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• Since 2009 observation of an excess of gamma ray photons in
3-4 GeV range from the galactic center by Fermi LAT
• Possible interpretation as annihilating dark matter
• Use Fermi data: Good fit results for MSSM
• Strong constraints from direct detection
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There is physics beyond the Standard Model!

• 26.8% dark matter
• strong constraining power on the parameterspace

CMB as observed by Planck (Planck Collaboration)

SFitter likelihood Fit, mSUGRA
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There is more...?

• Since 2009 observation of an excess of gamma ray photons in
3-4 GeV range from the galactic center by Fermi LAT [Hooper
et al., Calore et al., Murgia for Fermi Collaboration]24 Fermi–LAT Collaboration

Figure 18. Same as in Figure 13, but with the spectrum of the NFW profile
modeled with a power-law per energy band over the 1 � 100 GeV range.
The envelopes include the fit uncertainties for the normalisation and spectral
indices.

through the line-of-sight to the GC.
The IEM fitting interior to the solar circle uses the tangent

ranges for positive and negative longitudes to obtain parame-
ters for the annuli 2 � 4 (Table 5). To examine the effect of
the azimuthal averaging, fits to the tangent ranges were made
for positive and negative longitudes to gauge the difference in
the parameters for the IEMs obtained when considering each
separately. The scaling factors for annulus 4 obtained when
fitting negative and positive longitude ranges were statistically
consistent 28 with those found when fitting both ranges com-
bined. For annuli 2 and 3 the fits to the positive and nega-
tive tangent longitude ranges result in scaling parameters that
differ by factors up to ⇠ 2 from each other, which is well
beyond the statistical uncertainty; the average value obtained
by fitting both tangent ranges together is approximately in-
between for the intensity-scaled IEMs over annuli 2 and 3.
For the index-scaled IEMs the spectral parameters are harder
or softer than the average when using the positive/negative
tangent ranges individually for annuli 2 � 4. However, there
is no clear trend and the over/under-prediction is not confined
to a particular energy interval.

The uncertainty for the IEM fore-/background flux toward
the GC due to the azimuthally averaged IEMs is difficult to
quantify precisely. A minimal estimate can be made from the
statistical uncertainty for the annulus 4 ⇡0-decay flux for each
IEM, because the fit results for the combined tangent ranges
are within these uncertainties when fitted to the positive and
negative ranges individually. Above 1 GeV this is ⇠ 4⇥10�8

ph cm�2 s�1 for the 15�⇥15� region about the GC across all
IEMs. This is comparable to the fitted flux from annulus 1
⇡0-decay or the TS < 25 point sources over the same region.

Any analysis employing the Galactocentric annulus decom-
position for the gas column densities is subject to the loss of
kinematic resolution for sight lines within l ⇠ ±12� of the
GC/anti-GC. Appendix B of Ackermann et al. (2012a) details
the transformation of H I and CO gas-survey data into the col-
umn density distributions over Galactocentric annuli used in
this analysis, and employed by many others. The assump-

28 The average statistical uncertainty for the normalisation of each inter-
stellar emission component per annulus is ⇠ 10%, except for annuli 2 and 3;
see Appendix A.

tions made in the transformation for the site lines over the
15� ⇥ 15� region about the GC have an impact on the inter-
stellar emission and point sources in the maximum-likelihood
fitting and consequently the spatial distribution of residuals.
Approximations made interpolating the gas column density
across the l ± 10� range can result in an incorrect gas density
distribution along the line-of-sight. Spurious point sources in
the analysis and structure in residuals can result from this be-
cause a higher/lower CR intensity compared to where the gas
should be placed is used in creating the interstellar emission
templates. The scaling procedure for the IEM then adjusts the
individual annuli potentially producing low-level artifacts due
to a combination of the effects described above.

