrophysical uncertainties. The bound from the galactic center derived in [42] is based on Fermi 4 year data in
the Pass 7 Ultraclean class, assuming some conservative choices of dark matter profiles. (A result from the HESS
collaboration [43], also observing the galactic center, sets a similar constraint in the range above 500 GeV.) We
rescale it by varying the overall constant factor in the dark matter profiles to illustrate its associated astrophysical
uncertainties. The procedure is as follows.

The flux of photons from dark matter annihilation is given by
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where h�v i and m� are the annihilation cross section and mass of dark matter. d N�
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is the gamma-ray spec-
trum produced per annihilation. For the photon continuum, it depends on final-state radiation and the decays
of hadrons (in particular, ⇡0’s) arising from fragmentation of the final state (often calculated via PYTHIA [44])
while for the monochromatic photon search, it is N��(E��m� ). The J factor is the integration over the region of
interest (ROI) and line of sight of the square of the dark matter density profile.

When setting the bounds using the data from our galactic center, we focus on two cuspy dark matter profiles
supported by N -body simulations, namely the NFW (Navarro-Frenk-White) profile [45, 46] and the Einasto pro-
file [47, 48]:
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FIG. 8. DM annihilation cross-section constraints derived from the combined 15-dSph analysis for various channels.
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FIG. 7. Change in the limits derived for the DM annihilation cross section under the assumption of alternative sets of J-factors.
Alternative J-factors are taken from Geringer-Sameth et al. [9] and Charbonnier et al. [61]. Non-informative priors are used
to derive J-factors following the procedure of Essig et al. [59]. Burkert J-factors are derived using the multi-level modeling
approach of Martinez [8] and are taken from Ackermann et al. [13].

Effect of uncertainties of J factor
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is the product of the likelihood for target i with its J-factor posterior. Given the marginal posterior density of
Equation (6), we derive an upper limit by finding the value h�vi0 that satisfies

R 1
h�vi

0

P(h�vi)dh�vi = p where we use

p = 0.05 to define a Bayesian equivalent to the frequentist 95% CL upper limit.
An important consideration for the Bayesian analysis is the choice of the prior distribution, ⇡(h�vi), which is needed

to evaluate the posterior density in Equation (6). In order to choose a prior that minimally influences our inference on
h�vi, we consider the class of non-informative priors derived according to Je↵reys’ rule [54]. As two approximations
to the Je↵reys’ prior for our likelihood, we take the Je↵reys’ prior for the mean of a Gaussian distribution of known
width, the uniform prior with ⇡(µ) = 1, and the Je↵reys prior for a Poisson distribution, ⇡(µ) = µ�1/2, which we refer
to here as the Poisson prior. The uniform prior should be applicable when the expected background is large relative to
the signal and the LAT sensitivity is background-limited. In this regime the likelihood function of the LAT data given
the model asymptotically approaches a Gaussian distribution. On the other hand, the Poisson prior is applicable when
the expected background is negligible and the likelihood is well approximated by a Poisson distribution. For spectral
models of WIMP annihilation through quark or lepton channels, the background- and signal-limited sensitivity regimes
correspond to models of low and high mass, respectively.

Figure 5 compares limits for the bb̄ channel calculated with the delta-log-likelihood and Bayesian analyses. In
this comparison we calculate two sets of Bayesian upper limits using the h�vi marginal posterior (Equation 6) and
substituting the uniform and Poisson priors for ⇡(h�vi). We find that the Bayesian upper limits are in good agreement
with the limits of the delta-log-likelihood analysis when the appropriate prior is chosen for the form of the likelihood
on h�vi. For DM masses below 100 GeV where the likelihood is well approximated by a Gaussian, the limits from
the Bayesian analysis with a uniform prior lie within 10% of those from the delta-log-likelihood analysis. At higher
DM masses, a similar level of agreement (10–20%) is observed when comparing the delta-log-likelihood limits to the
limits evaluated with the Poisson prior. We note that these changes are comparable to or smaller than the e↵ect of
the systematic uncertainties considered in the following sections. We conclude that our upper limits are robust to the
choice of statistical methodology used to model the J-factor uncertainties.

Systematic Uncertainties

The dominant systematic uncertainties of this analysis arise from incomplete knowledge in three areas: the LAT
instrument response, the Galactic di↵use gamma-ray background, and the distribution of DM in the dSphs. To
estimate the impact of these uncertainties, we repeat our DM search using varying assumptions intended to encompass
the range of possibilities in each of these areas. Below we address systematics associated with the IRFs and di↵use
background model, which both a↵ect constraints at the 10% level, with the latter becoming less relevant for hard DM
spectra (mDM > 100 GeV). Systematics associated with the J-factors are addressed in the following section, while
here we quote the maximum deviation from our fiducial NFW model, which occurs when assuming a cored Burkert
density profile [55],
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+ r)(r2
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The J-factor systematic uncertainty has a greater impact than that of the IRF or di↵use models, approximately 35%
at 100 GeV. We provide a summary of the systematic uncertainty as a function of DM mass and annihilation channel
in Table II.

In addition to the standard model of interstellar gamma-ray emission for the LAT, we consider eight alternative
models to sample a fairly wide range of possibilities for the di↵use gamma-ray background [56]. Although we can
vary parameters within our background models, there are no doubt sources of gamma-ray emission that remain
unmodeled. It was observed by Ackermann et al. [13] that the TS distribution from random blank sky locations
deviated from statistical expectations, suggesting an incomplete background model. This indicated that a rescaling

4

structed events, particularly residual cosmic rays, across
ROI and class selection boundaries further reduces the
overlap, making the two analyses nearly statistically in-
dependent [22].

J-FACTORS FOR DWARF SPHEROIDAL
GALAXIES

The DM content of dSphs can be determined through
dynamical modeling of their stellar density and velocity
dispersion profiles [23–25]. Recent studies have shown
that an accurate estimate of the dynamical mass of
a dSph can be derived from measurements of the av-
erage stellar velocity dispersion and half-light radius
alone [26, 27]. The total mass within the half-light radius
and the integrated J-factor have been found to be fairly
insensitive to the assumed DM density profile [13, 25, 28].
We assume that the DM distribution in dSphs follows a
Navarro-Frenk-White (NFW) profile [29],

⇢DM(r) =
⇢0r3

s

r(r
s

+ r)2
, (2)

where r
s

and ⇢0 are the NFW scale radius and charac-
teristic density, respectively. We take J-factors and other
physical properties for the Milky Way dSphs from Ack-
ermann et al. [13] (and references therein).

DATA ANALYSIS

We perform a binned Poisson maximum-likelihood
analysis in 24 bins of energy,2 logarithmically spaced
from 500 MeV to 500GeV, and an 0.1� angular pixeliza-
tion. The low-energy bound of 500 MeV is selected to
mitigate the impact of leakage from the bright limb of
the Earth because the PSF broadens considerably be-
low that energy. The high-energy bound of 500 GeV is
chosen to mitigate the e↵ect of the increasing residual
charged-particle background at higher energies [30]. The
data were analyzed with the Fermi Science Tools3 ver-
sion 10-01-01 and the P8R2 SOURCE V6 IRFs. Our
di↵use background model includes a structured Galac-
tic component and a spatially isotropic component that
represents both extragalactic emission and residual par-
ticle contamination.4 Because the energy resolution of
the LAT was not accounted for when fitting the Galac-
tic di↵use model, di↵erences in response (energy resolu-
tion and e↵ective area) between IRF sets lead to di↵erent

2 Constraints are insensitive to finer binning.
3

http://fermi.gsfc.nasa.gov/ssc/data/analysis/software
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measured intensities for this component. Thus, a small
energy-dependent scaling has been applied to the Pass 7

Reprocessed Galactic di↵use model. Changes with re-
spect to the Pass 7 Reprocessed model are less than 5%
above 100 MeV. Details on the derivation of the rescaled
model are given in [22]. The gamma-ray characteristics
of nearby point-like sources are taken from the 3FGL
catalog [21].

We perform a bin-by-bin likelihood analysis of the
gamma-ray emission coincident with each dSph follow-
ing the procedure of Ackermann et al. [13]. The flux
normalizations of the Galactic di↵use and isotropic com-
ponents and 3FGL catalog sources within the 10� ⇥ 10�

ROI were fit simultaneously in a binned likelihood anal-
ysis over the broadband energy range from 500 MeV to
500 GeV. The normalizations of the background sources
are insensitive to the inclusion of a putative power-law
source at the locations of the dSphs, which is consis-
tent with the lack of any strong signal associated with
the dSphs. Fixing the normalizations of the background
sources with the broad-band fit before fitting each bin in-
dividually avoids numerical instability resulting from the
fine binning in energy and the degeneracy of the di↵use
background components at high Galactic latitudes.

