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Motivation NMSSM Correlations

There is physics beyond the Standard Model!

• 26.8% dark matter

• 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]

• GCE can be explained by dark
matter around a few GeV

• Observable at a collider?

• Higgs could decay in light dark
matter !

→ Can we link GCE to an enhanced
branching ratio H125 → inv?

CMB as observed by Planck (Planck
Collaboration)

14

FIG. 15: The quality of the fit (�2, over 25-1 degrees-of-freedom) for various annihilating dark matter models to the spectrum
of the anomalous gamma-ray emission from the Inner Galaxy (as shown in the left frame of Fig. 6) as a function of mass,
and marginalized over the value of the annihilation cross section. In the left frame, we show results for dark matter particles
which annihilate uniquely to bb̄, cc̄, ss̄, light quarks (uū and/or dd̄), or ⌧+⌧�. In the right frame, we consider models in which
the dark matter annihilates to a combination of channels, with cross sections proportional to the square of the mass of the
final state particles, the square of the charge of the final state particles, democratically to all kinematically accessible Standard
Model fermions, or 80% to ⌧+⌧� and 20% to bb̄. The best fits are found for dark matter particles with masses in the range of
⇠20-60 GeV and which annihilate mostly to quarks.

FIG. 16: The range of the dark matter mass and annihilation cross section required to fit the gamma-ray spectrum observed
from the Inner Galaxy, for a variety of annihilation channels or combination of channels (see Fig. 15). We show results for our
standard ROI (black) and as fit over the full sky (blue). The observed gamma-ray spectrum is generally best fit by dark matter
particles with a mass of ⇠20-50 GeV and that annihilate to quarks with a cross section of �v ⇠ 10�26 cm3/s. Note that the
cross-section for each model is computed for the best-fit slope � in that ROI and the assumed dark matter densities at 5� from
the Galactic Center (where the signal is normalized) are di↵erent for di↵erent values of �. This is responsible for roughly half
of the variation between the best-fit cross-sections. Figures 19 and 20 show the impact of changing the ROI when holding the
assumed DM density profile constant.

VII. IMPLICATIONS FOR DARK MATTER

In this section, we use the results of the previous sec-
tions to constrain the characteristics of the dark matter
particle species potentially responsible for the observed
gamma-ray excess. We begin by fitting various dark mat-

ter models to the spectrum of the gamma-ray excess as
found in our Inner Galaxy analysis (as shown in the left
frame of Fig. 6). In Fig. 15, we plot the quality of this
fit (�2) as a function of the WIMP mass, for a number
of dark matter annihilation channels (or combination of
channels), marginalized over the value of the annihila-

D. Hooper, et al., arXiv:1402.6703
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What are the main constraints?
• Ωh2 = 0.1187± 0.0017 st ± 0.0120 th (Planck)

• σv |v=0 ≈ 2× 10−26 cm3/s (GCE)
• BR (H → inv) < 78%/57% (ATLAS/CMS)
• mH = (125.1±0.2 st±0.1 sy±3.0 th)GeV (ATLAS/CMS)
• ΓZ→Inv = (−1.9± 1.5 st ± 0.2 th)MeV (LEP)

• Dark matter annihilation before the freeze out

• Examples:
h – funnel, A – funnel, Z – mediated, coannihilation [Drees, Nojiri],

. . .

h1

χ0
1

χ0
1

b̄

b
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What are the main constraints?
• Ωh2 = 0.1187± 0.0017 st ± 0.0120 th (Planck)
• σv |v=0 ≈ 2× 10−26 cm3/s (GCE)

• BR (H → inv) < 78%/57% (ATLAS/CMS)
• mH = (125.1±0.2 st±0.1 sy±3.0 th)GeV (ATLAS/CMS)
• ΓZ→Inv = (−1.9± 1.5 st ± 0.2 th)MeV (LEP)

• excess of γ-ray photons in the
galactic center observed by Fermi
LAT

• well fit by 30− 70 GeV dark matter
annihilating via a pseudoscalar to
bb̄

6
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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 ! ��

