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Complementarity -SUSY scan (pMSSM)
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an ideal preparation to tackle problems in broad areas of basic science, engineering, industry, and even the
financial sectors.

In this paper, we discuss the context for direct detection experiments in the search for dark matter and
describe briefly the current state of theoretical models for WIMPs. A brief review of the technologies
and experiments is presented, along with a discussion of facilities and instrumentation that enable such
experiments, and a description of other physics that these experiments can do. We end with a discussion
of how the field is likely to evolve over the next two decades, with a specific roadmap and criteria for new
experiments.

The international dark matter program is expected to evolve from currently-running (G1) experiments to
G2 experiments (defined as in R&D or construction now), to G3 experiments which will eventually reach
the irreducible neutrino background. Down-selection and consolidation will occur at each stage, given the
growing financial cost and manpower needs of these experiments. The DOE has a formal down-selection
process for one or more major G2 experiments. Since substantial NSF contributions are also expected,
XENON1T is considered to be a joint NSF/international US-led G2 experiment. Additional G2 experiments
may also move to construction in the coming year by either having relatively low overall cost or relatively
low cost to DOE/NSF. It is unclear when and how the U.S. funding agencies will select G3 experiments, but
such a stage is on their planning horizon. It is expected that only one or two U.S.-led G3 experiments at
the $100M range will be financially tenable.

3 Dark Matter Direct Detection in Context

Direct detection is only one method to search for dark matter. Because dark matter can potentially interact
with any of the known particles or, as in the case of hidden sector dark matter, another currently unknown
particle (as shown in Fig. 5), it is important to place direct detection in the larger context of dark matter
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Figure 5. Dark matter may have non-gravitational interactions with any of the known particles as well as
other dark particles, and these interactions can be probed in several di↵erent ways.

research. The Snowmass Cosmic Frontier Working Group CF4 has prepared a report [2] exploring the

Community Planning Study: Snowmass 2013
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VERITAS Array
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VERITAS Array
• 10 mCrab sensitivity - 5σ detection at 1% 

Crab (2x10-13 erg cm-2 s-1 @ 1 TeV) in 28 hrs.

• Effective area 105 m2 above 500 GeV

• Angular resolution <0.1 deg

• Energy range 150 GeV - 30 TeV, 15% 
resolution (for spectral measurements)
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TeV Constellations

ACTs have now detected so many sources, we can make a constellation (the TeraBird 
Constellation of TeV sources!)
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ACTs and Ground Arrays
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ACTs and Ground Arrays

• ACTs like VERITAS detect 
Cherenkov light from air 
showers with a narrow FoV on 
dark/moonless nights
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ACTs and Ground Arrays

• ACTs like VERITAS detect 
Cherenkov light from air 
showers with a narrow FoV on 
dark/moonless nights

• Ground arrays like HAWC detect 
shower particles reaching the 
ground (albeit at high altitudes).  
These have higher energy threshold, 
and lower angular resolution, but 
are wide field, high duty cycle
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The WIMP Miracle
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Figure 2: Comoving number density of a WIMP in the early Universe. The dashed curves

are the actual abundance, and the solid curve is the equilibrium abundance.

8

• In the beginning the universe was

very hot, DM particles and SM particles

were in thermal equilibrium.

• Particles in equilibrium were Boltzmann

suppressed ⇠ e�mc2/kT

• annihilation and recombination rates

� ⇠ n2h�vi

• As the number density n dropped

due to expansion, particles with the

smallest h�vi fell out of equilibrium first

• the weak survive with a relic density
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Any theory with a new stable weakly interacting particle will work.
Theorists (used to) really like SUSY - for every fermion loop there is a boson
loop to cancel contributions to amplitudes, getting rid of embarrassing
divergences in Higgs mass, gauge coupling unification, etc.
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Gamma-rays from DM
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DM and Gamma-Rays
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sub-threshold ⌫s
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��! e+e� e, � Helicity suppressed
��! ⌫⌫̄ ⌫ Helicity suppressed
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non-Majorana
WIMPs?)

��! ��̄ �! e+e� e± New scalar field with
m� < mq to explain
large electron signal
and avoid
overproduction of
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p, e, �, �
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All channels lead to �-rays. Cross section for �-ray production is closely tied to

total annihilation cross section in the early universe.
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A Brief History...

• EGRET detected GC source 3EG J1746-2851 (Hartman et al. 1999).  Whipple 10m 
observed GC for ~ ten years (1995-2003) resulting in ~4 sigma evidence for emission from 
GC. HESS definitively detected the GC, followed by Fermi, VERITAS and MAGIC
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L14 F. Aharonian et al.: Very high energy gamma rays from the direction of Sagittarius A∗

Abstract. We report the detection of a point-like source of very high energy (VHE) γ-rays coincident within 1′ of Sgr A∗, obtained with the
HESS array of Cherenkov telescopes. The γ-rays exhibit a power-law energy spectrum with a spectral index of −2.2 ± 0.09 ± 0.15 and a flux
above the 165 GeV threshold of (1.82 ± 0.22) × 10−7 m−2 s−1. The measured flux and spectrum differ substantially from recent results reported
in particular by the CANGAROO collaboration.

Key words. gamma-rays: observations – Galaxy: centre

1. Introduction

The Galactic Centre (GC) region (Melia & Falcke 2001) har-
bours a variety of potential sources of high-energy radiation
including the supermassive black hole Sgr A∗ of 2.6 × 106 M⊙
(see e.g. Schödel et al. 2002), which has been identified as a
faint source of X-rays (Baganoff et al. 2003) and infrared radi-
ation (Genzel et al. 2003). Emission from Sgr A∗ is presumably
powered by the energy released in the accretion of stellar winds
onto the black hole (Melia 1992; Yusef-Zadeh et al. 2000; Yuan
et al. 2003).

High (Mayer-Hasselwander et al. 1998) and very high
(Tsuchiya et al. 2004; Kosack et al. 2004) energy γ-ray
emission have also been detected from the GC region. The
γ-radiation could result from acceleration of electrons or pro-
tons in shocks in these winds, in the accretion flow or in nearby
supernova remnants, followed by interactions of accelerated
particles with ambient matter or radiation. Alternative mech-
anisms include the annihilation of dark matter particles accu-
mulating at the GC (Bergström et al. 1998; Ellis et al. 2002;
Gnedin & Primack 2003) or curvature radiation of protons near
the black hole (Levinson 2000).

2. Observations and results

The observations presented here were obtained in Summer
2003 with the High Energy Stereoscopic System (HESS),
consisting of four imaging atmospheric Cherenkov telescopes
(Hofmann 2003; Bernlöhr et al. 2003; Vincent et al. 2003) in
Namibia, at 23◦16′ S 16◦30′ E. At this time, two of the four
telescopes were operational, the other two being under con-
struction. During the first phase of the measurements (June 6
to July 7, 2003), the telescopes were operated independently
and images were combined offline using GPS time stamps
(4.7 h on source, “June/July” data set). In the second phase
(July 22 to August 29, 2003), a hardware coincidence required
shower images simultaneously in both telescopes (11.8 h on
source, “July/August” data set). The resulting background sup-
pression allowed us to lower the telescope trigger thresholds,
yielding a post-cuts energy threshold of 165 GeV (for typical
Sgr A∗ zenith angles of 20◦) as compared to 255 GeV for the
“June/July” data set.

Shower images are parametrised by their centres of gravity
and second moments, followed by the stereoscopic reconstruc-
tion of shower geometry, providing an angular resolution of
≈0.1◦ for individual γ-rays. γ-ray candidates are selected based
on the shape of shower images, allowing effective suppression
of cosmic-ray showers. The γ-ray energy is estimated from the
image intensity and the reconstructed shower geometry, with a
typical resolution of 15–20%.
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Fig. 1. Angular distribution of γ-ray candidates for a 3◦ field of view
centred on Sgr A∗. Both data sets (“June/July” and “July/August”) are
combined, employing tight cuts to reduce the level of background. The
significance of the feature extending along the Galactic Plane is under
investigation.

The GC region is characterised by high night-sky bright-
ness (NSB), varying across the field of view and potentially
interfering with image reconstruction. Simulations of a range
of NSB levels show, however, that the stereoscopic reconstruc-
tion is insensitive to this feature, resulting in variations of the
measured flux and spectrum that are well within the systematic
errors quoted here.

The performance and stability of HESS have been con-
firmed by observations of the Crab Nebula (a standard candle
in γ-ray astronomy). The absolute calibration of the instrument
has been verified using muon images (Leroy et al. 2003) which
provide a measurement of the absolute photon detection effi-
ciency, and by the measured cosmic ray detection rates (Funk
et al. 2004), which are in excellent agreement with simulations.

Figure 1 shows the distribution of γ-ray candidates for a 3◦

window around Sgr A∗. A clear excess of events in the Sgr A∗

region is observed. Here, tight γ-ray selection cuts are applied
to minimise background at the expense of γ-ray efficiency. For
the analysis of the flux and spectrum of the central point source,
looser cuts are used which reject 96% of the cosmic-ray back-
ground and retain 50% of the γ-rays. Using a ring around the
assumed source location to estimate background, we find –
with loose cuts – a 6.1 σ excess in the “June/July” data set and
a 9.2 σ excess in the “July/August” data set, both centred on
Sgr A∗. The γ-ray excess is located at RA 17h45m41.3s ± 2.0s,
Dec−29◦0′22′′±32′′, or l = 359◦56′53′′, b = −0◦2′57′′, within
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A Brief History...

• EGRET detected GC source 3EG J1746-2851 (Hartman et al. 1999).  Whipple 10m 
observed GC for ~ ten years (1995-2003) resulting in ~4 sigma evidence for emission from 
GC. HESS definitively detected the GC, followed by Fermi, VERITAS and MAGIC
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L14 F. Aharonian et al.: Very high energy gamma rays from the direction of Sagittarius A∗

Abstract. We report the detection of a point-like source of very high energy (VHE) γ-rays coincident within 1′ of Sgr A∗, obtained with the
HESS array of Cherenkov telescopes. The γ-rays exhibit a power-law energy spectrum with a spectral index of −2.2 ± 0.09 ± 0.15 and a flux
above the 165 GeV threshold of (1.82 ± 0.22) × 10−7 m−2 s−1. The measured flux and spectrum differ substantially from recent results reported
in particular by the CANGAROO collaboration.

Key words. gamma-rays: observations – Galaxy: centre

1. Introduction

The Galactic Centre (GC) region (Melia & Falcke 2001) har-
bours a variety of potential sources of high-energy radiation
including the supermassive black hole Sgr A∗ of 2.6 × 106 M⊙
(see e.g. Schödel et al. 2002), which has been identified as a
faint source of X-rays (Baganoff et al. 2003) and infrared radi-
ation (Genzel et al. 2003). Emission from Sgr A∗ is presumably
powered by the energy released in the accretion of stellar winds
onto the black hole (Melia 1992; Yusef-Zadeh et al. 2000; Yuan
et al. 2003).

High (Mayer-Hasselwander et al. 1998) and very high
(Tsuchiya et al. 2004; Kosack et al. 2004) energy γ-ray
emission have also been detected from the GC region. The
γ-radiation could result from acceleration of electrons or pro-
tons in shocks in these winds, in the accretion flow or in nearby
supernova remnants, followed by interactions of accelerated
particles with ambient matter or radiation. Alternative mech-
anisms include the annihilation of dark matter particles accu-
mulating at the GC (Bergström et al. 1998; Ellis et al. 2002;
Gnedin & Primack 2003) or curvature radiation of protons near
the black hole (Levinson 2000).

2. Observations and results

The observations presented here were obtained in Summer
2003 with the High Energy Stereoscopic System (HESS),
consisting of four imaging atmospheric Cherenkov telescopes
(Hofmann 2003; Bernlöhr et al. 2003; Vincent et al. 2003) in
Namibia, at 23◦16′ S 16◦30′ E. At this time, two of the four
telescopes were operational, the other two being under con-
struction. During the first phase of the measurements (June 6
to July 7, 2003), the telescopes were operated independently
and images were combined offline using GPS time stamps
(4.7 h on source, “June/July” data set). In the second phase
(July 22 to August 29, 2003), a hardware coincidence required
shower images simultaneously in both telescopes (11.8 h on
source, “July/August” data set). The resulting background sup-
pression allowed us to lower the telescope trigger thresholds,
yielding a post-cuts energy threshold of 165 GeV (for typical
Sgr A∗ zenith angles of 20◦) as compared to 255 GeV for the
“June/July” data set.

Shower images are parametrised by their centres of gravity
and second moments, followed by the stereoscopic reconstruc-
tion of shower geometry, providing an angular resolution of
≈0.1◦ for individual γ-rays. γ-ray candidates are selected based
on the shape of shower images, allowing effective suppression
of cosmic-ray showers. The γ-ray energy is estimated from the
image intensity and the reconstructed shower geometry, with a
typical resolution of 15–20%.
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Fig. 1. Angular distribution of γ-ray candidates for a 3◦ field of view
centred on Sgr A∗. Both data sets (“June/July” and “July/August”) are
combined, employing tight cuts to reduce the level of background. The
significance of the feature extending along the Galactic Plane is under
investigation.

The GC region is characterised by high night-sky bright-
ness (NSB), varying across the field of view and potentially
interfering with image reconstruction. Simulations of a range
of NSB levels show, however, that the stereoscopic reconstruc-
tion is insensitive to this feature, resulting in variations of the
measured flux and spectrum that are well within the systematic
errors quoted here.

The performance and stability of HESS have been con-
firmed by observations of the Crab Nebula (a standard candle
in γ-ray astronomy). The absolute calibration of the instrument
has been verified using muon images (Leroy et al. 2003) which
provide a measurement of the absolute photon detection effi-
ciency, and by the measured cosmic ray detection rates (Funk
et al. 2004), which are in excellent agreement with simulations.