After fixing the background normalizations, we scan
the likelihood as a function of the flux normalization of
the putative DM signal independently in each energy bin
(this procedure is similar to that used to evaluate the
spectral energy distribution of a source). Within each
bin, we model the putative dSph source with a power-
law spectral model (dN/dE / E��) with spectral index
of � = 2. By analyzing each energy bin separately, we
avoid selecting a single spectral shape to span the entire
energy range at the expense of introducing additional
degrees of freedom into the fit.

While the bin-by-bin likelihood function is essentially
independent of spectral assumptions, it does depend on
the spatial model of the DM distribution in the dSphs.
We model the dSphs with spatially extended NFW DM
density profiles projected along the line of sight. The
angular extent of the emission profile for each dSph is
set by the scale radius of its DM halo, which contains
approximately 90% of the total annihilation flux. We
use the set of DM halo scale radii from Ackermann et al.

[13], which span a range of subtended angles between 0.1�

and 0.4�.

We test a wide range of DM annihilation hypotheses
by using predicted gamma-ray spectra to tie the signal
normalization across the energy bins. Spectra for DM
annihilation are generated with the DMFIT package based
on Pythia 8.165 [13, 31, 32]. We reconstruct a broad-
band likelihood function by multiplying the bin-by-bin
likelihood functions evaluated at the predicted fluxes for
a given DM model.

We combine the broad-band likelihood functions across

NFW cuspy

Burkert core
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Figure 13. Differential fluxes for the 15� ⇥ 15

� region about the GC of the
NFW component with spectrum modelled with an exponential cut-off power
law. The envelopes include the fit uncertainties for the normalisation and
spectral index. Hatch styles: Pulsars, intensity-scaled (red, vertical); Pulsars,
index-scaled (black, horizontal); OBstars, intensity-scaled (blue, diagonal-
right); OBstars, index-scaled (green, diagonal-left). Results from selected
other works are overlaid. Filled symbols: Hooper & Slatyer (2013), different
symbols bracket the results obtained when different regions of the sky are
considered in the fit; Angled crosses: Gordon & Macı́as (2013); Open sym-
bols: Abazajian et al. (2014), front-converting events shown with triangles,
front- and back-converting events shown with squares and circles, depend-
ing on the modelling of the fore-/background. Stars : Calore et al. (2015a).
Note: the overlaid results are rescaled to the DM content over the 15� ⇥ 15

�

region for an NFW profile with index �=1.

stant for each IEM, the interplay between the centrally peaked
positive residual template and the interstellar emission com-
ponents is not surprising. Because the IC component is max-
imally peaked toward the GC for all IEMs an additional tem-
plate that is also peaked there will also be attributed some
flux when fit. Over all IEMs the effect of including the NFW
model for the residual results in an IC annulus 1 contribution
that is up to three times smaller and H I annulus 1 contribution
that is up to three times larger.

Note that even if a centrally peaked template is included as
a model for the positive residual, it does not account for all of
the emission. This can be seen in Fig. 14, which shows the
residual counts for the NFW template and IEM with the best
spectral residuals (Pulsars index-scaled). Qualitatively, the re-
mainder does not appear distributed symmetrically about the
GC below 10 GeV, and still has extended positive residuals
even at higher energies along and about the plane.

5. DISCUSSION
5.1. Interstellar Emission

This study is the first using the Fermi–LAT data that has
made a separation between the large-scale interstellar emis-
sion of the Galaxy and that from the inner ⇠ 1 kpc about the
GC. The IC emission from annulus 1 is found to dominate
the interstellar emission from the innermost region, and rep-
resents the majority of the IC brightness from this component
along and through the line-of-sight toward the GC. The con-

Pulsars index-scaled IEM was tested by also setting them to the GALPROP
predictions and refitting for the annulus 1 interstellar emission, point sources,
and residual model parameters. The normalisation and cut-off energy of the
residual model did not appreciably change, indicating that the majority of any
effect related to the structured fore-/background from the index-scaled IEMs
is likely from annulus 4.

tribution by the IC from annulus 1 to the total flux depends on
the IEM and whether the residual is fitted (Sec. 4.3). For the
latter case the IC from annulus 1 is still up-scaled compared
to the GALPROP predictions, but by a factor ⇠ 2 lower than
if fitted solely for the interstellar emission components and
point sources. The remainder is distributed across the H I-
related ⇡

0-decay annulus 1 component and the template used
to fit the residual centred on the GC. For either case (residual
template used/not-used), the fitted fluxes attributed to the IC
annulus 1 component across all IEMs are within a factor ⇠ 2

– the flux and its range is the important quantity, instead of
the individual (model-dependent) scaling factors.

The Pulsars intensity-scaled IEM with the residual tem-
plate gives the minimal ‘enhanced’ flux for IC annulus 1.
The average CR electron intensity & 5 GeV in the Galac-
tic plane is estimated for this model within ⇠ 1 kpc of the
GC as ⇠ 2.8± 0.1⇥ 10

�4 cm�2 s�1 sr�1, where the uncer-
tainty is statistical only. This energy range is used because its
lower bound corresponds to the CR electron energies produc-
ing ⇠ 1 GeV IC �-rays. This is ⇠ a factor of two higher than
the local total CR electron density for this same energy range
for the Pulsars baseline model. On the other hand, the OB-
stars intensity-scaled IEM fitted without the residual compo-
nent gives the maximal ‘enhanced’ flux for IC annulus 1. The
average CR electron intensity & 5 GeV in the Galactic plane
within ⇠ 1 kpc of the GC for this IEM is ⇠ 9.4± 0.1⇥ 10

�4

cm�2 s�1 sr�1.
Measurements of the interstellar emission at hard X-ray

energies to MeV �-rays by INTEGRAL/SPI (Bouchet et al.
2011) show that the majority is due to IC scattering by ⇠GeV
energy CR electrons off the infrared component of the ISRF21.
The GALPROP calculations, which follow the same “conven-
tional” model normalisation condition to local CR measure-
ments as used in this paper, made to interpret the SPI measure-
ments indicate that IEMs with at least factor of 2 higher CR
densities toward the inner Galaxy are a plausible explanation
for the data. Another possible explanation is a higher intensity
for the radiation field energy density in the inner Galaxy than
used in the standard ISRF model of Porter et al. (2008); these
possibilities are not tested here because they require detailed
investigations that are beyond the scope of the current work.
The higher CR electron densities obtained from this analy-
sis are plausible given the same electrons are IC scattering
different components of the ISRF to produce the interstellar
emission & 1 GeV and at SPI energies.

The purpose for fitting the baseline IEMs to the data
was to obtain estimates for the interstellar emission fore-
/background. However, the fit results for the individual rings
for each IEM potentially give some information on the large-
scale distribution of CRs througout the Galaxy. Tables 5 and 6
in Appendix A.1 give the fit coefficients and fluxes for the
scaled IEMs, while Fig.15 shows the integrated fluxes for the
1–10 (top) and 10–100 GeV (bottom) energy ranges, respec-
tively, over the 15�⇥ 15

� region for the GALPROP-predicted
and scaled version of each IEM for the Pulsars (left) and OB-
stars (right) source distributions.

The fitting procedure generally increases the intensity of
each annulus relative to the nominal model. The coeffi-
cients for the intensity-scaled Pulsars and OBstars IEMs are
mostly higher than the GALPROP predictions toward the in-
ner Galaxy (annuli 2 � 3). Those for the OBstars IEM are

21 The majority of the IC �-rays in the energy range of this study are
produced by scattering off the optical component of the ISRF.

Differential 
residual flux  
spectrum 

Fermi-LAT, 1511.02938

GeV excess

Explanations:  
astrophysics: unresolved point sources, i.e, millisecond pulsar 
Bartels, Krishnanmurthy and Weniger; Lee, Lisanti, Safdi, Slatyer and Xue 2015 
DM: e.g, higgsino (as a fraction of DM) or other simple WIMP models 
Agrawal, Batell, Fox, Harnik 2014
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FIG. 8. 95% CL h�vi�� upper limits for each DM profile considered in the corresponding optimized ROI. The upper left panel
is for the NFWc (�=1.3) DM profile in the R3 ROI. The discontinuity in the expected and observed limit in this ROI around
1 GeV is the result of using only PSF3 type events. See Sec. III for more information. The upper right panel is for the Einasto
profile in the R16 ROI. The lower left panel is the NFW DM profile in the R41 ROI, and finally the lower right panel is the
Isothermal DM profile in the R90 ROI. Yellow (green) bands show the 68% (95%) expected containments derived from 1000
no-DM MC simulations (see Sec. VB). The black dashed lines show the median expected limits from those simulations. Also
shown are the limits obtained in our 3.7-year line search [19] and our 5.2-year line search [22] when the assumed DM profiles
were the same.