Calore, Cholis, McCabe, Weniger,
arXiv:1411.4647 4 / 21
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What are the main constraints?
• Ωh2 = 0.1187± 0.0017 st ± 0.0120 th (Planck)
• σv |v=0 ≈ 2× 10−26 cm3/s (GCE)
• BR (H → inv) < 78%/57% (ATLAS/CMS)

• mH = (125.1±0.2 st±0.1 sy±3.0 th)GeV (ATLAS/CMS)
• ΓZ→Inv = (−1.9± 1.5 st ± 0.2 th)MeV (LEP)

• Current measurements
• CMS: WBF
• ATLAS: combined associated production and gluon fusion

• Future: probing down to 3% with high luminosity run
[Plehn et al.]

→ We require BR> 10%
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What are the main constraints?
• Ωh2 = 0.1187± 0.0017 st ± 0.0120 th (Planck)
• σv |v=0 ≈ 2× 10−26 cm3/s (GCE)
• BR (H → inv) < 78%/57% (ATLAS/CMS)
• mH = (125.1±0.2 st±0.1 sy±3.0 th)GeV (ATLAS/CMS)
• ΓZ→Inv = (−1.9± 1.5 st ± 0.2 th)MeV (LEP)

• make sure that the coupling to the Z is small

• we require ΓZ→Inv < 2 MeV
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Why SUSY?

Other hints at physics beyond the Standard Model

BSM
• Dark Matter, GCE

• Hierarchy Problem

• deviations in aµ

• . . .

SUSY
• stable LSP

• systematic cancellation

• additional loop
contributions

→ promising setup but many models
→ Can we connect astronomical observations to LHC
measurements in the SUSY framework?
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SFitter
• Input: Model, Data
• Output:

• best fit points
• fully-dimensional log-likelihood map
• likelihood projections on one and two dimensional plane

(Bayesian and Frequentist)
• Algorithms:

• Weighted Markov chain
• Cooling Markov chain
• Modified gradient fit (Minuit)
• ...

• Errors
• Gaussian
• Poisson
• box-shaped

• Tools
• micrOMEGAs [Bélanger et al.]
• NMSSMTools [Ellwanger et al.]
• ... 9 / 21
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Back to SUSY: The MSSM particle content

10 / 21
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From MSSM to NMSSM

• µ-Problem, light pseudoscalar for GCE

• solution:

WNMSSM = WMSSM + λSHuHd +
1

3
κS3

→ additional singlet S

• vev of S generates effective µ-term: µeff = λ · s

New particle content

h1, h2, h3

A1,A2

}
Higgs sector,

χ̃1, χ̃2, χ̃3

χ̃4, χ̃5

}
neutralinos
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The NMSSM parameters

• Scale invariant superpotential

WNMSSM = WMSSM + λSHuHd +
1

3
κS3

• Additional soft SUSY breaking parameters appear:

−Lsoft ⊃ λAλHuHdS +
1

3
κAκS

3

Complete set of input parameters

mq̃,˜̀,M1,2,3,Aq,`, tanβ, µ → as for MSSM

λ, κ,Aλ,Aκ → additional parameters

• Decouple gluino and sfermion sector → mq̃,˜̀ = M3 = 10 TeV,
Aq,` = 0 → 8 free parameters left

12 / 21
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Constraints on the spectrum

• Standard Model like Higgs at 125 GeV [H125] → mt̃ = 6 TeV

• charged Higgs must be heavy
→ MSSM like scalar and pseudoscalar heavier than SM Higgs

• GCE:
→ mχ̃0

1
≈ 30− 70 GeV

→ light (singlet like) pseudoscalar mA1 ≈ 2 ·mχ̃0
1→ Aκ = −250 GeV

• LEP constraints:
→ mχ̃±

1
> 103 GeV → µ,M2 > 100GeV

negligible wino contribution on LSP → set M2 = 2 TeV

• BR H125 → χ̃0
1 + χ̃0

1:
→ mχ̃0

1
< 64 GeV

Free parameters

M1, µ,Aλ, tanβ, λ, κ
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Constraints on the couplings
• SM Higgs couplings:
→ no tree level mixing between singlet and H125