Figure 1 shows the distribution of γ-ray candidates for a 3◦

window around Sgr A∗. A clear excess of events in the Sgr A∗

region is observed. Here, tight γ-ray selection cuts are applied
to minimise background at the expense of γ-ray efficiency. For
the analysis of the flux and spectrum of the central point source,
looser cuts are used which reject 96% of the cosmic-ray back-
ground and retain 50% of the γ-rays. Using a ring around the
assumed source location to estimate background, we find –
with loose cuts – a 6.1 σ excess in the “June/July” data set and
a 9.2 σ excess in the “July/August” data set, both centred on
Sgr A∗. The γ-ray excess is located at RA 17h45m41.3s ± 2.0s,
Dec−29◦0′22′′±32′′, or l = 359◦56′53′′, b = −0◦2′57′′, within
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Large Zenith Angle 

• While it is more sensible to build a telescope in the southern hemisphere to look for 
DM from the Galactic Center, LZA observations provide an enormous effective area 
at high energies - especially important for annihilation channels that result in 
gamma-ray emission near the kinematic maximum.

GC transits at ~30 deg Elevation
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Fig. 1.— VERITAS >2 TeV gamma-ray significance map (smoothed with PSF) of the Galactic Center Ridge showing significant emission
from Sgr A*, G0.9+0.1, and a di↵use emission region between these two point sources. The emission from the central region is saturated
due to the color scale.

J1746-289.

2. VERITAS OBSERVATIONS

The Very Energetic Radiation Imaging Telescope Ar-
ray System (VERITAS), located at the Fred Lawrence
Whipple Observatory (FLWO) in southern Arizona (31�

400 N, 110� 570 W, 1.3 km above sea level) is an array
of four 12-meter IACTs. Since the commissioning of the
array in 2007, VERITAS has provided excellent angu-
lar resolution and sensitivity to TeV gamma-ray sources
(Holder et al. 2008). In normal operation (i.e. high ele-
vation observations), VERITAS is sensitive in the energy
range from 85 GeV to >30 TeV and is capable of detect-
ing a 1% Crab nebula flux in approximately 25 hours of
observation time. VERITAS has an energy resolution of
15% at 1 TeV and a typical angular resolution of <0.1�.
Between 2010 and 2014, VERITAS accumulated ⇠85

hours live time of quality-selected observations of the Sgr
A* region. Due to the Northern Hemisphere location of
VERITAS, the Sgr A* region never transits above 30�

elevation. Therefore, this work has been performed us-
ing the “Displacement” analysis method for TeV gamma-
ray astronomy (Kosack et al. 2004; Archer et al. 2014),
which utilizes the displacement between the center of
gravity of a parameterized Hillas ellipse and the loca-
tion of the shower position within the camera plane.
This method compensates for the degradation in angu-
lar resolution (caused by small parallactic displacements
between shower images) usually caused by observations
taken by IACTs at small elevation angles. Through the
use of the Displacement method, the VERITAS observa-
tions of Sgr A* have a point spread function of 0.12� (68%
containment radius). Through Monte Carlo simulations
we estimate an energy resolution of ⇠25-30% for the ob-
servations detailed in this work. Due to the Cherenkov
light from incident gamma rays having to traverse a much
larger atmospheric depth during large zenith angle ob-
servations, the light from lower energy showers is insu�-
cient to trigger the array, resulting in an increased energy
threshold of 2 TeV for the observations detailed in this
work (>60� zenith angle).
For the imaging analysis and significance calculations

included in this work, the ring background model (Berge

et al. 2007) was used; for the spectral analysis the
reflected-region model (Aharonian et al. 2001) was em-
ployed. Both background estimation techniques were
performed with masked regions corresponding to all
known TeV sources within 4� of the Galactic Center:
HESS J1747-281 (G0.9+0.1), HESS J1745-290 (Sgr A*),
the extended sources HESS J1741-302 and HESS J1745-
303, and the central di↵use TeV component lying along
the Galactic plane.
These observations result in a significant detection of

several distinct regions of >2 TeV gamma-ray emission
in the Galactic Center Ridge (significance skymap shown
in Figure 1). The brightest source within the field is the
central source coincident with Sgr A*. These data also
provide a strong detection of >2 TeV gamma-ray emis-
sion from a region corresponding to the composite super-
nova remnant G0.9+0.1, as well as an extended compo-
nent of emission along the Galactic plane. In sections 3-5
we examine these detections and provide skymaps and
spectra for both Sgr A* and G0.9+0.1, and we present
the detection of VER J1746-289: a new VERITAS source
of TeV gamma rays embedded within the extended com-
ponent along the plane.

3. VER J1745-290 (SGR A*)

In an analysis of earlier VERITAS observations
(Archer et al. 2014), VER J1745-290 (coincident with
Sgr A*) was detected at a statistical significance of 18
standard deviations (18 �) in approximately 46 hours
of observations between 2010 and 2012. In the total of
85 hours of observations reported in this work, VERI-
TAS detected a total of 735 excess gamma-ray events
from VER J1745-290, resulting in a detection signifi-
cance of >25�. The resulting >2 TeV gamma-ray ex-
cess map is shown in Figure 2 (left) along with both
the H.E.S.S. (>300 GeV) (Acero et al. 2010) and radio
locations (Petrov et al. 2011) of Sgr A*. The refined
VERITAS position of VER J1745-290 is l = 359.94� ±
0.002�

stat

± 0.013�
sys

, b = -0.053� ± 0.002�
stat

± 0.013�
sys

,
in good agreement with both the radio and H.E.S.S. po-
sitions.
The VERITAS di↵erential energy spectrum of Sgr A*

4

Fig. 2.— The VERITAS > 2 TeV gamma-ray excess map of Sgr A* showing the VERITAS source location compared to the H.E.S.S.
and radio locations (left). The black dashed circle represents the total error on the VERITAS fit. On the right is shown the di↵erential
energy spectrum using both VERITAS and H.E.S.S. points along with the model fits described in the text.

TABLE 1
The results of the fitting of the VERITAS and H.E.S.S. spectral point of Sgr A* described in the text.

Model N0 (cm

�2
s

�1
TeV

�1
) �1 �2 Ebreak or Ecut (TeV)

�2

n.d.f.

Power Law 2.36 (± 0.05) ⇥ 10

�12
2.37 ± 0.02 N/A N/A 148/32

Exp. Cuto↵ 2.82 (± 0.08) ⇥ 10

�12
2.05 ± 0.04 N/A 12.1 ± 1.6 35/31

Power Law

Smoothly Broken 2.55 (± 0.07) ⇥ 10

�12
2.14 ± 0.04 4.39 ± 0.39 12.1 ± 1.7 32/30

Power Law

from 2 to 30 TeV (derived from an integration region of
0.13� centered on VER J1745-290) is shown, along with
the H.E.S.S. spectral points (Aharonian et al. 2009) in
Figure 2 (right). While the H.E.S.S. observations allow
for very rich statistics at lower energies, the large e↵ec-
tive area for large zenith angle VERITAS observations
of Sgr A* provide a significant improvement in statis-
tics at multi-TeV energies. By providing a joint fit to
both the H.E.S.S. and VERITAS points from 0.2 to 50
TeV, more refined spectral model parameters can be ob-
tained. Following the analysis of Aharonian et al. (2009),
we investigated spectra following the shape of 1.) a pure
power law, 2.) a power law with an exponential cuto↵,
and 3.) a smoothly broken power law. These functions
have forms of (respectively):

dN
dE

= N0 ⇥
⇣ E
1TeV

⌘��1

(1)

dN
dE

= N0 ⇥
⇣ E
1TeV

⌘��1

⇥ e
�E

Ecut
(2)

dN
dE

= N0 ⇥
⇣ E
1TeV

⌘��1

⇥ 1

1 + (

E
Ebreak

)

�2��1
(3)

The fitting results (shown in Table 1, and in Figure
2, right) clearly disfavor a pure power-law fit, while the
exponential-cuto↵ power law and smoothly broken power
law models both provide adequate fits (reduced �2 values
close to 1.0) with similar values for cuto↵/break energies.
In the case of a power law with an exponential cut-o↵, the
spectral parameters are in good agreement with Aharo-
nian et al. (2009) and refine the location of the spectral
cuto↵ (E

cutoff

) to 12.1 ± 1.6 TeV. It is important to
note that the measured spectrum includes contributions

from any sources that may fall within 0.13� of Sgr A*
(such as a di↵use component). Here we conservatively
estimate the systematic error to be approximately 40%
on the energy scale and 40% on the flux normalization
(N0) (see Archer et al. 2014 for a description of how this
error is derived). Taken in quadrature with the associ-
ated H.E.S.S. systematic errors reported in (Aharonian
et al. 2009), the VERITAS systematic errors dominate,
resulting in a total estimated systematic error for the
above fits of ⇠40% on energy scale, and ⇠40% on flux
normalization.
Assuming that either an exponential-cuto↵ power law

or broken power law provides the best model of the
spectrum from the source, the determination of the cut-
o↵/break energy in the TeV gamma-ray spectrum pro-
vides an important mechanism to study particle acceler-
ation in the region. We note that the overlap between
multiple components of TeV gamma-ray emission in the
area (Sgr A*, di↵use, and possibly others) makes a sim-
ple extraction of the di↵use component from the Sgr A*
spectrum problematic. As such, we take the approach of
only using the observed TeV gamma-ray spectrum from
the direction of Sgr A* to compare to emission models in
the discussion section at the end of this work. We note
that even with this analysis choice, our current result is
consistent with the results of Viana (2013) in which the
authors perform a subtraction of a modeled di↵use com-
ponent from the Sgr A* TeV gamma-ray spectrum and
find a spectral cuto↵ of 10.7 ± 2.0

stat

TeV.

4. VER J1747-281 (G0.9+0.1)

The composite supernova remnant G0.9+0.1 consists
of a bright, compact radio PWN core surrounded by an
extended radio shell (Helfand & Becker 1987) and is es-
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Fig. 1.— VERITAS >2 TeV gamma-ray significance map (smoothed with PSF) of the Galactic Center Ridge showing significant emission
from Sgr A*, G0.9+0.1, and a di↵use emission region between these two point sources. The emission from the central region is saturated
due to the color scale.

J1746-289.

2. VERITAS OBSERVATIONS

The Very Energetic Radiation Imaging Telescope Ar-
ray System (VERITAS), located at the Fred Lawrence
Whipple Observatory (FLWO) in southern Arizona (31�

400 N, 110� 570 W, 1.3 km above sea level) is an array
of four 12-meter IACTs. Since the commissioning of the
array in 2007, VERITAS has provided excellent angu-
lar resolution and sensitivity to TeV gamma-ray sources
(Holder et al. 2008). In normal operation (i.e. high ele-
vation observations), VERITAS is sensitive in the energy
range from 85 GeV to >30 TeV and is capable of detect-
ing a 1% Crab nebula flux in approximately 25 hours of
observation time. VERITAS has an energy resolution of
15% at 1 TeV and a typical angular resolution of <0.1�.
Between 2010 and 2014, VERITAS accumulated ⇠85

hours live time of quality-selected observations of the Sgr
A* region. Due to the Northern Hemisphere location of
VERITAS, the Sgr A* region never transits above 30�

elevation. Therefore, this work has been performed us-
ing the “Displacement” analysis method for TeV gamma-
ray astronomy (Kosack et al. 2004; Archer et al. 2014),
which utilizes the displacement between the center of
gravity of a parameterized Hillas ellipse and the loca-
tion of the shower position within the camera plane.
This method compensates for the degradation in angu-
lar resolution (caused by small parallactic displacements
between shower images) usually caused by observations
taken by IACTs at small elevation angles. Through the
use of the Displacement method, the VERITAS observa-
tions of Sgr A* have a point spread function of 0.12� (68%
containment radius). Through Monte Carlo simulations
we estimate an energy resolution of ⇠25-30% for the ob-
servations detailed in this work. Due to the Cherenkov
light from incident gamma rays having to traverse a much
larger atmospheric depth during large zenith angle ob-
servations, the light from lower energy showers is insu�-
cient to trigger the array, resulting in an increased energy
threshold of 2 TeV for the observations detailed in this
work (>60� zenith angle).
For the imaging analysis and significance calculations

included in this work, the ring background model (Berge

et al. 2007) was used; for the spectral analysis the
reflected-region model (Aharonian et al. 2001) was em-
ployed. Both background estimation techniques were
performed with masked regions corresponding to all
known TeV sources within 4� of the Galactic Center:
HESS J1747-281 (G0.9+0.1), HESS J1745-290 (Sgr A*),
the extended sources HESS J1741-302 and HESS J1745-
303, and the central di↵use TeV component lying along
the Galactic plane.
These observations result in a significant detection of

several distinct regions of >2 TeV gamma-ray emission
in the Galactic Center Ridge (significance skymap shown
in Figure 1). The brightest source within the field is the
central source coincident with Sgr A*. These data also
provide a strong detection of >2 TeV gamma-ray emis-
sion from a region corresponding to the composite super-
nova remnant G0.9+0.1, as well as an extended compo-
nent of emission along the Galactic plane. In sections 3-5
we examine these detections and provide skymaps and
spectra for both Sgr A* and G0.9+0.1, and we present
the detection of VER J1746-289: a new VERITAS source
of TeV gamma rays embedded within the extended com-
ponent along the plane.

3. VER J1745-290 (SGR A*)

In an analysis of earlier VERITAS observations
(Archer et al. 2014), VER J1745-290 (coincident with
Sgr A*) was detected at a statistical significance of 18
standard deviations (18 �) in approximately 46 hours
of observations between 2010 and 2012. In the total of
85 hours of observations reported in this work, VERI-
TAS detected a total of 735 excess gamma-ray events
from VER J1745-290, resulting in a detection signifi-
cance of >25�. The resulting >2 TeV gamma-ray ex-
cess map is shown in Figure 2 (left) along with both
the H.E.S.S. (>300 GeV) (Acero et al. 2010) and radio
locations (Petrov et al. 2011) of Sgr A*. The refined
VERITAS position of VER J1745-290 is l = 359.94� ±
0.002�

stat

± 0.013�
sys

, b = -0.053� ± 0.002�
stat

± 0.013�
sys

,
in good agreement with both the radio and H.E.S.S. po-
sitions.
The VERITAS di↵erential energy spectrum of Sgr A*

4

Fig. 2.— The VERITAS > 2 TeV gamma-ray excess map of Sgr A* showing the VERITAS source location compared to the H.E.S.S.
and radio locations (left). The black dashed circle represents the total error on the VERITAS fit. On the right is shown the di↵erential
energy spectrum using both VERITAS and H.E.S.S. points along with the model fits described in the text.