The LAT consists of 16 towers, each includes a tracker module and a calorimeter module [23]. Pass 8 includes
important updates to the energy reconstruction near the edges of the calorimeter modules (<60 mm from the center of
the gap) [24, 35]. Events that deposit the majority of their energy (or have their reconstructed centroid) near the edge
of a calorimeter module are more di�cult to reconstruct accurately because of energy leakage of the shower into the
gaps between modules, or towers. Pass 8 applies an improved handling of this leakage in the energy reconstruction
algorithms. We show in Fig. 10 the distance of each reconstructed centroid from the center of the calorimeter gap for
the events passing the comparison selection outlined above. Each calorimeter crystal has a width of 326 mm and the
gap between modules of 44 mm [15]. This yields a total width of 370 mm. In this figure, 0 mm marks the distance
from the middle of the gap between sets of crystals. The figure at the top also includes a cartoon to illustrate the
location of the edge of the calorimeter crystal with the center located at 185 mm.

About half of the overlapping events between Pass 7REP and Pass 8 in the 120–150 GeV energy range were
reconstructed with centroids near the edges of the towers (<60 mm from the center of the gap). As a consequence,
these events had the largest di↵erences in reconstructed energy and comprised the tails of the distribution shown on
the left in Fig. 10. There appears to be a slight enhancement of events where much of the shower was lost between
modules in the energy range around 133 GeV relative to all events above 20 GeV.

Line search from galactic center

Fermi-LAT, 1506.00013
400 GeV
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FIG. 2. Upper limits on γ-ray flux from monochromatic line
signatures, derived from the CGH region (red arrows with
full data points) and from extragalactic observations (black
arrows with open data points). For both data sets, the solid
black lines show the mean expected limits derived from a large
number of statistically randomized simulations of fake back-
ground spectra, and the gray bands denote the corresponding
68% CL regions for these limits. Black crosses denote the flux
levels needed for a statistically significant line detection in the
CGH dataset.
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FIG. 3. Flux upper limits on spectral features arising from
the emission of a hard photon in the DM annihilation pro-
cess. Limits are exemplary shown for features of comparable
shape to those arising in the models BM2 and BM4 given in
[14]. The monochromatic line limits, assuming mχ = Eγ , are
shown for comparison.

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

HESS line search: 1301.1173



Neutralino DM provides classic benchmarks of WIMP  
scenario.  
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Neutralino DM exhausts the simplest possibilities of  
electroweak symmetry representations: 
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Direct detection: 

m� condition signs
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+ µ sin 2� = 0 sign(M
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/µ) = �1
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+ µ sin 2� = 0 sign(M
2

/µ) = �1
�µ tan � = 1 sign(M
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M
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M
1

= M
2

sign(M
1,2/µ) = �1

Table 1: Table of SI blind spots, which occur when the DM coupling to the Higgs vanishes
at tree-level. The first and second columns indicate the DM mass and blind spot condition,
respectively. All blind spots require relative signs among parameters, as emphasized in the
third column. ⇤For the third row, the blind spot requires that µ and M

1

(M
2

) have opposite
signs when M

2

(M
1

) is heavy.

of any of neutralino to the Higgs boson can then be obtained by replacing v ! v+h, as dictated
by low-energy Higgs theorems [45, 46]:

Lh�� =
1

2
m�i(v + h)�i�i (13)

=
1

2
m�i(v)�i�i +

1

2

@m�i(v)

@v
h�i�i +O(h2), (14)

which implies that @m�i(v)/@v = ch�i�i [47, 48].
Consider the characteristic equation satisfied by one of the eigenvalues m�i(v),

det(M� � 1m�i(v)) = 0. (15)

Di↵erentiating the left-hand side with respect to v and setting @m�i(v)/@v = ch�i�i = 0, one
then obtains a new equation which defines when the neutralino of mass m�i(v) has a vanishing
coupling to the Higgs boson1:

(m�i(v) + µ sin 2�)

✓
m�i(v)�

1

2
(M

1

+M
2

+ cos 2✓W (M
1

�M
2

))

◆
= 0. (16)

The above equation implies that for regions in which ch�i�i = 0, m�i(v) is entirely independent
of v. At such cancellation points, m�i(v) = m�i(0), so the neutralino mass is equal to the mass
of a pure gaugino or Higgsino state and m�i(v) = M

1

,M
2

,�µ. As long as Eq. (16) holds for the
LSP mass, m�1(v), then the DM will have a vanishing coupling to the Higgs boson, yielding a
SI scattering blind spot. It is a nontrivial condition that Eq. (16) holds for the LSP, rather than
a heavier neutralino, because for some choices of parameters the DM retains a coupling to the
Higgs but one of the heavier neutralinos does not. We have identified these physically irrelevant
points and eliminated them from consideration. The remaining points are the SI scattering

1
We have checked that Eq. 16 can also be derived using analytical expressions for bilinears of the neutralino

diagonalization matrix from Ref. [49].
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tuning. In this paper, we are agnostic about the possibility of fine-tunings in both electroweak
symmetry breaking and quantities relevant for DM phenomenology, such as ⌦(th)

� and �
SI,SD.

We survey the entire parameter space of thermal and non-thermal neutralino DM, regardless of
tuning. Indeed, it may be reasonable for a tuning of parameters to produce the observed ⌦ if
environmental selection plays a role in the DM abundance (although a tuning that produces a
small � would be more surprising). In addition, we see in Fig. (2) that the relic density curves
are steep for a wide range of M

1

, as is expected from the phenomenon of well-tempering. In
such a situation, where a large fraction of parameter space is highly sensitive to parameters,
perhaps one should not be surprised to end up with parameters that appear tuned. Despite
these misgivings about avoiding tuned regions, we do view it as interesting to identify regions of
parameter space especially sensitive to parameter choice. At times we will quantify the amount
of tuning in ⌦(th)

� and �
SI,SD. In order to identify DM tunings independently of a possible

electroweak tuning, we use a measure, defined in App. B, that mods out the dependence on the
direction of parameter space that changes the electroweak VEV.

4 Suppression of Dark Matter Scattering

In general, SI scattering is mediated by squarks, Z bosons, or Higgses. Since squark-mediated
scattering is model dependent—its e↵ects become negligible for su�ciently heavy squark masses—
we postpone our discussion of this scenario to Sec. 5.4. Similarly, we neglect scattering mediated
by the heavy Higgses, which decouple quickly in the limit mA � mZ . This leaves scattering
mediated by the light Higgs or Z, which may be suppressed compared to naive expectations by
two e↵ects. First, a suppression results whenever the DM is close to a pure gaugino or Higgsino,
and second, the relevant amplitude exactly vanishes at critical values of parameters, which we
call blind spots.

4.1 Suppression from Purity

The leading SI scattering is mediated by Higgs exchange, and the relevant coupling, ch��, orig-
inates, at tree-level, from gaugino Yukawa couplings of the form h†h̃b̃ and h†h̃w̃. Hence SI
scattering is suppressed if � is dominantly Higgsino or dominantly gaugino. Similarly, SD scat-
tering does not occur for pure bino or pure wino because they do not couple to the Z, and
likewise for pure Higgsino because as a Dirac fermion it carries no chiral couplings to the Z.

Recall that the neutralino mass matrix takes the form,

M� =

0

BB@

M
1

0 �1

2

g0v cos � 1

2

g0v sin �
0 M

2

1

2

gv cos � �1

2

gv sin �
�1

2

g0v cos � 1

2

gv cos � 0 �µ
1

2

g0v sin � �1

2

g0v cos � �µ 0.

1

CCA . (7)

Since we are interested in M
1

,M
2

, µ > MZ , Eq. (7) shows that gaugino-Higgsino mixing is gener-
ically small, so that some cross-section suppression is expected for a typical point in parameter
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mixing between bino (wino) and higgsino: 
direct detection through Higgs  
exchange (leading order)

blind spots for neutralino DM,

spin-independent
blind spots

:
m�1 = M

1

,M
2

,�µ, and m�1 + µ sin 2� = 0
m�1 = M

1

= M
2

,
(17)

where in the first line, m�1 = M
1

,M
2

,�µ, depending on whether the LSP becomes pure bino,
wino, or Higgsino, respectively, in the v ! 0 limit. Note that the blind spots in Eq. (17) only
appear for certain choices of relative signs. In the first line, for example, if m�1 = M

1

(M
2

), then
µ and M

1

(M
2

) must have opposite signs; when m�1 = �µ, then µ must have the opposite sign
of M

1

(M
2

) when M
2

(M
1

) is heavy. For the second line, the blind spot occurs if µ and M
1

= M
2

have opposite signs. The complete set of conditions required for a SI blind spot are summarized
in Table 1.

Destructive interference between light and heavy Higgs exchange may also produce cancel-
lations in the SI cross-section [50], but these are outside the scope of this work. We consider
interference between Higgs and squark exchange in section 5.4.

Next, let us consider SD scattering, which is mediated by Z boson exchange. The coe�cient
of the relevant operator vanishes for neutralino DM when

spin-dependent
blind spot

: tan � = 1, (18)

yielding a blind spot for SD direct detection. The cancellation of the SD Z boson coupling to
DM can be understood from symmetry arguments: when vu = vd, the DM Lagrangian enjoys
an enhanced symmetry under which u $ d. In this limit left-right parity is restored and hence
the parity-violating Z coupling which mediates SD scattering will vanish.