To obtain an estimate of the uncertainties associated with
misplacement of the gas new maps of the column density
per annuli are created. 10% of the H I gas column density
is randomly displaced over the annuli and recombined with
the ⇡0-decay emissivity 29 in each annulus to create modified
intensity maps for this process, which are summed to pro-
duce new fore-/background intensity maps. The 68% frac-
tional change per pixel from 100 such realisations for each
IEM is compared with the fore-/background resulting from
the scaling procedure (Sec. 3.1). Depending on the IEM and
energy range, variations from 1% to 15% in the intensity per
pixel for the fore-/background from the structured interstel-
lar emission across the 15� ⇥ 15� region are obtained, with
the largest for OBstars index-scaled and smallest for the Pul-
sar intensity-scaled IEM, respectively. Because of the some-
what arbitrary choice of the precise fraction of H I column
density30 that is redistributed over the annuli these variations
are illustrative rather than providing a true ‘systematic uncer-
tainty’ associated with the gas misplacement. Note that the
uncertainty is maximised toward the GC because it is furthest
away from the gas column density interpolation base points at
l ⇠ ±12�.

6. SUMMARY
The analysis described in this paper employs specialised

IEMs that are fit to the �-ray data without reference to the
15� ⇥ 15� region about the GC. Finding point-source seeds
for the same region using a method that does not rely on de-
tailed IEMs, the source-seeds and IEMs are combined in a
maximum-likelihood fit to determine the interstellar emission
across the inner ⇠ 1 kpc about the GC and point sources
over the region. The overwhelming majority of �-ray emis-
sion from the 15� ⇥ 15� region is due to interstellar emission
and point sources. To summarise the results for these aspects
of the analysis:

• The interstellar emission over the 15� ⇥ 15� region is
⇠ 85% of the total. For the case of fitting only ‘stan-
dard’ interstellar emission processes and point sources
the fore-/background is ⇠ 80% with the remaining
⇠ 20% mainly due to IC from the inner region. The
contribution by the ⇡0-decay process over the inner re-
gion is much less than the IC, with the relative contri-
butions by the H I- and CO-related emission suppressed
compared to the GALPROP predictions.

29 The contribution by CO-related ⇡0-decay emission is the same as that
obtained from the scaling procedure.

30 Similar modifications of the CO column density distribution are not
explored because the detailed knowledge to make a truly informed estimate
is not available.

Fermi collaboration, arXiv:1511.02938

• Fermi LAT analysis settings:
• NFW profile (α = 1., β = 3., γ = 1.2)
• 15× 15 degree region around galactic center
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Previous work within NMSSM

• Best fit results by Calore et al. for light dark matter
• easier in NMSSM
• Connection with invisible Higgs decay
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FIG. 3. Preferred DM mass and annihilation cross-section (1,
2 and 3 � contours) for all single channel final states where
ICS emission can be safely ignored. Vertical gray lines refer
to the W , Z, h and t mass thresholds. The p-values for an-
nihilation to pure W+W�, ZZ and t̄t final states are below
0.05, indicating that the fit is poor for these channels; see
Tab. I. Uncertainties in the DM halo of the Milky Way are
parametrized and bracketed by A = [0.17, 5.3], see Sec. V.
The results shown here refer to A = 1.

that the interpolation at mass threshold agrees with our
own results from PYTHIA 8.186.

In addition to gamma rays, CR electrons and positrons
are produced as final (stable) products of DM annihila-
tions. These CR electrons/positrons, like all other elec-
trons/positrons propagate in the Galaxy and produce
ICS and bremsstrahlung emission.5 Generally, the ICS
emission is expected to be more important for DM mod-
els with significant branching ratios to (light) leptons.
Therefore we separate our discussion to first address the
cases when ICS emission can be safely ignored, before
discussing in detail ICS emission for annihilation to lep-
tons.

A. Single annihilation channels without ICS

We first discuss annihilation to pure two-body annihi-
lation states for the cases when ICS emission can be safely
ignored. This turns out to be all cases except annihila-
tion to electrons and muons. In Fig. 3 we show the best-

5 CR p and p̄ from DM annihilations can also give their own ⇡0

emission of DM origin, but are suppressed from the p̄/p measure-
ments already by at least five orders of magnitude compared to
the conventional Galactic di↵use ⇡0 emission.