Aλ = 2µ

(
1

s2β
− κ̃
)

define κ̃ :=
κ

λ
; (mχ̃S

= 2µκ̃)

• Z neutralino (Ωh2, LEP)

gZ χ̃1χ̃1 =
g

2 cos θW
γµγ5

(
N2

13 − N2
14

)

• AS neutralino (GCE, Ωh2)

gAS χ̃1χ̃1 =
√

2λ
(
N13N14 − κ̃N2

15

)

• A1bb̄

gA1bb̄ = i
mb√

2v cosβ
P11 → tanβ = 40

Fit parameters

M1, µ, λ, κ̃
14 / 21
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Annihilation channels in the bino-singlino plane
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• choose µ = 320 GeV, variable input parameters: λ, κ̃,M1

• criteria: SM Higgs, relic density, Xenon100, BR> 10%

• κ̃−M1 plane:

• asymptotic behaviour of the LSP mass
• symmetric under bino singlino exchange
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Annihilation channels in the bino-singlino plane
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• Dark matter annihilation:

• H125 – mediated annihilation for mχ̃0
1
≈ 55 GeV

• Z – mediated for mχ0
1
≈ 40 and 48 GeV

• cancellation of Higgsino components for κ̃ ≈ 0.08
• H1 – mediated annihilation for mχ̃0

1
< 40 GeV
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Annihilation channels in the bino-singlino plane
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• The galactic center excess [black points]

• neutralino mass constrained to mχ̃0
1
> 30 GeV [Weniger et al.]

• mA1 decreases with κ̃ and 1/λ
• GCE criteria fulfilled for mA1 . 2mχ̃0

1
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Branching ratio H125 → χ̃0
1 + χ̃0

1
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• largest BR for mixed state (45% bino, 45 % singlino, 10% Higgsino)

→ 0.45 not compatible with GCE

• BR (H125 → χ̃0
1χ̃

0
1) ≈ 15% compatible with the GCE

→ requires singlino like dark matter
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µ-dependence of the branching ratio
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• larger Higgsino component [1/µ]

• annihilation channels no longer well separated

• BR (H125 → χ̃0
1χ̃

0
1) ≈ 60% for µ = 190 GeV

→ scenarios with µ < 200 GeV are tested by ATLAS and CMS!
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The NUH-NMSSM

• Non Unified Higgs mass

• Additional unification criteria:
m0,m1/2,A0,Aλ,Aκ at GUT scale
→ M1 > 200 GeV [gluino searches]

• Free parameters κ̃, λ,Aκ, µ

• Two regions correspond to Z-mediated
annihilation

• GCE compatible with mχ̃0
1
≈ 35 GeV

• Invisible branching ratio up to 40 %
for µ ≈ 160 GeV
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Conclusion

• (NUH)-NMSSM is a suitable setup to describe the GCE

• Combining the GCE with the relic density and Xenon100
strongly constrains the parameter space

• BR
(
H125 → χ̃0

1 + χ̃0
1

)
up to 60% is possible in agreement with

GCE and will be tested at the LHC!
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Neutralino mass matrix

Mχ̃0 =




M1 0 −mZcβsw mZ sβsw 0
0 M2 mZcβcw −mZ sβcw 0

−mZcβsw mZcβcw 0 −µ −λvsβ
mZ sβsw −mZ sβcw −µ 0 −λvcβ

0 0 −λvsβ −λvcβ 2κ̃µ
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CP even Higgs mass marix in the basis (H,H125,S)

M2
H,H125,S

= m2
Z



s2
2β

(
1 − λ̃2

)
+

2µ

c2βm2
Z

(Aλ + κ̃µ) c2β s2β

(
1 − λ̃2

)
−c2β

λ̃

mZ

(Aλ + κ̃µ)