So far our discussion of blind spots has been tree-level. One may wonder how the blind spots
change when loop corrections are included. Loop corrections have not been computed in the
full parameter space, but only for the simplifying assumption of pure DM [43, 44], as discussed
above. But our expectation is that the loop corrections are small, generically resulting in a small
shift in the location of the blind spots. Moreover, at a typical point in parameter space, the
mixing angles are small and the multiloop result for pure Higgsino or wino will approximately
apply, leading to a cross-section too small to probe in upcoming experiments like XENON1T.
Full consideration of loop corrections is beyond the scope of our study, but we estimate the size
of these corrections in App. C.

5 Bino/Higgsino Dark Matter

In this section we consider the present and future status of non-thermal, multi-component and
thermal bino/Higgsino DM. Mixed bino/Higgsino has been studied in a variety of contexts
and more recently has been re-examined in light of results from direct detection experiments
[16, 17, 19]. Here we take a simplified model approach to bino/Higgsino DM, decoupling all
superpartners, other than the bino and Higgsinos, and all Higgs-like scalars other than the SM-
like state near 125 GeV. Thus DM is described by just three parameters, (M

1

, µ, tan �). Our
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Continuum photons

 Photon line

Indirect detection (sensitive to the gauge interaction): search for 	
excesses in the photon continuum spectrum or a line-like feature in 	
a dark matter dense region, e.g., galactic center or dwarf galaxies.

Non-relativistic

also photon+Z final state

profiles with softened cusps such as cored profiles.
In setting the bounds, we neglected the energy differences of photons in �� and �Z final states for m �̃0 � 200

GeV, assuming the two final states contribute to a single line-like feature in the fit. The energy of the photon in the
�Z final state is larger than that of the photons in �� by an amount

�m =
m 2

Z

4m �̃0
⇡ 10 GeV

Ç
200GeV

m �̃0

å2
. (7)

Given the current energy resolutions of both experiments ⇠> 10 GeV, this is a reasonable approximation for m �̃0 �
200 GeV [53, 58]. For 100 GeV m �̃0 < 200 GeV, we consider only the contribution of the process ending in �Z to
the photon line flux because it is about 2.5�2.8 times that of the process leading to ��.

From Fig. 3, we can see that if dark matter is purely wino, the constraint from line searches rules out winos in the
range (100�300)GeV and (500 GeV�3 TeV), with (700 GeV�1.4 TeV) less constrained or unconstrained depending
on the astrophysical parameters. Combined with constraints from continuum photons from galactic center,
pure wino dark matter in the whole range from 100 GeV to 3 TeV (with the possible exception of a range between
700 GeV and 1.4 TeV) is ruled out for both NFW and Einasto profiles, allowing astrophysical parameters to vary
in the 2� range in [49].

Wino thermal relic
HESS line H1301.1173L
Fermi line H1305.5597L
Fermi dwarf 4 yrs
Hooper et. al. GCH1209.3015L
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Figure 4: Constraints on the relic abundance of wino dark matter (i.e., a wino component in a scenario with multiple dark
matter particles). The burgundy dashed curve is the thermal relic abundance of winos calculated in [21, 22]. The other curves
are constraints from different indirect detection searches. Black dot-dashed: Fermi dwarf galaxy; purple line and bands: Fermi
line search assuming NFW profile with ⇢(r�) = 0.4 GeV/cm3 with r� = 8 kpc (purple solid line), NFW profile with varying ⇢(r�)
(purple band), Einasto profile with varying ⇢(r�) (lighter purple band); green line and bands: HESS line search assuming NFW
profile with ⇢(r�) = 0.4 GeV/cm3 with r� = 8 kpc (green solid line), NFW profile with varying ⇢(r�) (green band), Einasto profile
with varying⇢(r�) (lighter green band); blue line and bands: Fermi galactic center continuum search analyzed in [42] assuming
NFW profile with ⇢(r�) = 0.4 GeV/cm3 with r� = 8 kpc (blue solid line), NFW profile with varying ⇢(r�) (blue band), Einasto
profile with varying ⇢(r�) (lighter blue band). The vertical dashed orange line marks the wino with thermal relic abundance
⌦thermalh2 = 0.12.

In Fig. 4, we present constraints from various indirect searches using photons on the relic abundance of a wino
dark matter component. In the plot, we also plotted the wino thermal relic abundance calculated in [21, 22]. From

7
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2.2 Photon line constraints

Both Fermi and HESS searches for line-like features in the photon spectrum are already sensitive to the cross
section of wino dark matter annihilating into two photons or a photon and a Z boson [52, 53]. The difference is
that currently the Fermi search is only sensitive to photons with energy below 300 GeV, while HESS is sensitive
to photons in a higher energy range above 500 GeV. In this subsection, we will derive bounds on neutralino dark
matter annihilation from photon line searches.

2.2.1 Neutralino annihilations into two photons

Analytic results of the full one-loop calculation of neutralino annihilation into two photons or photon+Z have
been derived in [54–57]. The Sommerfeld enhancement for pure wino or pure higgsino have been calculated in [50,
51]. The two calculations are different and there are some limitations of both calculations, which we will discuss
in Appendix B. To understand the behavior of the cross sections, we first inspect the limit when the neutralino is
heavy and the lightest superpartner (LSP) and its corresponding charged state are nearly degenerate in masses. We
will neglect Sommerfeld enhancement for the moment. In this limit, only one type of box diagram dominates, as
shown in Fig. 2. Other contributions to the rate are suppressed by 1/m 2

� . The analytic formula of the cross sections
in this limit are given by

h�v i�̃0�̃0!�� ⇡ 4↵4⇡

m 2
W sin4✓W

⇡ 1.6⇥10�27 cm3/s (�̃0 = W̃ 0),

⇡ ↵4⇡

4m 2
W sin4✓W

⇡ 10�28 cm3/s (�̃0 = H̃ 0), (5)

h�v i�̃0�̃0!Z� ⇡ 8↵4⇡cos2✓W

m 2
W sin6✓W

⇡ 1.1⇥10�26 cm3/s (�̃0 = W̃ 0),

⇡ ↵
4⇡
Ä

sin2✓W �0.5
ä2

2m 2
W sin6✓W cos2✓W

⇡ 8.0⇥10�29 cm3/s (�̃0 = H̃ 0). (6)

We see that for heavy neutralino, without Sommerfeld enhancement, its annihilation cross section is approxi-
mately a constant, independent of its mass at the leading order. (Taking into account the small but finite mass
splitting leads to a gradual decline in this cross section at high masses.)

Figure 2: Dominant diagram in the wino or higgsino annihilation into photons at the one-loop level, in the limit when the
neutralino is heavy.

For pure winos, the Z� annihilation cross section is about one order of magnitude larger than �� annihilation,
whereas for pure higgsinos they are comparable. The differences in wino and higgsino production cross sections
originate from their couplings to Z and �. For a �� final state, there is an additional Bose factor of 1/2 compared to
Z�.

In Fig. 3, we plotted the total cross section of wino annihilation into photons weighted by the number of pho-
tons in the final state, 2h�v i�� + h�v iZ�, as a function of the wino mass. The cross section is a result of matching
between the one-loop analytic calculation, which is more reliable for light winos, and the calculation including

5
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nonobservation of such a photon feature put wino DM in severe tension with experiment.1

In particular [8] calculated the annihilation rate to be ⇠ 15⇥ larger at M� = 3 TeV than

the HESS limit.

However, as with any indirect detection experiment, we must take into account astro-

physical uncertainties. In particular, [4, 8] consider variations of the DM halo profile for the

galaxy. While cuspy profiles are preferred by simulations, it is possible that the dark matter

density flattens out to a “core” about the galactic center, and such a distribution would lead

to fewer DM annihilation events along our line of sight to the galactic center. To alleviate

the tension with HESS, some amount of coring will be necessary to return pure wino dark

matter to viability, but the question, which we answer in Section VI, is how much?

The annihilation rate of two heavy WIMPs (M� � MW ), which are nonrelativistic,

cannot be reliably calculated at tree level since it is plagued by infrared (IR) divergences

which are cut-o↵ by the gauge boson mass, MW ⇠ 100 GeV. These divergences manifest

themselves as large radiative corrections of two types.2 One set comes from the potential

interactions of the slowly-moving DM and scales as powers of ↵WM�

MW

>⇠ 1; the resummation

of these corrections results in a Sommerfeld enhancement to the rate [9]. This e↵ect can

increase the rate by as much as O(104) relative to a perturbative calculation and is therefore

a crucial step in analyzing wino DM. The second type of IR sensitivity is a Sudakov double-

log, ↵W log(
M2

�

M2
W

)2, that can enter inclusive observables due to the non-singlet nature of

our external states. This e↵ect is known as “Bloch-Nordsieck Theorem Violation” and is

generically found in the Higgs phase of non-Abelian gauge theories [10, 11], such as the

electroweak sector. Computations of fixed, NLO corrections to the exclusive, two-body

annihilation rate found a 75% reduction relative to tree level plus Sommerfeld enhancement

[8, 12]. This opened up the possibility that the wino could still be viable, even with a non-

cored dark matter profile. This result motivated the need for a systematic approach to the

calculation of the rate since such a large radiative correction gives the appearance of series

which is diverging too soon for an asymptotic expansion with such a small coupling.