TABLE 1
The results of the fitting of the VERITAS and H.E.S.S. spectral point of Sgr A* described in the text.

Model N0 (cm

�2
s

�1
TeV

�1
) �1 �2 Ebreak or Ecut (TeV)

�2

n.d.f.

Power Law 2.36 (± 0.05) ⇥ 10

�12
2.37 ± 0.02 N/A N/A 148/32

Exp. Cuto↵ 2.82 (± 0.08) ⇥ 10

�12
2.05 ± 0.04 N/A 12.1 ± 1.6 35/31

Power Law

Smoothly Broken 2.55 (± 0.07) ⇥ 10

�12
2.14 ± 0.04 4.39 ± 0.39 12.1 ± 1.7 32/30

Power Law

from 2 to 30 TeV (derived from an integration region of
0.13� centered on VER J1745-290) is shown, along with
the H.E.S.S. spectral points (Aharonian et al. 2009) in
Figure 2 (right). While the H.E.S.S. observations allow
for very rich statistics at lower energies, the large e↵ec-
tive area for large zenith angle VERITAS observations
of Sgr A* provide a significant improvement in statis-
tics at multi-TeV energies. By providing a joint fit to
both the H.E.S.S. and VERITAS points from 0.2 to 50
TeV, more refined spectral model parameters can be ob-
tained. Following the analysis of Aharonian et al. (2009),
we investigated spectra following the shape of 1.) a pure
power law, 2.) a power law with an exponential cuto↵,
and 3.) a smoothly broken power law. These functions
have forms of (respectively):

dN
dE

= N0 ⇥
⇣ E
1TeV

⌘��1

(1)

dN
dE

= N0 ⇥
⇣ E
1TeV

⌘��1

⇥ e
�E

Ecut
(2)

dN
dE

= N0 ⇥
⇣ E
1TeV

⌘��1

⇥ 1

1 + (

E
Ebreak

)

�2��1
(3)

The fitting results (shown in Table 1, and in Figure
2, right) clearly disfavor a pure power-law fit, while the
exponential-cuto↵ power law and smoothly broken power
law models both provide adequate fits (reduced �2 values
close to 1.0) with similar values for cuto↵/break energies.
In the case of a power law with an exponential cut-o↵, the
spectral parameters are in good agreement with Aharo-
nian et al. (2009) and refine the location of the spectral
cuto↵ (E

cutoff

) to 12.1 ± 1.6 TeV. It is important to
note that the measured spectrum includes contributions

from any sources that may fall within 0.13� of Sgr A*
(such as a di↵use component). Here we conservatively
estimate the systematic error to be approximately 40%
on the energy scale and 40% on the flux normalization
(N0) (see Archer et al. 2014 for a description of how this
error is derived). Taken in quadrature with the associ-
ated H.E.S.S. systematic errors reported in (Aharonian
et al. 2009), the VERITAS systematic errors dominate,
resulting in a total estimated systematic error for the
above fits of ⇠40% on energy scale, and ⇠40% on flux
normalization.
Assuming that either an exponential-cuto↵ power law

or broken power law provides the best model of the
spectrum from the source, the determination of the cut-
o↵/break energy in the TeV gamma-ray spectrum pro-
vides an important mechanism to study particle acceler-
ation in the region. We note that the overlap between
multiple components of TeV gamma-ray emission in the
area (Sgr A*, di↵use, and possibly others) makes a sim-
ple extraction of the di↵use component from the Sgr A*
spectrum problematic. As such, we take the approach of
only using the observed TeV gamma-ray spectrum from
the direction of Sgr A* to compare to emission models in
the discussion section at the end of this work. We note
that even with this analysis choice, our current result is
consistent with the results of Viana (2013) in which the
authors perform a subtraction of a modeled di↵use com-
ponent from the Sgr A* TeV gamma-ray spectrum and
find a spectral cuto↵ of 10.7 ± 2.0

stat

TeV.

4. VER J1747-281 (G0.9+0.1)

The composite supernova remnant G0.9+0.1 consists
of a bright, compact radio PWN core surrounded by an
extended radio shell (Helfand & Becker 1987) and is es-

• VERITAS data from Archer et al., 2016, ApJ, 821, 
129 ``TeV Gamma-Ray observations of the GC 
Ridge by VERITAS’’ 

• 85 hours of Large Zenith Angle (~30deg elevation 
at transit) from 2010-2014.
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Fig. 1.— VERITAS >2 TeV gamma-ray significance map (smoothed with PSF) of the Galactic Center Ridge showing significant emission
from Sgr A*, G0.9+0.1, and a di↵use emission region between these two point sources. The emission from the central region is saturated
due to the color scale.

J1746-289.

2. VERITAS OBSERVATIONS

The Very Energetic Radiation Imaging Telescope Ar-
ray System (VERITAS), located at the Fred Lawrence
Whipple Observatory (FLWO) in southern Arizona (31�

400 N, 110� 570 W, 1.3 km above sea level) is an array
of four 12-meter IACTs. Since the commissioning of the
array in 2007, VERITAS has provided excellent angu-
lar resolution and sensitivity to TeV gamma-ray sources
(Holder et al. 2008). In normal operation (i.e. high ele-
vation observations), VERITAS is sensitive in the energy
range from 85 GeV to >30 TeV and is capable of detect-
ing a 1% Crab nebula flux in approximately 25 hours of
observation time. VERITAS has an energy resolution of
15% at 1 TeV and a typical angular resolution of <0.1�.
Between 2010 and 2014, VERITAS accumulated ⇠85

hours live time of quality-selected observations of the Sgr
A* region. Due to the Northern Hemisphere location of
VERITAS, the Sgr A* region never transits above 30�

elevation. Therefore, this work has been performed us-
ing the “Displacement” analysis method for TeV gamma-
ray astronomy (Kosack et al. 2004; Archer et al. 2014),
which utilizes the displacement between the center of
gravity of a parameterized Hillas ellipse and the loca-
tion of the shower position within the camera plane.
This method compensates for the degradation in angu-
lar resolution (caused by small parallactic displacements
between shower images) usually caused by observations
taken by IACTs at small elevation angles. Through the
use of the Displacement method, the VERITAS observa-
tions of Sgr A* have a point spread function of 0.12� (68%
containment radius). Through Monte Carlo simulations
we estimate an energy resolution of ⇠25-30% for the ob-
servations detailed in this work. Due to the Cherenkov
light from incident gamma rays having to traverse a much
larger atmospheric depth during large zenith angle ob-
servations, the light from lower energy showers is insu�-
cient to trigger the array, resulting in an increased energy
threshold of 2 TeV for the observations detailed in this
work (>60� zenith angle).
For the imaging analysis and significance calculations

included in this work, the ring background model (Berge

et al. 2007) was used; for the spectral analysis the
reflected-region model (Aharonian et al. 2001) was em-
ployed. Both background estimation techniques were
performed with masked regions corresponding to all
known TeV sources within 4� of the Galactic Center:
HESS J1747-281 (G0.9+0.1), HESS J1745-290 (Sgr A*),
the extended sources HESS J1741-302 and HESS J1745-
303, and the central di↵use TeV component lying along
the Galactic plane.
These observations result in a significant detection of

several distinct regions of >2 TeV gamma-ray emission
in the Galactic Center Ridge (significance skymap shown
in Figure 1). The brightest source within the field is the
central source coincident with Sgr A*. These data also
provide a strong detection of >2 TeV gamma-ray emis-
sion from a region corresponding to the composite super-
nova remnant G0.9+0.1, as well as an extended compo-
nent of emission along the Galactic plane. In sections 3-5
we examine these detections and provide skymaps and
spectra for both Sgr A* and G0.9+0.1, and we present
the detection of VER J1746-289: a new VERITAS source
of TeV gamma rays embedded within the extended com-
ponent along the plane.

3. VER J1745-290 (SGR A*)

In an analysis of earlier VERITAS observations
(Archer et al. 2014), VER J1745-290 (coincident with
Sgr A*) was detected at a statistical significance of 18
standard deviations (18 �) in approximately 46 hours
of observations between 2010 and 2012. In the total of
85 hours of observations reported in this work, VERI-
TAS detected a total of 735 excess gamma-ray events
from VER J1745-290, resulting in a detection signifi-
cance of >25�. The resulting >2 TeV gamma-ray ex-
cess map is shown in Figure 2 (left) along with both
the H.E.S.S. (>300 GeV) (Acero et al. 2010) and radio
locations (Petrov et al. 2011) of Sgr A*. The refined
VERITAS position of VER J1745-290 is l = 359.94� ±
0.002�

stat

± 0.013�
sys

, b = -0.053� ± 0.002�
stat

± 0.013�
sys

,
in good agreement with both the radio and H.E.S.S. po-
sitions.
The VERITAS di↵erential energy spectrum of Sgr A*
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Fig. 2.— The VERITAS > 2 TeV gamma-ray excess map of Sgr A* showing the VERITAS source location compared to the H.E.S.S.
and radio locations (left). The black dashed circle represents the total error on the VERITAS fit. On the right is shown the di↵erential
energy spectrum using both VERITAS and H.E.S.S. points along with the model fits described in the text.

TABLE 1
The results of the fitting of the VERITAS and H.E.S.S. spectral point of Sgr A* described in the text.

Model N0 (cm

�2
s

�1
TeV

�1
) �1 �2 Ebreak or Ecut (TeV)

�2

n.d.f.

Power Law 2.36 (± 0.05) ⇥ 10

�12
2.37 ± 0.02 N/A N/A 148/32

Exp. Cuto↵ 2.82 (± 0.08) ⇥ 10

�12
2.05 ± 0.04 N/A 12.1 ± 1.6 35/31

Power Law

Smoothly Broken 2.55 (± 0.07) ⇥ 10

�12
2.14 ± 0.04 4.39 ± 0.39 12.1 ± 1.7 32/30

Power Law

from 2 to 30 TeV (derived from an integration region of
0.13� centered on VER J1745-290) is shown, along with
the H.E.S.S. spectral points (Aharonian et al. 2009) in
Figure 2 (right). While the H.E.S.S. observations allow
for very rich statistics at lower energies, the large e↵ec-
tive area for large zenith angle VERITAS observations
of Sgr A* provide a significant improvement in statis-
tics at multi-TeV energies. By providing a joint fit to
both the H.E.S.S. and VERITAS points from 0.2 to 50
TeV, more refined spectral model parameters can be ob-
tained. Following the analysis of Aharonian et al. (2009),
we investigated spectra following the shape of 1.) a pure
power law, 2.) a power law with an exponential cuto↵,
and 3.) a smoothly broken power law. These functions
have forms of (respectively):
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The fitting results (shown in Table 1, and in Figure
2, right) clearly disfavor a pure power-law fit, while the
exponential-cuto↵ power law and smoothly broken power
law models both provide adequate fits (reduced �2 values
close to 1.0) with similar values for cuto↵/break energies.
In the case of a power law with an exponential cut-o↵, the
spectral parameters are in good agreement with Aharo-
nian et al. (2009) and refine the location of the spectral
cuto↵ (E

cutoff

) to 12.1 ± 1.6 TeV. It is important to
note that the measured spectrum includes contributions

from any sources that may fall within 0.13� of Sgr A*
(such as a di↵use component). Here we conservatively
estimate the systematic error to be approximately 40%
on the energy scale and 40% on the flux normalization
(N0) (see Archer et al. 2014 for a description of how this
error is derived). Taken in quadrature with the associ-
ated H.E.S.S. systematic errors reported in (Aharonian
et al. 2009), the VERITAS systematic errors dominate,
resulting in a total estimated systematic error for the
above fits of ⇠40% on energy scale, and ⇠40% on flux
normalization.
Assuming that either an exponential-cuto↵ power law

or broken power law provides the best model of the
spectrum from the source, the determination of the cut-
o↵/break energy in the TeV gamma-ray spectrum pro-
vides an important mechanism to study particle acceler-
ation in the region. We note that the overlap between
multiple components of TeV gamma-ray emission in the
area (Sgr A*, di↵use, and possibly others) makes a sim-
ple extraction of the di↵use component from the Sgr A*
spectrum problematic. As such, we take the approach of
only using the observed TeV gamma-ray spectrum from
the direction of Sgr A* to compare to emission models in
the discussion section at the end of this work. We note
that even with this analysis choice, our current result is
consistent with the results of Viana (2013) in which the
authors perform a subtraction of a modeled di↵use com-
ponent from the Sgr A* TeV gamma-ray spectrum and
find a spectral cuto↵ of 10.7 ± 2.0

stat

TeV.

4. VER J1747-281 (G0.9+0.1)

The composite supernova remnant G0.9+0.1 consists
of a bright, compact radio PWN core surrounded by an
extended radio shell (Helfand & Becker 1987) and is es-

• VERITAS data from Archer et al., 2016, ApJ, 821, 
129 ``TeV Gamma-Ray observations of the GC 
Ridge by VERITAS’’ 

• 85 hours of Large Zenith Angle (~30deg elevation 
at transit) from 2010-2014.

• GC seen at 25 sigma using LZA analysis method.  
Spectrum in good agreement with HESS.
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Fig. 1.— VERITAS >2 TeV gamma-ray significance map (smoothed with PSF) of the Galactic Center Ridge showing significant emission
from Sgr A*, G0.9+0.1, and a di↵use emission region between these two point sources. The emission from the central region is saturated
due to the color scale.

J1746-289.