· c2
2β + s2

2β λ̃
2 2λ̃

mZ

(
µ − s2β

Aλ

2
+ s2β κ̃µ

)
· · s2β

λ̃2Aλ

2µ
+

κ̃µ

m2
Z

(Aκ + 4κ̃µ)



CP odd Higgs mass marix in the basis (A, S)

M2
A,S =


2µ (Aλ + κ̃µ)

s2β

λ̃mZ (Aλ − 2κ̃µ)

· s2β λ̃
2m2

Z

(
Aλ

2µ
+ 2κ̃

)
− 3κ̃µAκ
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γ spectrum for the GCE

3

FIG. 1: Left frame: The dark matter density as a function of the distance to the Galactic Center, for several halo profiles,
each normalized such that ⇢ = 0.4 GeV/cm3 at r = 8.5 kpc. Right frame: The line-of-sight integral of the density squared, as
defined in Eq. 3, for the same set of halo profiles, as a function of the angular distance from the Galactic Center,  .

FIG. 2: Left frame: The spectrum of gamma rays produced per dark matter annihilation for a 30 GeV WIMP mass and a
variety of annihilation channels. Right frame: An estimate for the bremsstrahlung emission from the electrons produced in dark
matter annihilations taking place near the Galactic Center, for the case of a 30 GeV WIMP annihilating to bb̄. At |z| <⇠ 0.3 kpc
(|b| <⇠ 2�) and at energies below ⇠1-2 GeV, bremsstrahlung could potentially contribute non-negligibly. See text for details.

by the quantity, J( ):

J( ) =

Z

los

⇢2(r) dl, (3)

where  is the angle observed away from the Galactic
Center. In the NFW case (with � = 1), for example,
the value of J averaged over the inner degree around
the Galactic Center exceeds that of the most promising
dwarf spheroidal galaxies by a factor of ⇠50 [33]. If the
Milky Way’s dark matter halo is contracted by baryons
or is otherwise steeper than predicted by NFW, this ratio
could easily be ⇠103 or greater.

The spectrum of gamma rays produced per dark mat-
ter annihilation, dN�/dE� , depends on the mass of the
dark matter particle and on the types of particles pro-
duced in this process. In the left frame of Fig. 2, we

plot dN�/dE� for the case of a 30 GeV WIMP mass, and
for a variety of annihilation channels (as calculated using
PYTHIA [34], except for the e+e� case, for which the
final state radiation was calculated analytically [35, 36]).
In each case, a distinctive bump-like feature appears, al-
though at di↵erent energies and with di↵erent widths,
depending on the final state.

In addition to prompt gamma rays, dark matter an-
nihilations can produce electrons and positrons which
subsequently generate gamma rays via inverse Compton
and bremsstrahlung processes. For dark matter annihi-
lations taking place near the Galactic Plane, the low-
energy gamma-ray spectrum can receive a non-negligible
contribution from bremsstrahlung. In the right frame
of Fig. 2, we plot the gamma-ray spectrum from dark
matter (per annihilation), including an estimate for the

D. Hooper, et al., arXiv:1402.6703

γ spectrum:

dNγ
dx
≈
αQ2

q/`

π

x2 − 2x + 2

x
ln

[
m2
χ̃0

1

m2
q/`

(1− x)

]
; x :=

Eγ
mχ̃0

1
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Relic density and GCE
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• mA increases with (λ · µ)−1

• gZ χ̃0
1χ̃

0
1

increases with λ · µ−1 [ Higgsino component]

• region compatible with GCE and Ωh2 is very narrow!

• Higgsino component too small for an enhanced BR
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Minimal value of µ for a BR less than 0.3
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• minimal value of µ ≈ 200 GeV

• for smaller values the branching ratio becomes too large

• other points with a smaller value of µ are possible, if we
accept a BR of 0 %
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