In a previous paper, we derived a factorization theorem that was used to derive the

leading-log (LL) semi-inclusive wino annihilation rate (�0�0 ! � + X) [13] in terms of a

1 They also consider the constraints from continuum gamma ray emission provided by the Fermi experiment.

These are most useful for constraining low-mass, few-hundred GeV winos. As the radiative corrections

we investigate are much weaker in this regime, we do not investigate it here.
2 The term ”divergences” is used despite the fact that the rate is physical.

3

Electroweak Sudakov double-logs

Heavy wino (above TeV): Sommerfeld enhancement

VI. DARK MATTER CONSTRAINTS AND CONCLUSION

Having calculated tree level matching, LL resummation, and computed the Sommerfeld

enhancement numerically, we can now evaluate the di↵erential cross section for �0�0 !
� + X, given in Eq. 27. We plot this in Fig. 7, where we have digitized the HESS limits

given [26]. We note that in contrast to those groups that performed an exclusive two-body

FIG. 7. Annihilation cross section to � +X. Exclusion taken from [26], assuming an NFW profile.

calculation, [25, 26], we find the e↵ect of higher order correction to be very modest. For

example, at the thermal relic mass of 3 TeV, we find

h�viLO = 5.4 ⇥ 10�26 cm3/s

h�viNLO�fixed = 5.3 ⇥ 10�26 cm3/s

h�viLL = 5.3 ⇥ 10�26 cm3/s, (48)

where for each value we have included Sommerfeld enhancement, and “NLO-fixed” includes

only those one-loop e↵ects that are resummed by our LL operator running. Thus, at this

value for M�, the leading corrections shift the semi-inclusive annihilation by just a few

percent. Comparing directly to [26], which also investigated annihilation of a triplet fermion,

they find that at 3 TeV, higher order e↵ects lead to a ⇠50% reduction in the exclusive rate.

This di↵erence is to be expected given the distinct di↵erence in our choice of observables.

From Eq. 27 and Fig. 6, we see that the leading contribution by a factor of few to our rate in

our range of interest comes from perturbative �+�� annihilation and is proportional to | ±|2
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profiles with softened cusps such as cored profiles.
In setting the bounds, we neglected the energy differences of photons in �� and �Z final states for m �̃0 � 200

GeV, assuming the two final states contribute to a single line-like feature in the fit. The energy of the photon in the
�Z final state is larger than that of the photons in �� by an amount

�m =
m 2

Z

4m �̃0
⇡ 10 GeV

Ç
200GeV

m �̃0

å2
. (7)

Given the current energy resolutions of both experiments ⇠> 10 GeV, this is a reasonable approximation for m �̃0 �
200 GeV [53, 58]. For 100 GeV m �̃0 < 200 GeV, we consider only the contribution of the process ending in �Z to
the photon line flux because it is about 2.5�2.8 times that of the process leading to ��.

From Fig. 3, we can see that if dark matter is purely wino, the constraint from line searches rules out winos in the
range (100�300)GeV and (500 GeV�3 TeV), with (700 GeV�1.4 TeV) less constrained or unconstrained depending
on the astrophysical parameters. Combined with constraints from continuum photons from galactic center,
pure wino dark matter in the whole range from 100 GeV to 3 TeV (with the possible exception of a range between
700 GeV and 1.4 TeV) is ruled out for both NFW and Einasto profiles, allowing astrophysical parameters to vary
in the 2� range in [49].
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Figure 4: Constraints on the relic abundance of wino dark matter (i.e., a wino component in a scenario with multiple dark
matter particles). The burgundy dashed curve is the thermal relic abundance of winos calculated in [21, 22]. The other curves
are constraints from different indirect detection searches. Black dot-dashed: Fermi dwarf galaxy; purple line and bands: Fermi
line search assuming NFW profile with ⇢(r�) = 0.4 GeV/cm3 with r� = 8 kpc (purple solid line), NFW profile with varying ⇢(r�)
(purple band), Einasto profile with varying ⇢(r�) (lighter purple band); green line and bands: HESS line search assuming NFW
profile with ⇢(r�) = 0.4 GeV/cm3 with r� = 8 kpc (green solid line), NFW profile with varying ⇢(r�) (green band), Einasto profile
with varying⇢(r�) (lighter green band); blue line and bands: Fermi galactic center continuum search analyzed in [42] assuming
NFW profile with ⇢(r�) = 0.4 GeV/cm3 with r� = 8 kpc (blue solid line), NFW profile with varying ⇢(r�) (blue band), Einasto
profile with varying ⇢(r�) (lighter blue band). The vertical dashed orange line marks the wino with thermal relic abundance
⌦thermalh2 = 0.12.

In Fig. 4, we present constraints from various indirect searches using photons on the relic abundance of a wino
dark matter component. In the plot, we also plotted the wino thermal relic abundance calculated in [21, 22]. From
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Light wino (a few hundred GeV range):  
working perfectly with Moroi-Randall scenario;  

Fan, Reece 1307.4400; 
!
(see also Cohen, Lisanti, Pierce, Slatyer 1307.4082) 



Fig. 4, the wino dark matter scenario with a thermal relic equal to the observed dark matter relic, which we took
to be ⌦h2 = 0.12 [23], is ruled out for NFW or Einasto profiles. Below 1.5 TeV, the bound on the allowed relic
abundance of winos is above the thermal relic abundance, and thus a non-thermal contribution to the wino relic
abundance is still allowed but is bounded to be less than all of the dark matter.

2.3 Core vs cusp dark matter profiles

Numerical simulations of galaxy formation including only dark matter robustly find cuspy dark matter distribu-
tions like the NFW and Einasto profiles we have discussed so far. Of course, the inner region of the Milky Way
galaxy is not solely composed of dark matter; sufficiently near the center, the galaxy is dominated by baryons. The
effect of baryons on the shapes of dark matter halos is still uncertain. Even the sign of the effect is in dispute. Adi-
abatic contraction tends to make the dark matter profiles steeper in the galactic center, as argued on theoretical
grounds [59] and observed in simulations (e.g. [60]). If this is the dominant effect, it will tend to increase indirect
detection signals from the galactic center, and by ignoring it we are being conservative. However, baryons could
also lead to dark matter distributions without cusps, a possibility that has drawn a great deal of attention in the
context of dwarf satellite galaxies, which appear to have cored halos. Feedback from supernovae, for instance, has
been suggested as a possible culprit in the destruction of cusps. Recent high-quality numerical simulations pro-
ducing realistic spiral galaxies have found that cusps survive even repeated baryonic outflows [61]. Perhaps the
most dangerous effect for the interpretation of indirect detection limits is a resonant bar/halo interaction, which
may lead to formation of a core of kiloparsec size in the Milky Way [62]. Recent work has argued that the Eris simu-
lation shows evidence for a 1 kpc core in the Milky Way [63], in contrast to earlier work arguing that core formation
was an artifact of simulations with too large a timestep [64]. On the other hand, one of the simulated galaxies in
Ref. [61] has a prominent bar and does not have a core. In short, the N -body simulation community does not ap-
pear to have converged on an answer for the expected shape of the Milky Way’s inner halo. Observations also offer
little help; a recent fit claimed a mild preference for a large core [65], but was also compatible with an NFW-like
distribution. It is also worth keeping in mind that even if observations decisively favored a cored profile, this would
not necessarily be good news for proponents of wino dark matter. We would still face the question of whether cold
dark matter with baryonic feedback could produce such a core; if not, the core might well point to self-interacting
dark matter or other new dynamics incompatible with winos. Indeed, in the case of dwarf galaxies, the “core/cusp
problem” is often cited as a motivation for moving beyond the paradigm of cold, collisionless dark matter.
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Figure 5: Left: minimal radius of the inner constant density core which will remove the HESS limits as a function of wino mass.
The band is obtained by varying⇢(r�) in the range 0.29�0.54 GeV/cm3. The solid red reference curve corresponds to⇢(r�) = 0.4
GeV/cm3. The vertical dashed orange line marks the wino with thermal relic abundance ⌦thermalh2 = 0.12. Right: the bound
from Ref. [42] in the case of an NFW profile with 1 kpc constant density core (blue band), compared to the expected wino cross
section (burgundy curve).
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direct detection, and is already tested by current limits, but a sizable region of parameter
space continues to be viable.

We can also consider indirect detection of high energy particles resulting from dark
matter annihilation near the center of our galaxy. Of course predictions for indirect detec-
tion rates are fraught with astrophysical uncertainties, and it is difficult to get robust limits
in this way. Nonetheless, pure winos are constrained in an interesting way, since their
annihilation cross-section has a significant Sommerfeld enhancement [77]. The absence
of any signals in the HESS experiment for high energy gamma photons from the galactic
center [78] sets limits on the fraction of dark matter a wino of a given mass can comprise.
A 3 TeV wino making up all the dark matter is excluded for a standard NFW dark matter
distribution, though it is allowed for more “cored" profiles [79–83]. The current limits are
summarized in Fig. 2.28.