2. VERITAS OBSERVATIONS

The Very Energetic Radiation Imaging Telescope Ar-
ray System (VERITAS), located at the Fred Lawrence
Whipple Observatory (FLWO) in southern Arizona (31�

400 N, 110� 570 W, 1.3 km above sea level) is an array
of four 12-meter IACTs. Since the commissioning of the
array in 2007, VERITAS has provided excellent angu-
lar resolution and sensitivity to TeV gamma-ray sources
(Holder et al. 2008). In normal operation (i.e. high ele-
vation observations), VERITAS is sensitive in the energy
range from 85 GeV to >30 TeV and is capable of detect-
ing a 1% Crab nebula flux in approximately 25 hours of
observation time. VERITAS has an energy resolution of
15% at 1 TeV and a typical angular resolution of <0.1�.
Between 2010 and 2014, VERITAS accumulated ⇠85

hours live time of quality-selected observations of the Sgr
A* region. Due to the Northern Hemisphere location of
VERITAS, the Sgr A* region never transits above 30�

elevation. Therefore, this work has been performed us-
ing the “Displacement” analysis method for TeV gamma-
ray astronomy (Kosack et al. 2004; Archer et al. 2014),
which utilizes the displacement between the center of
gravity of a parameterized Hillas ellipse and the loca-
tion of the shower position within the camera plane.
This method compensates for the degradation in angu-
lar resolution (caused by small parallactic displacements
between shower images) usually caused by observations
taken by IACTs at small elevation angles. Through the
use of the Displacement method, the VERITAS observa-
tions of Sgr A* have a point spread function of 0.12� (68%
containment radius). Through Monte Carlo simulations
we estimate an energy resolution of ⇠25-30% for the ob-
servations detailed in this work. Due to the Cherenkov
light from incident gamma rays having to traverse a much
larger atmospheric depth during large zenith angle ob-
servations, the light from lower energy showers is insu�-
cient to trigger the array, resulting in an increased energy
threshold of 2 TeV for the observations detailed in this
work (>60� zenith angle).
For the imaging analysis and significance calculations

included in this work, the ring background model (Berge

et al. 2007) was used; for the spectral analysis the
reflected-region model (Aharonian et al. 2001) was em-
ployed. Both background estimation techniques were
performed with masked regions corresponding to all
known TeV sources within 4� of the Galactic Center:
HESS J1747-281 (G0.9+0.1), HESS J1745-290 (Sgr A*),
the extended sources HESS J1741-302 and HESS J1745-
303, and the central di↵use TeV component lying along
the Galactic plane.
These observations result in a significant detection of

several distinct regions of >2 TeV gamma-ray emission
in the Galactic Center Ridge (significance skymap shown
in Figure 1). The brightest source within the field is the
central source coincident with Sgr A*. These data also
provide a strong detection of >2 TeV gamma-ray emis-
sion from a region corresponding to the composite super-
nova remnant G0.9+0.1, as well as an extended compo-
nent of emission along the Galactic plane. In sections 3-5
we examine these detections and provide skymaps and
spectra for both Sgr A* and G0.9+0.1, and we present
the detection of VER J1746-289: a new VERITAS source
of TeV gamma rays embedded within the extended com-
ponent along the plane.

3. VER J1745-290 (SGR A*)

In an analysis of earlier VERITAS observations
(Archer et al. 2014), VER J1745-290 (coincident with
Sgr A*) was detected at a statistical significance of 18
standard deviations (18 �) in approximately 46 hours
of observations between 2010 and 2012. In the total of
85 hours of observations reported in this work, VERI-
TAS detected a total of 735 excess gamma-ray events
from VER J1745-290, resulting in a detection signifi-
cance of >25�. The resulting >2 TeV gamma-ray ex-
cess map is shown in Figure 2 (left) along with both
the H.E.S.S. (>300 GeV) (Acero et al. 2010) and radio
locations (Petrov et al. 2011) of Sgr A*. The refined
VERITAS position of VER J1745-290 is l = 359.94� ±
0.002�

stat

± 0.013�
sys

, b = -0.053� ± 0.002�
stat

± 0.013�
sys

,
in good agreement with both the radio and H.E.S.S. po-
sitions.
The VERITAS di↵erential energy spectrum of Sgr A*
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Fig. 2.— The VERITAS > 2 TeV gamma-ray excess map of Sgr A* showing the VERITAS source location compared to the H.E.S.S.
and radio locations (left). The black dashed circle represents the total error on the VERITAS fit. On the right is shown the di↵erential
energy spectrum using both VERITAS and H.E.S.S. points along with the model fits described in the text.

TABLE 1
The results of the fitting of the VERITAS and H.E.S.S. spectral point of Sgr A* described in the text.

Model N0 (cm

�2
s

�1
TeV

�1
) �1 �2 Ebreak or Ecut (TeV)

�2

n.d.f.

Power Law 2.36 (± 0.05) ⇥ 10

�12
2.37 ± 0.02 N/A N/A 148/32

Exp. Cuto↵ 2.82 (± 0.08) ⇥ 10

�12
2.05 ± 0.04 N/A 12.1 ± 1.6 35/31

Power Law

Smoothly Broken 2.55 (± 0.07) ⇥ 10

�12
2.14 ± 0.04 4.39 ± 0.39 12.1 ± 1.7 32/30

Power Law

from 2 to 30 TeV (derived from an integration region of
0.13� centered on VER J1745-290) is shown, along with
the H.E.S.S. spectral points (Aharonian et al. 2009) in
Figure 2 (right). While the H.E.S.S. observations allow
for very rich statistics at lower energies, the large e↵ec-
tive area for large zenith angle VERITAS observations
of Sgr A* provide a significant improvement in statis-
tics at multi-TeV energies. By providing a joint fit to
both the H.E.S.S. and VERITAS points from 0.2 to 50
TeV, more refined spectral model parameters can be ob-
tained. Following the analysis of Aharonian et al. (2009),
we investigated spectra following the shape of 1.) a pure
power law, 2.) a power law with an exponential cuto↵,
and 3.) a smoothly broken power law. These functions
have forms of (respectively):
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The fitting results (shown in Table 1, and in Figure
2, right) clearly disfavor a pure power-law fit, while the
exponential-cuto↵ power law and smoothly broken power
law models both provide adequate fits (reduced �2 values
close to 1.0) with similar values for cuto↵/break energies.
In the case of a power law with an exponential cut-o↵, the
spectral parameters are in good agreement with Aharo-
nian et al. (2009) and refine the location of the spectral
cuto↵ (E

cutoff

) to 12.1 ± 1.6 TeV. It is important to
note that the measured spectrum includes contributions

from any sources that may fall within 0.13� of Sgr A*
(such as a di↵use component). Here we conservatively
estimate the systematic error to be approximately 40%
on the energy scale and 40% on the flux normalization
(N0) (see Archer et al. 2014 for a description of how this
error is derived). Taken in quadrature with the associ-
ated H.E.S.S. systematic errors reported in (Aharonian
et al. 2009), the VERITAS systematic errors dominate,
resulting in a total estimated systematic error for the
above fits of ⇠40% on energy scale, and ⇠40% on flux
normalization.
Assuming that either an exponential-cuto↵ power law

or broken power law provides the best model of the
spectrum from the source, the determination of the cut-
o↵/break energy in the TeV gamma-ray spectrum pro-
vides an important mechanism to study particle acceler-
ation in the region. We note that the overlap between
multiple components of TeV gamma-ray emission in the
area (Sgr A*, di↵use, and possibly others) makes a sim-
ple extraction of the di↵use component from the Sgr A*
spectrum problematic. As such, we take the approach of
only using the observed TeV gamma-ray spectrum from
the direction of Sgr A* to compare to emission models in
the discussion section at the end of this work. We note
that even with this analysis choice, our current result is
consistent with the results of Viana (2013) in which the
authors perform a subtraction of a modeled di↵use com-
ponent from the Sgr A* TeV gamma-ray spectrum and
find a spectral cuto↵ of 10.7 ± 2.0

stat

TeV.

4. VER J1747-281 (G0.9+0.1)

The composite supernova remnant G0.9+0.1 consists
of a bright, compact radio PWN core surrounded by an
extended radio shell (Helfand & Becker 1987) and is es-

• VERITAS data from Archer et al., 2016, ApJ, 821, 
129 ``TeV Gamma-Ray observations of the GC 
Ridge by VERITAS’’ 

• 85 hours of Large Zenith Angle (~30deg elevation 
at transit) from 2010-2014.

• GC seen at 25 sigma using LZA analysis method.  
Spectrum in good agreement with HESS.

• Lots of other sources in GC region!
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Fig. 1.— VERITAS >2 TeV gamma-ray significance map (smoothed with PSF) of the Galactic Center Ridge showing significant emission
from Sgr A*, G0.9+0.1, and a di↵use emission region between these two point sources. The emission from the central region is saturated
due to the color scale.

J1746-289.

2. VERITAS OBSERVATIONS

The Very Energetic Radiation Imaging Telescope Ar-
ray System (VERITAS), located at the Fred Lawrence
Whipple Observatory (FLWO) in southern Arizona (31�

400 N, 110� 570 W, 1.3 km above sea level) is an array
of four 12-meter IACTs. Since the commissioning of the
array in 2007, VERITAS has provided excellent angu-
lar resolution and sensitivity to TeV gamma-ray sources
(Holder et al. 2008). In normal operation (i.e. high ele-
vation observations), VERITAS is sensitive in the energy
range from 85 GeV to >30 TeV and is capable of detect-
ing a 1% Crab nebula flux in approximately 25 hours of
observation time. VERITAS has an energy resolution of
15% at 1 TeV and a typical angular resolution of <0.1�.
Between 2010 and 2014, VERITAS accumulated ⇠85

hours live time of quality-selected observations of the Sgr
A* region. Due to the Northern Hemisphere location of
VERITAS, the Sgr A* region never transits above 30�

elevation. Therefore, this work has been performed us-
ing the “Displacement” analysis method for TeV gamma-
ray astronomy (Kosack et al. 2004; Archer et al. 2014),
which utilizes the displacement between the center of
gravity of a parameterized Hillas ellipse and the loca-
tion of the shower position within the camera plane.
This method compensates for the degradation in angu-
lar resolution (caused by small parallactic displacements
between shower images) usually caused by observations
taken by IACTs at small elevation angles. Through the
use of the Displacement method, the VERITAS observa-
tions of Sgr A* have a point spread function of 0.12� (68%
containment radius). Through Monte Carlo simulations
we estimate an energy resolution of ⇠25-30% for the ob-
servations detailed in this work. Due to the Cherenkov
light from incident gamma rays having to traverse a much
larger atmospheric depth during large zenith angle ob-
servations, the light from lower energy showers is insu�-
cient to trigger the array, resulting in an increased energy
threshold of 2 TeV for the observations detailed in this
work (>60� zenith angle).
For the imaging analysis and significance calculations

included in this work, the ring background model (Berge

et al. 2007) was used; for the spectral analysis the
reflected-region model (Aharonian et al. 2001) was em-
ployed. Both background estimation techniques were
performed with masked regions corresponding to all
known TeV sources within 4� of the Galactic Center:
HESS J1747-281 (G0.9+0.1), HESS J1745-290 (Sgr A*),
the extended sources HESS J1741-302 and HESS J1745-
303, and the central di↵use TeV component lying along
the Galactic plane.
These observations result in a significant detection of

several distinct regions of >2 TeV gamma-ray emission
in the Galactic Center Ridge (significance skymap shown
in Figure 1). The brightest source within the field is the
central source coincident with Sgr A*. These data also
provide a strong detection of >2 TeV gamma-ray emis-
sion from a region corresponding to the composite super-
nova remnant G0.9+0.1, as well as an extended compo-
nent of emission along the Galactic plane. In sections 3-5
we examine these detections and provide skymaps and
spectra for both Sgr A* and G0.9+0.1, and we present
the detection of VER J1746-289: a new VERITAS source
of TeV gamma rays embedded within the extended com-
ponent along the plane.

3. VER J1745-290 (SGR A*)

In an analysis of earlier VERITAS observations
(Archer et al. 2014), VER J1745-290 (coincident with
Sgr A*) was detected at a statistical significance of 18
standard deviations (18 �) in approximately 46 hours
of observations between 2010 and 2012. In the total of
85 hours of observations reported in this work, VERI-
TAS detected a total of 735 excess gamma-ray events
from VER J1745-290, resulting in a detection signifi-
cance of >25�. The resulting >2 TeV gamma-ray ex-
cess map is shown in Figure 2 (left) along with both
the H.E.S.S. (>300 GeV) (Acero et al. 2010) and radio
locations (Petrov et al. 2011) of Sgr A*. The refined
VERITAS position of VER J1745-290 is l = 359.94� ±
0.002�

stat

± 0.013�
sys

, b = -0.053� ± 0.002�
stat

± 0.013�
sys

,
in good agreement with both the radio and H.E.S.S. po-
sitions.
The VERITAS di↵erential energy spectrum of Sgr A*
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Fig. 2.— The VERITAS > 2 TeV gamma-ray excess map of Sgr A* showing the VERITAS source location compared to the H.E.S.S.
and radio locations (left). The black dashed circle represents the total error on the VERITAS fit. On the right is shown the di↵erential
energy spectrum using both VERITAS and H.E.S.S. points along with the model fits described in the text.

TABLE 1
The results of the fitting of the VERITAS and H.E.S.S. spectral point of Sgr A* described in the text.

Model N0 (cm

�2
s

�1
TeV

�1
) �1 �2 Ebreak or Ecut (TeV)

�2

n.d.f.