Channel
h�vi

(10�26 cm3 s�1)

m�

(GeV) �2
min p-value

q̄q 0.83+0.15
�0.13 23.8+3.2

�2.6 26.7 0.22

c̄c 1.24+0.15
�0.15 38.2+4.7

�3.9 23.6 0.37

b̄b 1.75+0.28
�0.26 48.7+6.4

�5.2 23.9 0.35

t̄t 5.8+0.8
�0.8 173.3+2.8

�0 43.9 0.003

gg 2.16+0.35
�0.32 57.5+7.5

�6.3 24.5 0.32

W+W� 3.52+0.48
�0.48 80.4+1.3

�0 36.7 0.026

ZZ 4.12+0.55
�0.55 91.2+1.53

�0 35.3 0.036

hh 5.33+0.68
�0.68 125.7+3.1

�0 29.5 0.13

⌧+⌧� 0.337+0.047
�0.048 9.96+1.05

�0.91 33.5 0.055
⇥
µ+µ� 1.57+0.23

�0.23 5.23+0.22
�0.27 43.9 0.0036

⇤
��ICS

TABLE I. Results of spectral fits to the Fermi GeV excess
emission as shown in Fig. 2, together with ±1� errors (which
include statistical as well as model uncertainties, see text).
We also show the corresponding p-value. Annihilation into
q̄q, c̄c, b̄b, gg and hh all give fits that are compatible with
the observed spectrum. There is also a narrow mass where
annihilation into ⌧+⌧� is not excluded with 95% CL signifi-
cance. Annihilation to pure W+W�, ZZ and t̄t is excluded
at 95% CL, as is the µ+µ� spectrum without ICS emission
(��ICS). Bosons masses are from the PDG live [101].

fit annihilation cross-section and DM mass for all other
two-body annihilation states involving SM fermions and
bosons. The results are also summarized in Tab. I, where
we furthermore give the p-value of the fit as a proxy for
the goodness-of-fit. As with previous analyses, we find
that annihilation to gluons and quark final states q̄q, c̄c
and b̄b, provides a good fit. In the case of the canonical b̄b
final states, we find slightly higher masses are preferred
compared to previous analyses, see e.g. Refs. [12, 14, 15].
This is because of the additional uncertainty in the high-
energy tail of the energy spectrum that is allowed for in
this analysis. The highest mass to b̄b final states that
still gives a good fit (with a p-value > 0.05) is 73.9 GeV.

As the tail of the spectrum extends to higher energy, we
also consider annihilation to on-shell t̄t and SM bosons.
For t̄t, we find that the fit is poor because the DM spec-
trum peaks at too high an energy (⇠ 4.5 GeV rather than
the observed peak at 1–3 GeV). As the p-value is very low
for this channel, we do not consider it further. Pure an-
nihilation to pairs of W and Z gauge bosons are also ex-
cluded at a little over 95% CL significance. However, per-
haps surprisingly, annihilation to pairs of on-shell Higgs
bosons (colloquially referred to as “Higgs in Space” [102])
produce a rather good fit, so long as h is produced close
to rest. This is analogous to the scenario studied in
Ref. [103] in a di↵erent context. One interesting feature
of this channel is the gamma-ray line at m�/2 ' 63 GeV
from h decay to two photons. This is clearly visible in the
central panel of Fig. 2. The branching ratio for h ! ��
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• End of 2015 Fermi LAT publish their own analysis

1612.07115 Anja Butter 6



A closer look at the data

• Poisson distribution for statistic treatment

• correlated Gaussian for instrumental systematics (effective area)

• uncorrelated Gaussian uncertainties for spectrum

• flat theory uncertainties for background models (envelope)
→ spatial distribution of cosmic ray sources (OB-stars, Pulsars)
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Likelihood function
Gauss:

√
−2 logLGauss =


s − (s̃ + σtheo)

σsys,s
for σtheo < s − s̃

0 for σtheo > |s − s̃|
s − (s̃ − σtheo)

σsys,s
for σtheo < s̃ − s

SFitter
Algorithms:

Weighted Markov chain

Cooling Markov chain (! simulated annealing)

Modified gradient fit (Minuit) [Lafaye, Plehn, MR,Zerwas]

Grid scan [Eur.Phys.J.C54:617-644,2008, [arXiv:0709.3985 [hep-ph]]]

Nested Sampling [Skilling; Feroz, Hobson] [JHEP08(2009)009 [arXiv:0904.3866 [hep-ph]]]

Errors:
three types:

Gaussian – arbitrary correlations possible
(! systematic errors)
Poisson
box-shaped (RFit) [CKMFitter]

assignment as in exp. studies

adaption to likelihood input easy

Output of SFitter:

fully-dimensional log-likelihood map
one- and two-dimensional distributions via

marginalization (Bayesian)
profile likelihood (Frequentist)

list of best points
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M. Rauch – Higgs Fits Advances in Computational Particle Physics Sep 17, 2014 19/17

Poisson:

LPoiss,d =
P(d |d̃)

P(d̃ |d̃)
=

d̃!

d!
d̃d−d̃

Combination:

1
logL =

1
logLGauss

+
1

logLPoiss
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The MSSM particle content
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Annihilation channels I
γ−rays radiated of SM particles during annihilation process
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Annihilation channels II

process channel σv

χχ→ A→ qq̄ s-channel cλ4 m2
χ

(M2
A−4m2

χ)
2

χχ→ h→ qq̄ s-channel cλ4 v2m2
χ

(M2
h −4m2

χ)
2

χχ→ Z → qq̄ s-channel cλ2
[
λ2
qZax

m2
q

M4
Z

+
v2(λ2

qZax
+λ2

qZv
)m2

χ

3(M2
Z−4m2

χ)
2

]
χχ→ χq̃q̄ → qq̄ t-channel cλ4 (mq+mχ)

2

(M2
q̃ −m2

q+m2
χ)

2

Table: Examples for simplified annihilation cross sections expanded in
powers of v2 assuming Majorana dark matter and light final states.

1612.07115 Anja Butter 11



χχ→ bb̄

Illustration of the velocity dependence
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(dashed, right axis)

1612.07115 Anja Butter 12



The Fit
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Fitting the Fermi LAT spectrum I

• M2 = 700 GeV, sfermions and heavy Higgs decoupled
• At to adjust SM-like Higgs mass
• dwarf limits included
• likelihood map determined by LSP mass and coupling
• WW , tt̄ final states
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Fitting the Fermi LAT spectrum II

• annihilation spectra for
χχ→ bb̄/tt̄/WW for local
best fit points

• mA = 500 GeV
• additional annihilation via
pseudoscalar
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Why not χχ→ hh?

• t-channel annihilation dominated by χχ→WW
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• mA = 300 GeV, mH = 320 GeV
• annihilation to hh only possible via χχ→ H → hh
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Fitting the Fermi LAT spectrum and the relic density

• left: likelihood map with black dots indicating the correct relic
density

• the relic density favors smaller couplings
• right: fit including the relic density
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Direct detection

• exclusion limits from direct detection experiments
• light to dark: Xenon100, PandaX, LUX
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Direct detection

• low M2 = 120 GeV → wino dark matter
• smaller coupling to light Higgs → avoids direct detection
• allowed masses mχ ≈ 45 GeV, 63 GeV, 100 - 120 GeV
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A global analysis assuming mA = 500 GeV
Parameters:

|M1| < 500 GeV |M2| < 700 GeV |µ| < 500 GeV

|At | < 7 TeV tanβ = 2 ... 45 .

Including LUX limits:
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Conclusion

• γ-ray excess observed in GC can be explained by annihilating
dark matter

• Small tension between relic density and GCE can be resolved
in MSSM

• Direct detection experiments can rule out most of the
parameter space

• Future direct detection experiments will probe the remaining
low mass regime
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BACK UP
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Couplings

gWχ0
1χ

±
1

=
g sin θw
cos θw

(
1√
2
N14V

∗
12 − N12V

∗
11

)
(1)

gZχ0
1χ

0
i

=
g

2 cos θw
(N13Ni3 − N14Ni4) (2)

ghχ0
1χ

0
1

=
(
gN11 − g ′N12

)
(sinα N13 + cosα N14) . (3)
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Constraints

Measurement Value
mh (125.09± 0.21stat ± 0.11syst ± 3.0theo) GeV
Ωχh

2 0.1188± 0.0010stat ± 0.0120theo
aµ (287± 63exp ± 49SM ± 20theo) · 10−11

BR(B → Xsγ) (3.43± 0.21stat ± 0.07syst) · 10−4

BR(B0
s → µ+µ−) (3.2± 1.4stat ± 0.5syst ± 0.2theo) · 10−9

mχ+
1

> 103 GeV

Table: Data used for the fit including their systematic, statistical, and
theoretical uncertainties, as appropriate.
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