Figure 2.28 Exclusion plot for an NFW profile with the wino making up only some fraction of the wino
dark matter [83].

Future indirect detection experiments, such as CTA, could move the wino bounds down
to 1 TeV, subject to the same astrophysical uncertainties. But we can see that thermal
relic winos making up an O(1) fraction of dark matter are certainly still consistent. For
both pure higgsinos as well as mixed dark matter, the annihilation is not significantly
Sommerfeld enhanced, and there are no interesting limits from indirect detection,

It is striking that the very simplest models of dark matter—pure winos and higgsinos—
could be completely inaccessible to direct detection experiments, while astrophysical un-
certainties make it hard to interpret indirect detection limits. We are left with directly
producing the dark matter at accelerators. Relic winos and higgsinos forming a signifi-
cant component of dark matter, which have masses in few TeV scale, are hopelessly out
of reach for direct production at the LHC, which has an ultimate reach up to ⇠ 300 � 400

GeV for pure wino and ⇠ 200 GeV for pure higgsino production. Moreover, only a frac-
tion of the parameter space for mixed dark matter is accessible to direct production at the
LHC.

As we will see shortly, however, the huge increase of rate at the SPPC will allow a
much larger range of the relevant parameter space to be explored. The most basic process
we will first consider is dark matter pair production. Since the dark matter escapes the
detector without leaving a trace, we need to look for additional hard radiation of Standard

TeV

Baumgart, Rothstein and Vaidya 1412.8698

Thermal scenario is excluded even when one considers an  
NFW profile with a 4 kpc core

thermal
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Figure 9: Complementarity of direct and indirect detection in the higgsino/bino plane. The direct detection bounds are ex-
tracted from Ref. [97]. The darkest purple region is the current XENON100 bound on spin-independent dark matter–nucleus
scattering. The two surrounding lighter purple regions are the projected LUX and XENON1T bounds, respectively. The dark
orange shaded region in the top left plot, and that in the bottom left plot, are IceCube bounds on the spin-dependent dark
matter–nucleus scattering rate (assuming annihilation to W +W �) while the lighter orange region in the top left plot is the
XENON1T spin-dependent projected reach. The red shaded regions are Einasto (lighter) and NFW (darker) exclusions from
Ref. [43]. Dot-dashed green curves show gamma-ray line rates and dashed red lines show gamma-ray continuum rates, com-
puted with MicrOMEGAs [99].

a combination of their data excludes wino dark matter over the entire range of interesting masses, assuming a
favorable halo profile. This is a strong assumption, as the Milky Way’s dark matter halo is relatively unconstrained,
but it brings the complete exclusion of wino dark matter tantalizingly within reach. Future observations will push
the limits down, ameliorating the effect of astrophysical uncertainties. Strategies like searching for gamma rays
from locations somewhat off the galactic center may also help to reduce the impact of uncertain halo profiles.
But it is also important to reduce the astrophysical uncertainties. The exclusion of thermal relic winos currently
hinges on the answer to an important question about the physics of galaxies: can baryonic feedback effects, such
as bar–halo interactions, produce a core of approximately kiloparsec size in a spiral galaxy like the Milky Way?
Such questions are intrinsically interesting, but take on even more importance when they are so strongly linked to
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A bit about non-thermal scenario 
!

Non-thermal scenario arises generally in high-scale SUSY. 
!
You cannot get whatever you want with a non-thermal  
scenario. In the wino case, there are already highly  
non-trivial constraints on non-thermal scenarios from indirect 
detection.



In high-scale SUSY, DM non-thermal histories are inherent.  
!
SUSY theories always contain very weakly-coupled particles such as  
gravitinos and moduli.  
Their masses are determined by the SUSY breaking scale.  
In high-scale SUSY, they are heavy and have long life-times.  
Their decays before BBN will automatically lead to non-thermal  
production of DM particles.  
!



The requirement that the DM relic abundance resulting from gravitino 
decays does not overclose the Universe and satisfies the indirect 
detection constraints demand the reheating temperature to be below 
109 − 1010 GeV in mini-split scenario with gravitinos around PeV 
scale. 	
If one takes into account of gravitinos from inflaton decays, the upper 
bound on the reheating temperature will get even stronger. 	
!

This puts a non-trivial interaction on inflation and reheating scenario.	
For example, in large-field inflation 	c�FF̃

Mp

where we used Eq. (15) and (18) assuming Ncmb = 60.
After inflation ends, inflaton starts to oscillate around the minimal of the potential. Its cou-

pling to other particles induce conversion of the inflationary energy into the SM degrees of
freedom. The reheating temperature is then determined by the inflaton decay width �� as

TR =
✓

10
g ⇤(TR )⇡2

◆1/4p
��M p ⇡ 0.3
p
��M p , (24)

where we took g ⇤(TR )⇡ 200. The simplest possibility is that inflatons decay through renormal-
izable couplings to lighter degrees of freedom. For example, the decay width is �� = y 2m�/(8⇡)
for inflaton coupling to fermions with a Yukawa coupling y . Then the reheating temperature is

TR ⇡ 3⇥1011 GeV
Å y

10�3

ã« m�

1013 GeV
. (25)

Notice that Yukawa coupling larger than 10�5 only makes sense in supersymmetric scenarios
where the one-loop quantum correction does not modify the inflaton potential much due to a
cancelation between fermionic and bosonic contributions.

If the renormalizable couplings of inflaton to lighter particles are negligible (e.g., y < 10�5),
it would always decay through Planck-scale suppressed operators. At the leading order, the
inflaton decay width and the corresponding reheating temperature are

�� =
c m 3

�

M 2
p

, TR ⇡ 5⇥109 GeV
p

c
Å m�

1013 GeV

ã3/2
, (26)

where c is some order one number determined by quantum gravity. From the point of view of
operator analysis, this decay is induced by dimension five operators such as �F F̃/M p with F
the field strength of SM gauge interaction. In other words, the BICEP2 results imply a minimal
reheating temperature at or above 109 GeV!

One should worry about the caveats of the very simple estimate above. One question is
whether the leading order gravitational couplings through dimension five operators could be
suppressed and the reheating temperature could be even lower. This could be true if the infla-
ton is charged under a gauge symmetry (global symmetry is not respected by quantum gravity)
and then dimension five operators are forbidden. This is an interesting possibility but we will
not explore it here further but leave it for future work. Another concern is that since reheating
is a very complicated process (for a review, see [73]), our simple estimate of a minimal reheat-
ing temperature might be misleading. In particular, there could exist a preheating era in which
particles coupled to the inflaton are resonantly produced by parametric resonance and the tem-
perature of the plasma could be higher than the reheating temperature. Yet preheating might
make the tension between the upper bound on TR derived in Sec. 2 and Sec. 3 and the lower
bound on TR derived in this section even worse. The reason is that gravitinos could be over-
produced non-thermally during the preheating era [74–78].8 Nonetheless, it is interesting and
important to carry out a thorough study of preheating/reheating in sound (stringy) inflation
models.

8In certain supergravity models, the non-thermal production could be suppressed [79, 80].
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Light wino DM fits perfectly into the moduli scenario (before the indirect 	
detect constraint): 	
!
Light winos have a small thermal relic abundance	
!
Moduli arise ubiquitously in string compactifications.	
Moduli mass ~ gravitino mass, and their relic abundance could 	
dominate the early Universe and lead to a late-time matter domination phase. 	
!
Moduli decays produce sufficient winos which will annihilate efficiently	
Moroi, Randall 1999

H ⇠ �� ⇠ nh�vi � : modulus



The reheating temperature has to be above 1 GeV!

Translate the bound on wino relic abundance as a lower bound on TRH 

HESS line H1301.1173L
Fermi line H1305.5597L
Wnon-thermalh2= 0.12
Hooper et. al. GCH1209.3015L
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Converted from indirect detection constraints

The moduli mass scale compatible with data has to be 	
an order of magnitude or more above m3/2

Implication for SUSY breaking scale

anomaly mediation 
M2 = �(g)/gm3/2 ⇡ m3/2/360



!

❖ A serious problem is the moduli-induced gravitino 
problem. The decays of gravitino produced from moduli 
decays can cause problem for BBN and over-production 
of winos at late times.	

❖ Possible ways out: go beyond MSSM, consider an 
additional dark sector and make winos decays into the 
dark sector     Blinov, Kozaczuk, Menon, Morrissey 2014; Kane, 
Kumar, Nelson and Zheng 2015



Planck Collaboration: Cosmological parameters
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Fig. 40. 2-dimensional marginal distributions in the pann–ns
plane for Planck TT+lowP (red), EE+lowP (yellow), TE+lowP
(green), and Planck TT,TE,EE+lowP (blue) data combinations.
We also show the constraints obtained using WMAP9 data (light
blue).