Power Law 2.36 (± 0.05) ⇥ 10

�12
2.37 ± 0.02 N/A N/A 148/32

Exp. Cuto↵ 2.82 (± 0.08) ⇥ 10

�12
2.05 ± 0.04 N/A 12.1 ± 1.6 35/31

Power Law

Smoothly Broken 2.55 (± 0.07) ⇥ 10

�12
2.14 ± 0.04 4.39 ± 0.39 12.1 ± 1.7 32/30

Power Law

from 2 to 30 TeV (derived from an integration region of
0.13� centered on VER J1745-290) is shown, along with
the H.E.S.S. spectral points (Aharonian et al. 2009) in
Figure 2 (right). While the H.E.S.S. observations allow
for very rich statistics at lower energies, the large e↵ec-
tive area for large zenith angle VERITAS observations
of Sgr A* provide a significant improvement in statis-
tics at multi-TeV energies. By providing a joint fit to
both the H.E.S.S. and VERITAS points from 0.2 to 50
TeV, more refined spectral model parameters can be ob-
tained. Following the analysis of Aharonian et al. (2009),
we investigated spectra following the shape of 1.) a pure
power law, 2.) a power law with an exponential cuto↵,
and 3.) a smoothly broken power law. These functions
have forms of (respectively):
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The fitting results (shown in Table 1, and in Figure
2, right) clearly disfavor a pure power-law fit, while the
exponential-cuto↵ power law and smoothly broken power
law models both provide adequate fits (reduced �2 values
close to 1.0) with similar values for cuto↵/break energies.
In the case of a power law with an exponential cut-o↵, the
spectral parameters are in good agreement with Aharo-
nian et al. (2009) and refine the location of the spectral
cuto↵ (E

cutoff

) to 12.1 ± 1.6 TeV. It is important to
note that the measured spectrum includes contributions

from any sources that may fall within 0.13� of Sgr A*
(such as a di↵use component). Here we conservatively
estimate the systematic error to be approximately 40%
on the energy scale and 40% on the flux normalization
(N0) (see Archer et al. 2014 for a description of how this
error is derived). Taken in quadrature with the associ-
ated H.E.S.S. systematic errors reported in (Aharonian
et al. 2009), the VERITAS systematic errors dominate,
resulting in a total estimated systematic error for the
above fits of ⇠40% on energy scale, and ⇠40% on flux
normalization.
Assuming that either an exponential-cuto↵ power law

or broken power law provides the best model of the
spectrum from the source, the determination of the cut-
o↵/break energy in the TeV gamma-ray spectrum pro-
vides an important mechanism to study particle acceler-
ation in the region. We note that the overlap between
multiple components of TeV gamma-ray emission in the
area (Sgr A*, di↵use, and possibly others) makes a sim-
ple extraction of the di↵use component from the Sgr A*
spectrum problematic. As such, we take the approach of
only using the observed TeV gamma-ray spectrum from
the direction of Sgr A* to compare to emission models in
the discussion section at the end of this work. We note
that even with this analysis choice, our current result is
consistent with the results of Viana (2013) in which the
authors perform a subtraction of a modeled di↵use com-
ponent from the Sgr A* TeV gamma-ray spectrum and
find a spectral cuto↵ of 10.7 ± 2.0

stat

TeV.

4. VER J1747-281 (G0.9+0.1)

The composite supernova remnant G0.9+0.1 consists
of a bright, compact radio PWN core surrounded by an
extended radio shell (Helfand & Becker 1987) and is es-
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Fig. 3.— Left: The VERITAS >2 TeV gamma-ray significance map (smoothed with PSF) of the composite SNR G0.9 +0.1, along with
VLA 20cm radio contours (Yusef-Zadeh et al. 2004). The VERITAS location is consistent with the core of the composite SNR. Excess TeV
gamma-ray emission from the Sgr B2 region can also be seen adjacent to G0.9+0.1. Right: The di↵erential energy spectrum of G0.9+0.1
using both VERITAS and H.E.S.S. (Aharonian et al. 2005) data points. The spectrum is well fit by a simple power law with no indication
of a cuto↵ up to ⇠20 TeV.

timated to have an age of a few thousand years (Beckert
et al. 1996; Aharonian et al. 2005). G0.9+0.1 was first
announced as a TeV gamma-ray source by the H.E.S.S.
collaboration (Aharonian et al. 2005), detecting >200
GeV gamma-ray emission at the level of approximately
2% of the Crab nebula flux. The H.E.S.S. source is at-
tributed to the core of the remnant due to the observed
morphology, as well as the apparent lack of strong hard
X-ray emission in the shell remnant. The H.E.S.S. spec-
trum of the source from 0.2 to 7 TeV is well fit by a
simple power law with a spectral index of 2.4 ± 0.11

stat

.
VERITAS observations of the Galactic Center Ridge

taken during 2010-2014 also allow for a statistically sig-
nificant detection of G0.9+0.1 in the >2 TeV gamma-ray
regime. In the 85 hours of observations reported in this
work, VERITAS detected a total of 134 excess events
from G0.9+0.1, corresponding to a statistically signifi-
cant detection at the 7� level. The VERITAS source po-
sition (Figure 3, left) is centered at l = 0.86� ± 0.015�

stat

± 0.013�
sys

, b = 0.067� ± 0.02�
stat

± 0.013�
sys

and is given
the VERITAS source name VER J1747-281. The VER-
ITAS position is coincident with both H.E.S.S. position
and the radio core location. The joint VERITAS and
H.E.S.S. spectra of G0.9+0.1 (Figure 3, right) from 0.2 to
30 TeV are well fit (reduced �2 of 3.1/9) by a pure power
law (Eq. 3.1) with normalization (at 1 TeV) of 7.07 ±
0.66

stat

⇥ 10�13 photons TeV�1 cm�2 s�1 and index of
2.51 ± 0.07

stat

, consistent with the H.E.S.S. measure-
ment alone. Adding the systematic errors for both the
H.E.S.S. and VERITAS measurements in quadrature, we
arrive at an error of 41% on the spectral index and 45%
on the flux normalization. We find no strong indications
of a spectral break up to ⇠20 TeV.

5. VER J1746-289

In Aharonian et al. (2006a), the H.E.S.S. collaboration
presented residual maps (i.e. after subtracting known
point sources within the field of view) of the >300 GeV
gamma-ray emission from the Galactic plane. These
residual maps revealed a complicated network of dif-
fuse gamma-ray emission within the central 3� of the
plane. When plotted along with the CS emission con-

tours (Tsuboi et al. 1999), the H.E.S.S. emission appears
correlated with dense molecular cloud regions (bright in
CS line emission). However, given the complicated na-
ture of the region, this measurement was unable to rule
out the possibility of a significant contribution to the TeV
gamma-ray flux coming from unresolved point sources.
To investigate whether the H.E.S.S. residual compo-

nent is present in the >2 TeV gamma-ray VERITAS
skymaps, we e↵ectively masked the two point sources
(Sgr A* and G0.9 +0.1) by removing the excess counts
from a 0.12� region surrounding their best fit locations.
The resulting significance skymap is shown in Figure 4
with radio (middle panel), and Fermi -LAT/H.E.S.S. in-
tensity contours (bottom panel) overlaid. A band of >2
TeV gamma-ray emission reaches ⇠1� to the east of Sgr
A*. This morphology is consistent with the result of
Aharonian et al. (2006a) for emission above 300 GeV,
with two main enhancements: the first co-located with
the giant molecular cloud complex Sgr B2 (see Figure 3,
left; Figure 4) and a second region directly adjacent to
Sgr A*. With respect to the enhancement seen near Sgr
B2, the VERITAS data indicates a >2 TeV gamma-ray
excess at a statistical significance of 5.3�. After an ap-
propriate trials factor to account for analysis cuts (signal
versus noise selection criteria) and a PSF-sized search
region are applied, this significance decreases to 4.1�,
bringing the excess below the threshold for a claim of an
individual source detection (5�) by VERITAS.
In this work we choose to focus on the localized excess

of >2 TeV gamma-ray emission within this di↵use com-
ponent, directly adjacent to Sgr A*. The center of this
excess is located at l = 0.055� ± 0.01�

stat

± 0.013�
sys

, b
= -0.148� ± 0.01�

stat

± 0.013�
sys

and is given the name
VER J1746-289. VER J1746-289 is well fit (reduced �2

of 216/172) by an asymmetric two-dimensional Gaussian
of �

l

=0.08�, �
b

=0.03� (rotation angle of -15.4� with re-
spect to Galactic Latitude), therefore the source is only
marginally extended in Galactic Longitude. VER J1746-
289 is detected at a statistical significance of 7.6� before
applying a trials factor. Using an appropriate search re-
gion (and accounting for analysis cuts) this significance

• VERITAS data from Archer et al., 2016, ApJ, 821, 
129 ``TeV Gamma-Ray observations of the GC 
Ridge by VERITAS’’ 

• 85 hours of Large Zenith Angle (~30deg elevation 
at transit) from 2010-2014.

• GC seen at 25 sigma using LZA analysis method.  
Spectrum in good agreement with HESS.

• Lots of other sources in GC region!
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Ten Years of Dwarf Galaxy 
Ten Years of Dwarf Galaxy Observations• Stellar velocity dispersion of stars in Dwarf galaxies giving density profiles, and J-factors (the 

figure of merit for detectibility).   VERITAS conducted a 10 year program of Dwarf observing.
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VERITAS Combined Dwarf Limits
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“Dark matter constraints from a joint analysis of dwarf Spheroidal galaxy observations with VERITAS”, Archambaldt 
et al. (for VERITAS), PRD, 95, 082001 (2017)
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VERITAS Combined Dwarf Limits
• VERITAS 95% CL velocity-averaged 

cross section as a function of DM mass 
for stacked dwarf galaxy observations 
for different Annihilation channels.
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“Dark matter constraints from a joint analysis of dwarf Spheroidal galaxy observations with VERITAS”, Archambaldt 
et al. (for VERITAS), PRD, 95, 082001 (2017)
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VERITAS Combined Dwarf Limits
• VERITAS 95% CL velocity-averaged 

cross section as a function of DM mass 
for stacked dwarf galaxy observations 
for different Annihilation channels.
• Results depend on Dwarf galaxies with 

the highest J-factor.   New 
measurements (e.g., DES) are revealing 
more, and perhaps better Dwarfs.
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W/Z Sommerfeld Enhancement  

the indices i, j run over the possible initial two-particle
states. Let us consider for definiteness the case of the
winolike neutralino: the possible initial states are
f!0!0;!þ!"g. The neutralino and the chargino are as-
sumed to be quasidegenerate, since they are all members
of the same triplet. What we will say can anyway be easily
generalized to the case of the Higgsinolike neutralino. Let
us also focus on two particular annihilation channels: the
WþW" channel and the eþe" channel. It can be assumed
that, close to a resonance, d1 # d2. This can be inferred, for
example, using the square well approximation as in
Ref. [11], where it is found that, in the limit of small
velocity, d1 ’

ffiffiffi
2

p
ðcos

ffiffiffi
2

p
pcÞ"1 "

ffiffiffi
2

p
ðcoshpcÞ"1 and d2 ’

ðcos
ffiffiffi
2

p
pcÞ"1 þ 2ðcoshpcÞ"1, where pc &

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2"2m=mW

p
.

The elements of the ! matrix for the annihilation into a
pair of W bosons are #"2

2=m
2
!, so that we can write the

following order of magnitude estimate:

#vð!0!0 ! WþW"Þ # jd1j2
"2
2

m2
!
: (9)

On the other hand, the nonenhanced neutralino annihila-
tion cross section to an electron-positron pair !22 #
"2
2m

2
e=m

4
!, so that it is suppressed by a factor ðme=m!Þ2

with respect to the gauge boson channel. This is a well-
known general feature of neutralino annihilations to fer-
mion pairs and is due to the Majorana nature of the
neutralino. The result is that all low-velocity neutralino
annihilation diagrams to fermion pairs have amplitudes
proportional to the final state fermion mass. The chargino
annihilation cross section to fermions, however, does not
suffer from such an helicity suppression, so that it is again
!11 # "2

2=m
2
! ' !22. Then:

#vð!0!0 ! eþe"Þ # jd1j2
"2
2

m2
!
: (10)

Then we have that, after the Sommerfeld correction, the
neutralino annihilates to W bosons and to eþe" pairs (and
indeed to all fermion pairs) with similar rates, apart from
Oð1Þ factors. This means that while the W channel is
enhanced by a factor jd1j2, the electron channel is en-
hanced by a factor jd1j2m2

!=m
2
e. The reason is that the

annihilation can proceed through a ladder diagram like

the one shown in Fig. 4, in which basically the electron-
positron pair is produced by annihilation of a chargino pair
close to an on shell state. This mechanism can be similarly
extended to annihilations to other charged leptons, neutri-
nos, or quarks.

IV. CDM SUBSTRUCTURE: ENHANCING THE
SOMMERFELD BOOST

There is a vast reservoir of clumps in the outer halo
where they spend most of their time. Clumps should sur-
vive perigalacticon passage over a fraction (say $) of an
orbital time scale, td ¼ r=vr, where vr is the orbital ve-
locity (given by v2

r ¼ GM=rÞ. It is reasonable to assume
that the survival probability is a function of the ratio
between td and the age of the halo tH, and that it vanishes
for td ! 0. Thus, at linear order in the (small) ratio td=tH, a
first guess at the clump mass fraction as a function of
galactic radius would be fclump / td. We conservatively
adopt the clump mass fraction %cl ¼ $rv"1

r t"1
H with $ ¼

0:1–1. This gives a crude but adequate fit to the highest
resolution simulations, which find that the outermost halo
has a high clump survival fraction, but that near the Sun
only 0.1%–1% survive [17]. In the innermost galaxy, es-
sentially all clumps are destroyed.
Suppose the clump survival fraction SðrÞ / fclump / r3=2

to zeroth order. The annihilation flux is proportional to
&2 ) Volume) SðrÞ / SðrÞ=r. This suggests we should
expect to find an appreciable gamma-ray flux from the
outer galactic halo. It should be quasi-isotropic with a
#10% offset from the center of the distribution. The flux
from the Galactic center would be superimposed on this.
High resolution simulations demonstrate that clumps ac-
count for as much luminosity as the uniform halo [18,19].
However much of the soft lepton excess from the inner halo
will be suppressed due to the clumpiness being much less
in the inner galaxy.
We see from the numerical simulations of our halo,

performed at a mass resolution of 1000M* that the subhalo
contribution to the annihilation luminosity scales as
M"0:226

min [19]. For Mmin ¼ 105M*, this roughly equates
the contribution of the smooth halo at r ¼ 200 kpc from
the center. This should continue down to the minimum
subhalo mass. We take the latter to be 10"6M* clumps,
corresponding the damping scale of a binolike neutralino
[20,21]. We consider this as representative of the damping
scale of neutralino dark matter, although it should be noted
that the values of this cutoff for a general weakly interact-
ing massive particle (WIMP) candidate can span several
orders of magnitude, depending on the details of the under-
lying particle physics model [22,23]. It should also be
taken into account that the substructure is a strong function
of the galactic radius. Since the dark matter density drops
precipitously outside the solar circle (as r"2), the clump
contribution to boost is important in the solar neighbor-
hood. However absent any Sommerfeld boost, it amounts

FIG. 4. Diagram describing the annihilation of two neutralinos
into a charged lepton pair, circumventing helicity suppression.

CAN THE WIMP ANNIHILATION BOOST FACTOR . . . PHYSICAL REVIEW D 79, 083523 (2009)

083523-5

Lattanzi and Silk, PRD 79, 083523 
(2009), Profumo (2005)

'+6.(4/.@?:2+3-S(

(Matthieu Vivier et al. for the VERITAS Collaboration)

At sufficiently high neutralino masses, 
the W and Z can act as carriers of a 
long-range (Yukawa-like) force, resulting 
in a velocity dependent enhancement in 
cross section.
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W/Z Sommerfeld Enhancement  

• At high mass, we generically expect Sommerfeld enhancement from W, Z exchange for 
standard neutralinos can give large enhancement in cross section,

the indices i, j run over the possible initial two-particle
states. Let us consider for definiteness the case of the
winolike neutralino: the possible initial states are
f!0!0;!þ!"g. The neutralino and the chargino are as-
sumed to be quasidegenerate, since they are all members
of the same triplet. What we will say can anyway be easily
generalized to the case of the Higgsinolike neutralino. Let
us also focus on two particular annihilation channels: the
WþW" channel and the eþe" channel. It can be assumed
that, close to a resonance, d1 # d2. This can be inferred, for
example, using the square well approximation as in
Ref. [11], where it is found that, in the limit of small
velocity, d1 ’

ffiffiffi
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2"2m=mW

p
.

The elements of the ! matrix for the annihilation into a
pair of W bosons are #"2

2=m
2
!, so that we can write the

following order of magnitude estimate:

#vð!0!0 ! WþW"Þ # jd1j2
"2
2

m2
!
: (9)

On the other hand, the nonenhanced neutralino annihila-
tion cross section to an electron-positron pair !22 #
"2
2m

2
e=m

4
!, so that it is suppressed by a factor ðme=m!Þ2

with respect to the gauge boson channel. This is a well-
known general feature of neutralino annihilations to fer-
mion pairs and is due to the Majorana nature of the
neutralino. The result is that all low-velocity neutralino
annihilation diagrams to fermion pairs have amplitudes
proportional to the final state fermion mass. The chargino
annihilation cross section to fermions, however, does not
suffer from such an helicity suppression, so that it is again
!11 # "2

2=m
2
! ' !22. Then:

#vð!0!0 ! eþe"Þ # jd1j2
"2
2

m2
!
: (10)

Then we have that, after the Sommerfeld correction, the
neutralino annihilates to W bosons and to eþe" pairs (and
indeed to all fermion pairs) with similar rates, apart from
Oð1Þ factors. This means that while the W channel is
enhanced by a factor jd1j2, the electron channel is en-
hanced by a factor jd1j2m2

!=m
2
e. The reason is that the

annihilation can proceed through a ladder diagram like

the one shown in Fig. 4, in which basically the electron-
positron pair is produced by annihilation of a chargino pair
close to an on shell state. This mechanism can be similarly
extended to annihilations to other charged leptons, neutri-
nos, or quarks.

IV. CDM SUBSTRUCTURE: ENHANCING THE
SOMMERFELD BOOST

There is a vast reservoir of clumps in the outer halo
where they spend most of their time. Clumps should sur-
vive perigalacticon passage over a fraction (say $) of an
orbital time scale, td ¼ r=vr, where vr is the orbital ve-
locity (given by v2

r ¼ GM=rÞ. It is reasonable to assume
that the survival probability is a function of the ratio
between td and the age of the halo tH, and that it vanishes
for td ! 0. Thus, at linear order in the (small) ratio td=tH, a
first guess at the clump mass fraction as a function of
galactic radius would be fclump / td. We conservatively
adopt the clump mass fraction %cl ¼ $rv"1

r t"1
H with $ ¼

0:1–1. This gives a crude but adequate fit to the highest
resolution simulations, which find that the outermost halo
has a high clump survival fraction, but that near the Sun
only 0.1%–1% survive [17]. In the innermost galaxy, es-
sentially all clumps are destroyed.
Suppose the clump survival fraction SðrÞ / fclump / r3=2

to zeroth order. The annihilation flux is proportional to
&2 ) Volume) SðrÞ / SðrÞ=r. This suggests we should
expect to find an appreciable gamma-ray flux from the
outer galactic halo. It should be quasi-isotropic with a
#10% offset from the center of the distribution. The flux
from the Galactic center would be superimposed on this.
High resolution simulations demonstrate that clumps ac-
count for as much luminosity as the uniform halo [18,19].
However much of the soft lepton excess from the inner halo
will be suppressed due to the clumpiness being much less
in the inner galaxy.
We see from the numerical simulations of our halo,

performed at a mass resolution of 1000M* that the subhalo
contribution to the annihilation luminosity scales as
M"0:226

min [19]. For Mmin ¼ 105M*, this roughly equates
the contribution of the smooth halo at r ¼ 200 kpc from
the center. This should continue down to the minimum
subhalo mass. We take the latter to be 10"6M* clumps,
corresponding the damping scale of a binolike neutralino
[20,21]. We consider this as representative of the damping
scale of neutralino dark matter, although it should be noted
that the values of this cutoff for a general weakly interact-
ing massive particle (WIMP) candidate can span several
orders of magnitude, depending on the details of the under-
lying particle physics model [22,23]. It should also be
taken into account that the substructure is a strong function
of the galactic radius. Since the dark matter density drops
precipitously outside the solar circle (as r"2), the clump
contribution to boost is important in the solar neighbor-
hood. However absent any Sommerfeld boost, it amounts

FIG. 4. Diagram describing the annihilation of two neutralinos
into a charged lepton pair, circumventing helicity suppression.

CAN THE WIMP ANNIHILATION BOOST FACTOR . . . PHYSICAL REVIEW D 79, 083523 (2009)

083523-5

Lattanzi and Silk, PRD 79, 083523 
(2009), Profumo (2005)

'+6.(4/.@?:2+3-S(

(Matthieu Vivier et al. for the VERITAS Collaboration)

At sufficiently high neutralino masses, 
the W and Z can act as carriers of a 
long-range (Yukawa-like) force, resulting 
in a velocity dependent enhancement in 
cross section.
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HAWC Dwarf Limits

11

Figure 3. 95% confidence level upper limits on the dark matter annihilation cross-section for 15 dwarf spheroidal galaxies
within the HAWC field of view for the bb̄, tt̄, ⌧+⌧�, µ+µ� and W+W� annihilation channels. The solid black line shows the
combined limit using all dSphs resulting from a joint likelihood analysis. The dashed black line shows the combined limit using
14 dSphs, excluding Triangulum II. The gray band shows the systematic uncertainty on the combined limits due to HAWC
systematics and dark orange band shows the systematic uncertainty due to J-factor uncertainty.

12

Figure 4. 95% confidence level upper limits on the dark matter annihilation cross-section for the five dark matter annihilation
channels considered in this analysis and their comparison of the dark matter annihilation cross-section limits of HAWC to other
experimental results for the the bb̄, tt̄, ⌧+⌧�, µ+µ� and W+W� annihilation channels. The HAWC 507 days limits from data
are shown by the black solid line. The dashed black line shows the combined limit using 14 dSphs, excluding Triangulum II.
Fermi-LAT combined dSph limits (Ackermann et al. 2014), Veritas Segue 1 limits (Archambault et al. 2017), HESS combined
dSph limits (Abramowski et al. 2014) and MAGIC Segue 1 limits (Ahnen et al. 2016) are shown for comparison. The same
color scheme is used for all the experiment comparison plots.

“Dark Matter Limits from Dwarf Spheroidal Galaxies with the HAWC Gamma-Ray 
Observatory”, A. Albert et al. (for the HAWC Collaboration), 2017, ApJ, 853,154
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GC Upper Limits
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FIG. 1: Constraints on the velocity-weighted annihilation cross section h�vi for the W+W� (left panel) and ⌧+⌧� (right panel)
channels derived from observations taken over 10 years of the inner 300 pc of the GC region with H.E.S.S. The constraints
for the bb̄, tt̄ and µ+µ� channels are given in Fig. 4 in Supplemental Material [16]. The constraints are expressed as 95%
C. L. upper limits as a function of the DM mass mDM. The observed limit is shown as black solid line. The expectations
are obtained from 1000 Poisson realizations of the background measured in blank-field observations at high Galactic latitudes.
The mean expected limit (black dotted line) together with the 68% (green band) and 95% (yellow band) C. L. containment
bands are shown. The blue solid line corresponds to the limits derived in a previous analysis of 4 years (112 h of live time)
of GC observations by H.E.S.S. [10]. The horizontal black long-dashed line corresponds to the thermal relic velocity-weighted
annihilation cross section (natural scale).
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FIG. 2: Left: Impact of the DM density distribution on the constraints on the velocity-weighted annihilation cross section h�vi.
The constraints expressed in terms of 95% C. L. upper limits are shown as a function of the DM mass mDM in the W+W�

channels for the Einasto profile (solid black line), another parametrization of the Einasto profile (dotted black line), and the
NFW profile (long dashed-dotted black line), respectively. Right: Comparison of constraints on the W+W� channels with the
previous published H.E.S.S. limits from 112 hours of observations of the GC [10] (blue line), the limits from the observations of
15 dwarf galaxy satellites of the Milky Way by the Fermi satellite [23] (green line), the limits from 157 hours of observations of
the dwarf galaxy Segue 1 [24] (red line), and the combined analysis of observations of 4 dwarf galaxies by H.E.S.S. [25] (brown
line).

increase of the sensitivity of the analysis presented here. In the right panel of Fig. 1, the observed 95% C. L. up-

Projected VERITAS
 GC Sensitivity

``Search for dark matter annihilations towards the inner Galactic halo from 10 years of observations 
with H.E.S.S.’’ , Abdallah et al. (for the HESS collaboration), 2016, PRL, 117, 1301)  
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FIG. 1: Constraints on the velocity-weighted annihilation cross section h�vi for the W+W� (left panel) and ⌧+⌧� (right panel)
channels derived from observations taken over 10 years of the inner 300 pc of the GC region with H.E.S.S. The constraints
for the bb̄, tt̄ and µ+µ� channels are given in Fig. 4 in Supplemental Material [16]. The constraints are expressed as 95%
C. L. upper limits as a function of the DM mass mDM. The observed limit is shown as black solid line. The expectations
are obtained from 1000 Poisson realizations of the background measured in blank-field observations at high Galactic latitudes.
The mean expected limit (black dotted line) together with the 68% (green band) and 95% (yellow band) C. L. containment
bands are shown. The blue solid line corresponds to the limits derived in a previous analysis of 4 years (112 h of live time)
of GC observations by H.E.S.S. [10]. The horizontal black long-dashed line corresponds to the thermal relic velocity-weighted
annihilation cross section (natural scale).
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FIG. 2: Left: Impact of the DM density distribution on the constraints on the velocity-weighted annihilation cross section h�vi.
The constraints expressed in terms of 95% C. L. upper limits are shown as a function of the DM mass mDM in the W+W�

channels for the Einasto profile (solid black line), another parametrization of the Einasto profile (dotted black line), and the
NFW profile (long dashed-dotted black line), respectively. Right: Comparison of constraints on the W+W� channels with the
previous published H.E.S.S. limits from 112 hours of observations of the GC [10] (blue line), the limits from the observations of
15 dwarf galaxy satellites of the Milky Way by the Fermi satellite [23] (green line), the limits from 157 hours of observations of
the dwarf galaxy Segue 1 [24] (red line), and the combined analysis of observations of 4 dwarf galaxies by H.E.S.S. [25] (brown
line).

increase of the sensitivity of the analysis presented here. In the right panel of Fig. 1, the observed 95% C. L. up-

Projected VERITAS
 GC Sensitivity

``Search for dark matter annihilations towards the inner Galactic halo from 10 years of observations 
with H.E.S.S.’’ , Abdallah et al. (for the HESS collaboration), 2016, PRL, 117, 1301)  
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CTA
CTA Design (S array)

Science Optimization under budget constraints

Low energies
Energy threshold 20-30 GeV
23 m diameter
4 t l

Medium energies
100 G V 10 T V Hi h i4 telescopes 

(LST’s)
100 GeV – 10 TeV

9.5 to 12 m diameter
25 telescopes
(MST’s/SCTs)

High energies
10 km2 area at few TeV

3 to 4m diameter
70 telescopes( ) 70 telescopes

(SST’s)
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Flux Sensitivity

Major  sensitivity improvement & wider energy range Major  sensitivity improvement & wider energy range 
Æ Factor of >10 increase in source population

(credit:  Rene Ong)
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CTA GC Sensitivity

`Prospects for Indirect Dark Matter Searches with the Cherenkov Telescope Array (CTA)’’ , J. Carr 
et al.  (for the CTA Consortium), 2015 in Proc. of the 34th ICRC conference,

Prospects for Indirect Dark Matter Searches with CTA                                                                     J. Carr 
_________________________________________________________________________________________________________________________________________________________________________________________________________________ 

                               
 

4 

integration over the inner halo, while yielding a large signal, gives a very large 
instrumental background from misidentified charged cosmic rays. Further, there are 
astrophysical backgrounds from various sources which must be understood, even with 
the very central region excluded from the analysis. It is believed that the disadvantages 
of the MW target can be overcome with sufficient experimental effort to control 
systematic effects in background subtraction or modelling. VHE standard astrophysical 
processes have steeper spectra than the expected DM-induced gamma-ray continuum 
emission. Given the wealth of other high energy emitters expected in this region, the 
search for a DM component requires a very deep exposure to enable detection and 
detailed spectro-morphological studies; a deep understanding of the instrumental and 
observational systematics; and accurate measurements of other astrophysical emission 
in the region to be able to reduce at best contamination to the DM signal. A deep 
exposure for the Galactic Centre observation will provide the means for an in-depth 
study and better understanding of the astrophysical emissions in this region.  