We then add pann as an additional parameter to those of the base
⇤CDM cosmology. Table 6 shows the constraints for various
data combinations.

Table 6. Constraints on pann in units of cm3 s�1 GeV�1.

Data combinations pann (95 % upper limits)

TT+lowP . . . . . . . . . . . . . . . . . < 5.7 ⇥ 10�27

EE+lowP . . . . . . . . . . . . . . . . . < 1.4 ⇥ 10�27

TE+lowP . . . . . . . . . . . . . . . . . < 5.9 ⇥ 10�28

TT+lowP+lensing . . . . . . . . . . . < 4.4 ⇥ 10�27

TT,TE,EE+lowP . . . . . . . . . . . . < 4.1 ⇥ 10�28

TT,TE,EE+lowP+lensing . . . . . . < 3.4 ⇥ 10�28

TT,TE,EE+lowP+ext . . . . . . . . . < 3.5 ⇥ 10�28

The constraints on pann from the Planck TT+lowP spec-
tra are about 3 times weaker than the 95 % limit of pann <
2.1 ⇥ 10�27 cm3 s�1 GeV�1 derived from WMAP9, which in-
cludes WMAP polarization data at low multipoles. However, the
Planck T E or EE spectra improve the constraints on pann by
about an order of magnitude compared to those from Planck TT
alone. This is because the main e↵ect of dark matter annihila-
tion is to increase the width of last scattering, leading to a sup-
pression of the amplitude of the peaks both in temperature and
polarization. As a result, the e↵ects of DM annihilation on the
power spectra at high multipole are degenerate with other param-
eters of base ⇤CDM, such as ns and As (Chen & Kamionkowski
2004; Padmanabhan & Finkbeiner 2005). At large angular scales
(` . 200), however, dark matter annihilation can produce an
enhancement in polarization caused by the increased ionization
fraction in the freeze-out tail following recombination. As a re-
sult, large-angle polarization information is crucial in breaking
the degeneracies between parameters, as illustrated in Fig. 40.
The strongest constraints on pann therefore come from the full
Planck temperature and polarization likelihood and there is little
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Fig. 41. Constraints on the self-annihilation cross-section at re-
combination, h�3iz⇤ , times the e�ciency parameter, fe↵ (Eq. 81).
The blue area shows the parameter space excluded by the Planck
TT,TE,EE+lowP data at 95 % CL. The yellow line indicates the
constraint using WMAP9 data. The dashed green line delineates
the region ultimately accessible by a cosmic variance limited ex-
periment with angular resolution comparable to that of Planck.
The horizontal red band includes the values of the thermal-relic
cross-section multiplied by the appropriate fe↵ for di↵erent DM
annihilation channels. The dark grey circles show the best-fit
DM models for the PAMELA/AMS-02/Fermi cosmic-ray ex-
cesses, as calculated in Cholis & Hooper (2013) (caption of their
figure 6). The light grey stars show the best-fit DM models for
the Fermi Galactic centre gamma-ray excess, as calculated by
Calore et al. (2014) (their tables I, II, and III), with the light
grey area indicating the astrophysical uncertainties on the best-
fit cross-sections.

improvement if other astrophysical data, or Planck lensing, are
added.30

We verified the robustness of the Planck TT,TE,EE+lowP
constraint by also allowing other extensions of ⇤CDM (Ne↵ ,
dns/d ln k, or YP) to vary together with pann. We found that the
constraint is weakened by up to 20 %. Furthermore, we have ver-
ified that we obtain consistent results when relaxing the priors
on the amplitudes of the Galactic dust templates or if we use the
CamSpec likelihood instead of the baseline Plik likelihood.

Figure 41 shows the constraints from WMAP9, Planck
TT,TE,EE+lowP, and a forecast for a cosmic variance limited
experiment with similar angular resolution to Planck31. The hor-
izontal red band includes the values of the thermal-relic cross-
section multiplied by the appropriate fe↵ for di↵erent DM anni-
hilation channels. For example, the upper red line corresponds to
fe↵ = 0.67, which is appropriate for a DM particle of mass m� =
10 GeV annihilating into e+e�, while the lower red line corre-
sponds to fe↵ = 0.13, for a DM particle annihilating into 2⇡+⇡�
through an intermediate mediator (see e.g., Arkani-Hamed et al.
2009). The Planck data exclude at 95 % confidence level a ther-

30It is interesting to note that the constraint derived from Planck
TT,TE,EE+lowP is consistent with the forecast given in Galli et al.
(2009), pann < 3 ⇥ 10�28 cm3 s�1 GeV�1.

31We assumed that the cosmic variance limited experiment would
measure the angular power spectra up to a maximum multipole of
`max = 2500, observing a sky fraction fsky = 0.65.
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CMB: energy injection from DM constraints can alter the 
recombination history, leading to changes in the temperature  
and polarization power spectra of CMB

Planck: 1502.01589
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Summary and discussions
Mixed scenario: indirect, direct detection and collider are  
complementary. 
!
Wino DM have been strongly constrained by indirect detection: 
excluded or milky way DM density distribution has a large 
core (with core size above kpc).  
!
!
!
!
!



Thermal higgsino DM (the simplest counterexample that  
thermal WIMP is going to be excluded soon) will be difficult to  
be ruled out:  
!
How much improvement of sensitivity one could get from 
CTA or Gamma400 in both continuum and line searches? 
!
In general, any better current and future experimental probe of  
thermal higgsino? In addition to the all the probes that have  
been discussed, one could also hope to look for it through its 
radiative effect. For example, triple gauge coupling (Fan, Reece,  
Wang 1412.3107) or running of electroweak gauge coupling  
(Alves, Galloway, Ruderman, Walsh 1410.6810).
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FIG. 19: W ⇤ expected exclusion (in standard deviations) as a function of mass for various SU(2)L

representations. Right: Sensitivity is shown at 100 TeV and LHC+100 TeV for a pair of Higgsinos
(blue), a wino (red) and a 5-plet of SU(2)L (green). Left: Sensitivity to the MSSM running of
SU(2)L is shown at 14, 100 and LHC+100 TeV assuming that the contribution from all SU(2)L-
states enter at the same mass, M .

be excluded at 2� with combined LHC+100 TeV Drell-Yan data. That is competitive with

reach projections from monojet searches at 100 TeV [50], but less sensitive than (the more

model-dependent) searches for disappearing tracks. While a MDM quintuplet as heavy as

(m5 ⇠ 5 TeV) may be excluded with combined LHC+100 TeV Drell-Yan data, the reach

for Higgsinos is modest, mH̃ . 600 GeV, and requires a reduction of PDF uncertainties to

negligible levels. The right plot displays the expected reach to the MSSM running for 14 TeV,

100 TeV, and the LHC+100 TeV combination assuming present as well as negligible PDF

uncertainties. In particular, with this simplified (but conservative) spectrum hypothesis,

the LHC+100 TeV combination could exclude the MSSM, at 2�, for MMSSM . 3.3 TeV,

as well as discover it, at 5�, for MMSSM . 1.8 TeV, where MMSSM can be conservatively

interpreted as the heaviest SU(2)L-charged MSSM state. Note that even though squarks

in that mass range would be well within reach of the LHC and a future 100 TeV collider,

exclusions from direct searches would be model dependent, and could a priori be evaded in

RPV or stealth [100, 101] scenarios, while still being probed by the running of electroweak

couplings.

In the reach curves shown in this section, we have used the leading order EW coupling

dependence of the Drell-Yan cross sections to derive the limit on BSM scenarios using mea-

32

parameter space, it depends on a combination Atµ tan�/m4

˜t
, and so results in a weaker constraint on

At when tan� is small. This has interesting implications for the heavy Higgs bosons of the 2HDM,
H0, A0, and H±, which should not be too heavy [17, 70] and may have interesting e↵ects of their own
on precision observables [58, 71]. As we will discuss in Sec. 7.1, it could be the main sensitive probe
to the “blind spot” region.

Charginos and neutralinos have relatively small e↵ects on the observables we have mentioned so
far. This is largely because they have dominantly vectorlike masses and sensitivity to SU(2)L breaking
through the Higgs is a small e↵ect. On the other hand, integrating out higgsinos or winos will always
generate the triple gauge coupling operator cWWW g✏ijkW

i
µ⌫W

j⌫
⇢ W k⇢µ. Unfortunately, the coe�cient

generated by integrating out an SU(2)L multiplet is small [72]:

cWWW =
g2

2880⇡2

X

rep R, mass M

(�1)F
T (R)

M2

, (2.20)

where T (R) is the Dynkin index of the representation and the sum is over Weyl fermions for which
F = 1 and complex scalars for which F = 0. (That the e↵ect of a complex scalar and that of a Weyl
fermion cancel for equal masses is a result of a supersymmetric Ward identity [73].) Expected bounds
from the ILC are expressed in terms of dimensionless coe�cients �� and �Z , which are both equal
to 6m2

W cWWW . The ILC can bound the coe�cient at 1� to be |��,Z | ⇠< 6 ⇥ 10�4 with 500 fb�1 atp
s = 500 TeV or half that with 1 ab�1 at

p
s = 800 GeV [23, 74]. Even for the bound assuming

higher energy and luminosity, this does not probe wino or higgsino (or left-handed stop) masses above
100 GeV.