 

  
Figure1. Left: Sensitivity for  σ v from observation on the Galactic Halo with Einsasto dark matter 
profile and for different annihilation modes as indicated. Right: for cuspy (NFW, Einasto) and cored 
(Burkert) dark matter halo profiles. For both plots only statistical errors are taken into account. The 
dashed horizontal lines indicate the level of the thermal cross-section of 3 × 10−26 cm3 s−1. 
 

Stellar dynamics in the Milky Way is dominated by the gravitational potential of 
baryons up to the kpc scale and the DM density distribution in the inner kpc region can 
thus be accommodated by both cuspy profiles e. g. Navarro, Frenk and White (NFW) 
[14], Einasto [15] and cored profiles e. g. Burkert [16]. Important efforts are ongoing to 
accurately simulate baryon impact on the DM distribution in the central region of 
galaxies.  With rapid progress being made in the field, a more comprehensive picture for 
the central region of the Milky Way is expected by the time of CTA observations with 
reduced theoretical uncertainties on the DM distribution. Although the observation 
strategy may substantially differ for a kpc-size core profile compared to a cuspy profile, 
the detection of a DM signal and the detailed study of its morphology would help to 
resolve this important question.  

The Galactic Halo observations will be taken with multiple grid pointings with 
offsets from the GC position of about ±1.3° to cover the central 4° around the GC as 
uniformly as possible. This observation strategy defined explicitly to search for DM will 
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If the US Funded CTA...
• If NSF and DOE had the budget to follow through on the advice of the NWNH decadal 

survey, Snowmass and P5  this is what we could have achieved...



γ γ

1

γ γ

1

γ γ

1

UCLA DM 2018 Conference                                 DM with ACTs                                                Jim Buckley 

II. Gamma-Ray Searches for Axion-
Like-Particles
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Axions and ALPs

LQCD =

1

4

Gµ⌫
a Gaµ⌫ + g�Gµ⌫

a
˜Gaµ⌫ + interactions.

Note : Fµ⌫ F̃
µ⌫ = ~

B · ~E $ Gµ⌫G̃
µ⌫ = ~

Ba · ~Ea which is odd under T ) odd under CP

One expects CP violating term in QCD Lagrangian:

Peccei-Quinn solution: introduce new field (with MH potential). At T < fa
symmetry broken, and axial mode of field settles at some angle ✓ = a.
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Axions and ALPs

LQCD =

1

4

Gµ⌫
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˜Gaµ⌫ + interactions.

Note : Fµ⌫ F̃
µ⌫ = ~

B · ~E $ Gµ⌫G̃
µ⌫ = ~

Ba · ~Ea which is odd under T ) odd under CP

One expects CP violating term in QCD Lagrangian:

Peccei-Quinn solution: introduce new field (with MH potential). At T < fa
symmetry broken, and axial mode of field settles at some angle ✓ = a.

When T ⇠ ⇤QCD tilting of hat gives axion

field a VEV hai = 0 that cancels the CP violating

term. The a field oscillates about its VEV with a

mass given by the curvature of the potential.
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Figure 3.1: Feynmann diagram for axion coupling to photons

independent of the fermion mass.

Pierre Sikivie in a 1983 paper demonstrated the axions could be detected in a laboratory

setting by exploiting the two-photon coupling of the axion (Sikivie, 1983). Experiments that

take advantage of this coupling suggested by Sikivie have also been shown to be capable of

detecting a broader class of particle, an axion-like pseudoscalar �, that couples to photons

in a fashion which mirrors Eq. 3.9 (Massó and Toldrà, 1995):

L��� = �1

4
g��Fµ⌫F̃

µ⌫� = g�� ~E · ~B� (3.11)

Such a class of particle is often assumed to only couple to two photons, unlike the axion

which couples to other Standard Model particles. This breaks the relationship between the

axion mass, the symmetry breaking scale, and thus the relationship between ga� and M

(see Equation 3.10. A ��particle does not require the relation between the mass m� and

the coupling g that the axion has. The mass and coupling to photons are independent

parameters. This broader class of particles is referred to as axion-like particles (ALPs)

to distinguish these from the classical QCD axions discussed. ALPs arise from the basic

physical mechanism, the Peccei-Quinn mechanism, that provides a solution to the strong

CP problem. ALPs can provide a candidate for the dark matter problem but unlike classical

axions can not solve both problems.
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Figure 3.1: Feynmann diagram for axion coupling to photons
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µ⌫ = ~

B · ~E $ Gµ⌫G̃
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Ba · ~Ea which is odd under T ) odd under CP

One expects CP violating term in QCD Lagrangian:

The single parameter fa determines axion mass, coupling constant and relic
density. Axion-Like Particles (ALPs) are pseudoscalars with similar coupling to
photons, but are less constrained/motivated. Axions and ALPs can be detected
with Haloscopes like ADMX (via the Primako↵ process), cooling curves of stars
and compact objects, or light-through-wall experiments.
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Axion-Photon Mixing
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one can find the equations of

motion for the two components of the vector potential A
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and A
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and for the

axion field a. Grouping these into a single 3 component wave function, one

obtains the Schrödinger like equation:
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ALP Photon Mixing

[e.g., De Angelis et al., 2007,2011; Mirizzi et al., 2007; Simet et al., 2008;!
Sanchez-Condé et al., 2009; Horns et al. 2012; Tavecchio et al. 2012; Mena & Razzaque 2013]

from Manuel Meyer (for CTA collaboration)
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Anomalous Transparency?

M. Meyer | CTA and H.E.S.S. II sensitivity to ALPs | July 3|

Spectral hardening at high optical 
depths?
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Light Shining Through Walls...

● systematically very clean (known source)

● BUT: need 2x Primakoff effect

● field arose after PVLAS claim; 
using old accelerator magnets

● QCD axion and CDM („holy grail“) is out of reach  ALPS

Transition 
Probability:



Experimental Limits on Axion DM

Figure 3.2: Summary of current constraints, future prospects and hints in axion/ALP
parameter space. The classical QCD axion parameter space is shown by a yellow band.
Axionic dark matter parameter space is shown by orange bands. In the region labeled
“WIMP-axion CDM” axions would only comprise a fraction of the dark matter energy
density. Prospects for IAXO and ADMX are shown by hatched regions. Figure taken
from Carosi et al. (2013).

axion/ALP mass from a variety of search methods, many of which will be described in

the following sections. Most searches for axions and ALPs are based on the same basic

principle, the Primako↵ e↵ect. The Primako↵ e↵ect is the conversion of photons into axions

by interacting with electric or magnetic fields acting as virtual photons. The e↵ect arises

from the aFµ⌫F̃µ⌫ term in the Lagrangian giving rise to a term ga ~E · ~B. Not that this

term represents the combined contribution of a direct coupling of axions to photons, or the

coupling through fermion triangle diagrams (see Figure 3.1) a necessary consequence of the

aGµ⌫G̃µ⌫ term in the Lagrangian. The Feynman diagram for this interaction is shown in

Fig. 3.3.
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Looking Under the Lamp Post
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Looking Under the Lamp Post

• I’ve heard some theorists accuse experimentalists of lacking imagination by only looking 
for WIMP/SUSY DM is like ``only looking for your lost keys under the lamp post’’.
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Looking Under the Lamp Post

• I’ve heard some theorists accuse experimentalists of lacking imagination by only looking 
for WIMP/SUSY DM is like ``only looking for your lost keys under the lamp post’’.

• Theorem:  If you don’t look under the lamp post where there is light, it is really hard to see 
anything!
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Looking Under the Lamp Post

• I’ve heard some theorists accuse experimentalists of lacking imagination by only looking 
for WIMP/SUSY DM is like ``only looking for your lost keys under the lamp post’’.

• Theorem:  If you don’t look under the lamp post where there is light, it is really hard to see 
anything!

• Corollary: ``Outside of a dog a book is a man’s best friend.  Inside a dog it is too dark 
to read’’ (G. Marx).   
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• Observations of the GC region by current generation of ACTs  reveal bright 
GeV - TeV emission from a number of sources, including steady emission from 
the GC.   Even with these astrophysical backgrounds, ACTs can provide 
powerful constraints on DM up to tens of TeV reaching within an order of 
magnitude of the natural cross section.  

Conclusions
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the GC.   Even with these astrophysical backgrounds, ACTs can provide 
powerful constraints on DM up to tens of TeV reaching within an order of 
magnitude of the natural cross section.  

•  CTA observations of the GC could exclude much of the remaining parameter 
space for high mass WIMPs.   
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• Observations of the GC region by current generation of ACTs  reveal bright 
GeV - TeV emission from a number of sources, including steady emission from 
the GC.   Even with these astrophysical backgrounds, ACTs can provide 
powerful constraints on DM up to tens of TeV reaching within an order of 
magnitude of the natural cross section.  

•  CTA observations of the GC could exclude much of the remaining parameter 
space for high mass WIMPs.   

•  Even if VERITAS, HESS, MAGIC and even CTA fail to detect dark matter, 
they will reveal new information about phenomena ranging from relativistic 
jets from supermassive black holes, a census of supernovae across the galaxy, 
the origin of cosmic rays, the nature of pulsar magnetospheres, the history of 
star formation imprinted on the primordial starlight, constraints on the 
primordial magnetic field, and multimessenger science through searches for 
electromagnetic counterparts of gravitational wave and neutrino sources - not 
a bad consolation prize. 

Conclusions
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III. Backup Slides
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The Future

χ0 q

χ0

p

π0

K

q̄

π+

γ

γ

1

The WIMP miracle is the only reason we 
are looking, or know where to look.   
Only way to design an instrument is by 
starting with a hypothesis.  
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FIG. 4. Upper limits on the velocity-averaged DM annihilation cross section at 95% confidence level for DM annihilation to
bb̄ (left) and ⌧+⌧� (right). Limits for each DES candidate dSph, as well as the combined limits (dashed red line) from the
eight new candidates are shown. Here we assume that each candidate is a dSph and use an estimate of the J-factor based on
photometric data (see text). For reference, we show the current best limits derived from a joint analysis of fifteen previously
known dSphs with known J-factors (black curve) [19].
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FIG. 4. Upper limits on the velocity-averaged DM annihilation cross section at 95% confidence level for DM annihilation to

bb̄ (left) and ⌧+⌧� (right). Limits for each DES candidate dSph, as well as the combined limits (dashed red line) from the

eight new candidates are shown. Here we assume that each candidate is a dSph and use an estimate of the J-factor based on

photometric data (see text). For reference, we show the current best limits derived from a joint analysis of fifteen previously

known dSphs with known J-factors (black curve) [19].
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Only way to design an instrument is by 
starting with a hypothesis.  



γ γ

1

γ γ

1

γ γ

1

UCLA DM 2018 Conference                                 DM with ACTs                                                Jim Buckley 

7

101 102 103 104

DM Mass (GeV/c2)

10�27

10�26

10�25

10�24

10�23

10�22

10�21

h�
vi

(c
m

3
s�

1
)

bb̄

DES J0222.7-5217

DES J0255.4-5406

DES J0335.6-5403

DES J0344.3-4331

DES J0443.8-5017

DES J2108.8-5109

DES J2339.9-5424

DES J2251.2-5836

Combined DES Candidate dSphs

Combined Known dSphs

Thermal Relic Cross Section
(Steigman et al. 2012)

FIG. 4. Upper limits on the velocity-averaged DM annihilation cross section at 95% confidence level for DM annihilation to
bb̄ (left) and ⌧+⌧� (right). Limits for each DES candidate dSph, as well as the combined limits (dashed red line) from the
eight new candidates are shown. Here we assume that each candidate is a dSph and use an estimate of the J-factor based on
photometric data (see text). For reference, we show the current best limits derived from a joint analysis of fifteen previously
known dSphs with known J-factors (black curve) [19].
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FIG. 4. Upper limits on the velocity-averaged DM annihilation cross section at 95% confidence level for DM annihilation to

bb̄ (left) and ⌧+⌧� (right). Limits for each DES candidate dSph, as well as the combined limits (dashed red line) from the

eight new candidates are shown. Here we assume that each candidate is a dSph and use an estimate of the J-factor based on

photometric data (see text). For reference, we show the current best limits derived from a joint analysis of fifteen previously

known dSphs with known J-factors (black curve) [19].
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FIG. 4. Upper limits on the velocity-averaged DM annihilation cross section at 95% confidence level for DM annihilation to
bb̄ (left) and ⌧+⌧� (right). Limits for each DES candidate dSph, as well as the combined limits (dashed red line) from the
eight new candidates are shown. Here we assume that each candidate is a dSph and use an estimate of the J-factor based on
photometric data (see text). For reference, we show the current best limits derived from a joint analysis of fifteen previously
known dSphs with known J-factors (black curve) [19].
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FIG. 4. Upper limits on the velocity-averaged DM annihilation cross section at 95% confidence level for DM annihilation to

bb̄ (left) and ⌧+⌧� (right). Limits for each DES candidate dSph, as well as the combined limits (dashed red line) from the

eight new candidates are shown. Here we assume that each candidate is a dSph and use an estimate of the J-factor based on

photometric data (see text). For reference, we show the current best limits derived from a joint analysis of fifteen previously

known dSphs with known J-factors (black curve) [19].
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FIG. 4. Upper limits on the velocity-averaged DM annihilation cross section at 95% confidence level for DM annihilation to
bb̄ (left) and ⌧+⌧� (right). Limits for each DES candidate dSph, as well as the combined limits (dashed red line) from the
eight new candidates are shown. Here we assume that each candidate is a dSph and use an estimate of the J-factor based on
photometric data (see text). For reference, we show the current best limits derived from a joint analysis of fifteen previously
known dSphs with known J-factors (black curve) [19].
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Advanced Particle-astrophysics Telescope (APT)
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Gamma-Ray Transients with APT
• Large area, almost all-sky coverage for MeV 

gamma-rays  threshold could provide the 
best instrument for localizing astrophysical 
transients out to the edge of the visible 
universe.

• Short gamma-ray bursts

• NS merger gravitational wave sources
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Theory of operation

Energy deposition/fluorescence

Total internal reflection

• Slow signals from CsI+WLS can be distinguished from fast signals from ionizing 
particles passing through fibers.   Bow-tie illumination pattern allows centroiding of x-y 
coordinates, some information of depth of interaction.   
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APT Performance
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Cosmic Ray Measurements

• APT with multiple dE/dx measurements can measure rare, ultra-heavy r-
process elemental abundances
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Pair Energy Reconstruction

Figure 13: The reconstructed energy as a function of the incoming �-ray energy. Events
reconstructed in energy-reconstruction mode I, II, and III are coloured by cyan, purple, and
magenta, respectively.

17

Reconstructed energy as a function

of the incoming �-ray energy.

Colors correspond to di↵erent

reconstruction methods

where E

0

dep

is the reconstructed energy deposition calculated from the collected optical sig-
nals, E

recon

is the reconstructed event energy. Three energy reconstruction modes are given
by the choices of E 0 determined by the value of E 0

dep

, as listed by Table 1.
Mode I is the most precise in the three modes when the incident energy is low (< 300

MeV), but the energy bias increases with the increasing of the incident energy and becomes
unacceptable at GeV energy. Mode II is not as precise as Mode I at lower energies, while its
energy bias is small at all energy ranges. However, if the detector only captures a small frac-
tion of the incident energy, the energy dispersion (uncertainty of the energy reconstruction)
in Mode II is very large. For incident �-rays at such high energies, Mode III is used for which
E

fit

in Table 1 is given by fitting the detected shower profile using Eq. 5 (see Figure 7 for
examples of such profile fitting). On the other hand, Mode III does not work for relatively
small energy deposition, since the detected shower profile is not well distributed, i.e., not as
smooth as its expectation, at the lower energies [see Figure 7 (a) for an example]. Again, all
values (choices of the energy reconstruction mode) in Table 1 are optimizable.
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Figure 7: Energy deposition profiles and their curve fitting using Eq. 5: examples show
profiles for two events at 1 GeV (left) and 100 GeV (right), respectively.

4.1.3 The pair telescope performance

In the current version of the pair-event reconstruction, no event is rejected during the stage
of the energy reconstruction. The resulting reconstructed events are recorded to calculate
the instrument performance. Figure 8 shows the acceptance (also known as the geometry
factor) of the omnidirectional �-ray event as a function of the �-ray energy. The point spread
function (PSF) is used to describe the angular resolution. Figure 9 shows 68% containment
angle of the PSF as a function of energy. We calculate �

E

/E to describe the energy resolution,
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Gravitational Wave 

• Electromagnetic counterpart found for recent LIGO event, n-star merger
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APT GW Performance

In the mid-1960s, gamma-ray bursts (GRBs) were discovered
by the Vela satellites, and their cosmic origin was first established
by Klebesadel et al. (1973). GRBs are classified as long or short,
based on their duration and spectral hardness(Dezalay et al. 1992;
Kouveliotou et al. 1993). Uncovering the progenitors of GRBs
has been one of the key challenges in high-energy astrophysics
ever since(Lee & Ramirez-Ruiz 2007). It has long been
suggested that short GRBs might be related to neutron star
mergers (Goodman 1986; Paczynski 1986; Eichler et al. 1989;
Narayan et al. 1992).

In 2005, the field of short gamma-ray burst (sGRB) studies
experienced a breakthrough (for reviews see Nakar 2007; Berger
2014) with the identification of the first host galaxies of sGRBs
and multi-wavelength observation (from X-ray to optical and
radio) of their afterglows (Berger et al. 2005; Fox et al. 2005;
Gehrels et al. 2005; Hjorth et al. 2005b; Villasenor et al. 2005).
These observations provided strong hints that sGRBs might be
associated with mergers of neutron stars with other neutron stars
or with black holes. These hints included: (i) their association with
both elliptical and star-forming galaxies (Barthelmy et al. 2005;
Prochaska et al. 2006; Berger et al. 2007; Ofek et al. 2007; Troja
et al. 2008; D’Avanzo et al. 2009; Fong et al. 2013), due to a very
wide range of delay times, as predicted theoretically(Bagot et al.
1998; Fryer et al. 1999; Belczynski et al. 2002); (ii) a broad
distribution of spatial offsets from host-galaxy centers(Berger
2010; Fong & Berger 2013; Tunnicliffe et al. 2014), which was
predicted to arise from supernova kicks(Narayan et al. 1992;
Bloom et al. 1999); and (iii) the absence of associated
supernovae(Fox et al. 2005; Hjorth et al. 2005c, 2005a;
Soderberg et al. 2006; Kocevski et al. 2010; Berger et al.
2013a). Despite these strong hints, proof that sGRBs were
powered by neutron star mergers remained elusive, and interest
intensified in following up gravitational-wave detections electro-
magnetically(Metzger & Berger 2012; Nissanke et al. 2013).

Evidence of beaming in some sGRBs was initially found by
Soderberg et al. (2006) and Burrows et al. (2006) and confirmed

by subsequent sGRB discoveries (see the compilation and
analysis by Fong et al. 2015 and also Troja et al. 2016). Neutron
star binary mergers are also expected, however, to produce
isotropic electromagnetic signals, which include (i) early optical
and infrared emission, a so-called kilonova/macronova (hereafter
kilonova; Li & Paczyński 1998; Kulkarni 2005; Rosswog 2005;
Metzger et al. 2010; Roberts et al. 2011; Barnes & Kasen 2013;
Kasen et al. 2013; Tanaka & Hotokezaka 2013; Grossman et al.
2014; Barnes et al. 2016; Tanaka 2016; Metzger 2017) due to
radioactive decay of rapid neutron-capture process (r-process)
nuclei(Lattimer & Schramm 1974, 1976) synthesized in
dynamical and accretion-disk-wind ejecta during the merger;
and (ii) delayed radio emission from the interaction of the merger
ejecta with the ambient medium (Nakar & Piran 2011; Piran et al.
2013; Hotokezaka & Piran 2015; Hotokezaka et al. 2016). The
late-time infrared excess associated with GRB 130603B was
interpreted as the signature of r-process nucleosynthesis (Berger
et al. 2013b; Tanvir et al. 2013), and more candidates were
identified later (for a compilation see Jin et al. 2016).
Here, we report on the global effort958 that led to the first joint

detection of gravitational and electromagnetic radiation from a
single source. An ∼ 100 s long gravitational-wave signal
(GW170817) was followed by an sGRB (GRB 170817A) and
an optical transient (SSS17a/AT 2017gfo) found in the host
galaxy NGC 4993. The source was detected across the
electromagnetic spectrum—in the X-ray, ultraviolet, optical,
infrared, and radio bands—over hours, days, and weeks. These
observations support the hypothesis that GW170817 was
produced by the merger of two neutron stars in NGC4993,
followed by an sGRB and a kilonova powered by the radioactive
decay of r-process nuclei synthesized in the ejecta.

Figure 1. Localization of the gravitational-wave, gamma-ray, and optical signals. The left panel shows an orthographic projection of the 90% credible regions from
LIGO (190 deg2; light green), the initial LIGO-Virgo localization (31 deg2; dark green), IPN triangulation from the time delay between Fermi and INTEGRAL (light
blue), and Fermi-GBM (dark blue). The inset shows the location of the apparent host galaxy NGC 4993 in the Swope optical discovery image at 10.9 hr after the
merger (top right) and the DLT40 pre-discovery image from 20.5 days prior to merger (bottom right). The reticle marks the position of the transient in both images.

958 A follow-up program established during initial LIGO-Virgo observations
(Abadie et al. 2012) was greatly expanded in preparation for Advanced LIGO-
Virgo observations. Partners have followed up binary black hole detections,
starting with GW150914 (Abbott et al. 2016a), but have discovered no firm
electromagnetic counterparts to those events.

2

The Astrophysical Journal Letters, 848:L12 (59pp), 2017 October 20 Abbott et al.

LIGO et al., ApJL, 848, L12 (2017)
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APT GW Performance

In the mid-1960s, gamma-ray bursts (GRBs) were discovered
by the Vela satellites, and their cosmic origin was first established
by Klebesadel et al. (1973). GRBs are classified as long or short,
based on their duration and spectral hardness(Dezalay et al. 1992;
Kouveliotou et al. 1993). Uncovering the progenitors of GRBs
has been one of the key challenges in high-energy astrophysics
ever since(Lee & Ramirez-Ruiz 2007). It has long been
suggested that short GRBs might be related to neutron star
mergers (Goodman 1986; Paczynski 1986; Eichler et al. 1989;
Narayan et al. 1992).

In 2005, the field of short gamma-ray burst (sGRB) studies
experienced a breakthrough (for reviews see Nakar 2007; Berger
2014) with the identification of the first host galaxies of sGRBs
and multi-wavelength observation (from X-ray to optical and
radio) of their afterglows (Berger et al. 2005; Fox et al. 2005;
Gehrels et al. 2005; Hjorth et al. 2005b; Villasenor et al. 2005).
These observations provided strong hints that sGRBs might be
associated with mergers of neutron stars with other neutron stars
or with black holes. These hints included: (i) their association with
both elliptical and star-forming galaxies (Barthelmy et al. 2005;
Prochaska et al. 2006; Berger et al. 2007; Ofek et al. 2007; Troja
et al. 2008; D’Avanzo et al. 2009; Fong et al. 2013), due to a very
wide range of delay times, as predicted theoretically(Bagot et al.
1998; Fryer et al. 1999; Belczynski et al. 2002); (ii) a broad
distribution of spatial offsets from host-galaxy centers(Berger
2010; Fong & Berger 2013; Tunnicliffe et al. 2014), which was
predicted to arise from supernova kicks(Narayan et al. 1992;
Bloom et al. 1999); and (iii) the absence of associated
supernovae(Fox et al. 2005; Hjorth et al. 2005c, 2005a;
Soderberg et al. 2006; Kocevski et al. 2010; Berger et al.
2013a). Despite these strong hints, proof that sGRBs were
powered by neutron star mergers remained elusive, and interest
intensified in following up gravitational-wave detections electro-
magnetically(Metzger & Berger 2012; Nissanke et al. 2013).

Evidence of beaming in some sGRBs was initially found by
Soderberg et al. (2006) and Burrows et al. (2006) and confirmed

by subsequent sGRB discoveries (see the compilation and
analysis by Fong et al. 2015 and also Troja et al. 2016). Neutron
star binary mergers are also expected, however, to produce
isotropic electromagnetic signals, which include (i) early optical
and infrared emission, a so-called kilonova/macronova (hereafter
kilonova; Li & Paczyński 1998; Kulkarni 2005; Rosswog 2005;
Metzger et al. 2010; Roberts et al. 2011; Barnes & Kasen 2013;
Kasen et al. 2013; Tanaka & Hotokezaka 2013; Grossman et al.
2014; Barnes et al. 2016; Tanaka 2016; Metzger 2017) due to
radioactive decay of rapid neutron-capture process (r-process)
nuclei(Lattimer & Schramm 1974, 1976) synthesized in
dynamical and accretion-disk-wind ejecta during the merger;
and (ii) delayed radio emission from the interaction of the merger
ejecta with the ambient medium (Nakar & Piran 2011; Piran et al.
2013; Hotokezaka & Piran 2015; Hotokezaka et al. 2016). The
late-time infrared excess associated with GRB 130603B was
interpreted as the signature of r-process nucleosynthesis (Berger
et al. 2013b; Tanvir et al. 2013), and more candidates were
identified later (for a compilation see Jin et al. 2016).
Here, we report on the global effort958 that led to the first joint

detection of gravitational and electromagnetic radiation from a
single source. An ∼ 100 s long gravitational-wave signal
(GW170817) was followed by an sGRB (GRB 170817A) and
an optical transient (SSS17a/AT 2017gfo) found in the host
galaxy NGC 4993. The source was detected across the
electromagnetic spectrum—in the X-ray, ultraviolet, optical,
infrared, and radio bands—over hours, days, and weeks. These
observations support the hypothesis that GW170817 was
produced by the merger of two neutron stars in NGC4993,
followed by an sGRB and a kilonova powered by the radioactive
decay of r-process nuclei synthesized in the ejecta.

Figure 1. Localization of the gravitational-wave, gamma-ray, and optical signals. The left panel shows an orthographic projection of the 90% credible regions from
LIGO (190 deg2; light green), the initial LIGO-Virgo localization (31 deg2; dark green), IPN triangulation from the time delay between Fermi and INTEGRAL (light
blue), and Fermi-GBM (dark blue). The inset shows the location of the apparent host galaxy NGC 4993 in the Swope optical discovery image at 10.9 hr after the
merger (top right) and the DLT40 pre-discovery image from 20.5 days prior to merger (bottom right). The reticle marks the position of the transient in both images.

958 A follow-up program established during initial LIGO-Virgo observations
(Abadie et al. 2012) was greatly expanded in preparation for Advanced LIGO-
Virgo observations. Partners have followed up binary black hole detections,
starting with GW150914 (Abbott et al. 2016a), but have discovered no firm
electromagnetic counterparts to those events.
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CTA Phases & Timeline

1 D i

SPRR PDR CDR International
Convention / ERIC 

1 Design

2 Pre-Construction
Construction Phase

4 Production
Advance 

Deployment

NOW 3 Pre-Production

PPRRs 
& MoU

5 Operations

• 2016: Hosting agreement, site preparations start (N)
• 2017: Hosting agreement, site preparations start (S)

F di l l t 65% f i d f b li i l t ti• Funding level at ~65% of required for baseline implementation 
Æ start with threshold implementation
Æ additional funding, telescopes needed to complete CTA

• Construction period of 5-6 years
• Initial science with partial arrays possible before construction end

(credit R. Ong)