Similarly, any particles with SU(2)L quantum numbers contribute above threshold to the run-
ning of gauge couplings. At future very high energy proton–proton colliders this might be detected
with precision Drell-Yan measurements [75]. At an e+e� collider it would be di�cult, but if the
collider attains high luminosities at energies near 1 TeV it may be possible to probe running. There
is also a “below-threshold running e↵ect” arising from the operator cJJD

µW i
µ⌫D�W

i�⌫ , which has
coe�cient [72]

cJJ = � g2

960⇡2

X

rep R, mass M

aF
T (R)

M2

, (2.21)

where aF = 4 for Weyl fermions and 1 for complex scalars. By the equation of motion, DµW
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�gJ i⌫ , where J i⌫ is the SU(2)L current, so this operator is a current–current interaction that may be
thought of as a power-law (p2/M2) running of the gauge coupling below the scaleM . In the usual QED
calculation of vacuum polarization, one obtains an expression like
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and expands for �p2 � M2 to obtain logarithmic running. This operator is simply the corresponding
result if we expand for M2 � p2. Again, it will be di�cult to obtain interesting constraints from this
operator simply because the number in the denominator is so large.

2.7 Comments on the Use of E↵ective Field Theory

In the remainder of the paper we will use formulas for S, T , and Rb originating in refs. [41, 52] and
presented in Appendix A. These include complete loop functions based on the original Peskin-Takeuchi
definitions of S and T in terms of gauge boson vacuum polarizations, allowing for arbitrary stop-sector
mixing. In particular, nontrivial functions of ratios like mtXt/m
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VEV, may e↵ectively come from operators of dimension higher than 6 in an EFT treatment. In
this sense, the full loop functions include e↵ects of higher order than the operator analysis we have
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1 Introduction

The discovery of the Higgs boson [1, 2] provides unprecedented opportunities in the search for

physics beyond the Standard Model (SM). More than any other state in the Standard Model,

the Higgs is a sensitive barometer of new physics. Perhaps the most familiar opportunity

involves Higgs couplings; the rigidity of electroweak symmetry breaking in the Standard

Model uniquely determines the interactions of the SM Higgs, such that any deviations in

couplings would be an unambiguous indication of new physics. But the Higgs also provides

an entirely new gateway to physics beyond the Standard Model thanks to the low dimension

of the operator |H|2: it admits new marginal or relevant operators of the form |H|2O, where

O is a gauge-invariant operator with �O . 2. The classic example is O = �2 were � is

neutral under the SM but enjoys a Z2 symmetry [3–7]. This Higgs Portal provides an entirely

new avenue to access physics beyond the Standard Model. Such portals are motivated not

only on purely pragmatic grounds as one of only two possible marginal couplings between

the SM and SM-singlet states, but also on theoretical grounds in diverse scenarios relating to

dark matter, electroweak baryogenesis, and solutions to the gauge hierarchy problem. Now

that the Higgs boson has been discovered, the exploration of possible Higgs Portals and their

signatures has become a high priority at the LHC and future colliders.
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Figure 2. Upper: Possible diagrams contributing to an induced coupling between DM and Higgs. Lower:

Processes leading to photon continuum and scattering with nucleons at direct detection. The blobs represent

(one-loop) induced coupling between DM and Higgs through charged matter.

a common mass mS . The relevant interactions are

�L � ��S�2|S|2 + �HS |S|2|H|2 + ��H�2|H|2 + m2

S;0

|S|2 + �S |S|4 +
1

2
m2

��2 + ���4

� µ2

H |H|2 + �H |H|4 (2.1)

with the annihilation processes into two photons depicted in Fig. 3. In the case of more than one
S species, |S|2 should be interpreted as

P
i |Si|2 and |S|4 as

�P
i |Si|2

�
2

; one could consider more
general contractions of the S flavor indices, but there would be no qualitatively di↵erent physics. Here
µH = 1p

2

mh is fixed by the measured Higgs mass mh ⇡ 125 GeV, which together with the measured
Higgs VEV also determines �H ⇡ 0.13. The physical S mass is given by

m2

S = m2

S;0

+
1

2
�HSv2. (2.2)

(In the case that S carries SU(2)W quantum numbers, additional couplings may be present, e.g.
(H†S)(S†H) where SU(2)W indices are contracted within the parentheses. We will not discuss the
full parameter space of such couplings, which we expect would not qualitatively change any of our
conclusions.) Thanks to the Higgs low-energy theorem [69, 70], we see that we require �HS < 0 if
loops of the S field are to increase the h ! �� rate. In order to prevent the potential from being
unbounded from below due to this negative quartic, we require

�S � �S;min ⌘ �2

HS

4�H
; (2.3)

allowing a metastable, rather than absolutely stable, vacuum ameliorates this constraint by about a
factor of 2, according to a tree-level calculation of the bounce action for vacuum decay [40].
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Figure 3. The annihilation processes leading to 2 photons.

2.1.1 The constraint from the gamma ray continuum

The interaction ��H�2|H|2 provides a dark matter annihilation channel DM + DM ! h⇤ ! WW,ZZ
with cross section given by [68]

h�vi =
X

i=W,Z

ni
|��H |2
2⇡m2

�

s

1� m2

i

m2

�

m4

i⇣
4m2

� �m2

h

⌘
2

 
2 +

(2m2

� �m2

i )2

m4

i

!
(2.4)

=
����

��H

0.028

����
2

3⇥ 10�26cm3s�1, (2.5)

taking m� = 130 GeV and mh = 125 GeV. In the first line ni = 1 for W bosons and 1/2 for Z
bosons is the Bose factor in the case of identical final state particles. There is also a phase-space
suppressed annihilation to the hh final state. Note that ��H in our notation corresponds to what was
denoted �hX/2 in Ref. [14]. Based on studies of continuum gamma rays from the galactic center in
Refs. [11–13, 71] (as well as comparably strong constraints from radio in Ref. [72]), it appears safe
to say that an annihilation rate of 10�25 cm3s�1 to WW and ZZ is ruled out even with conservative
assumptions about astrophysical backgrounds, while a slightly more aggressive approach to the data
would extend the limit down to around 1 to 2⇥ 10�26 cm3s�1. We will quote the bound as:

|��H | ⇠< 0.05. (2.6)

Note that di↵erent models could shut o↵ this indirect detection channel; for example, Majorana fermion
DM is in a CP-odd initial state when annihilating, so annihilation through an o↵-shell CP-even Higgs
is suppressed.

2.1.2 Direct detection constraint

The cross section of the scalar DM � scattering o↵ a nucleon through Higgs exchange is

�SI =
|��H |2 m4

nf2

⇡m4

hm2

�

(2.7)

=
✓

��H

0.05

◆
2

5⇥ 10�45cm2, (2.8)

where we take the nucleon mass mn = 0.94 GeV and f parametrizes the nucleon matrix element

hn|mq q̄q|ni ⌘ fqmn[n̄n], f =
X

q=u,d,s,c,b,t

fq =
2
9

+
5
9

X

q=u,d,s

fq. (2.9)
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Figure 4. Overview of 90%CL existing direct detection limits (solid lines) and future
sensitivity regions for a WIMP with SI interactions and fp = fn constituting the whole
of the DM, assuming the SHM, plotted in the (m,�p) plane [74]. DAMA/LIBRA (light
brown), CoGeNT (yellow), CRESST-II (pink) and CDMS-II-Si (light blue) signal regions
for this WIMP, are shown. The level at which neutrinos of di↵erent sources would
constitute a background to a DM signal, the “neutrino floor”(thick dashed orange lines)
and regions of interest for particular DM candidates are also shown (see [74] for details).

“Spin-dependent” (SD) interactions result from an axial-vector cou-
pling. The DM couples to the nuclear spin density, leading to (see e.g. [90])

�SD
T (ER) = 32µ2G2

F [(JT + 1)/JT ]
⇥
hSpiap + hSnian

⇤2
F 2
SD(ER). (25)

Here, JT is the nuclear spin, ap,n are the WIMP couplings to p and n and
F 2
SD(ER) is the nuclear form factor, with F 2

SD(0)=1. hSp,ni, the expecta-
tion values of the p and n spin content in the target nucleus, are numbers .
O(1) that can di↵er easily by factors of 2 or more in di↵erent nuclear mod-
els (see for example Ref. [93]). Since also the nuclear spins are of O(1), SD
cross sections are a factor A2

T smaller than SI cross sections. The bounds
on the second are therefore typically better than the bounds on the first
(Figs. 4, 5).

There are many other types of possible DM-nucleus interactions be-
sides the two mentioned, and many of them have been considered in recent
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