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Purpose

•  Finding Dark Matter through Gamma-rays 

What’s Dark Matter? 
How to observe Gamma-rays? 
Did we find it through Gamma-rays?　
etc…



If there isn’t Dark Matter, We can’t 
explain those phenomena. 

Galactic rotation curve Clusters of 
galaxies 

Dark Matter can explain those phenomena. 

red : gas by X-ray,  
blue: matter by gravitational lensing



Dark Matter candidates
•No known 
particles are 
good candidates 
for dark matter

Here, we focus on  
WIMPS  

(Weakly Interacting Massive Particles)

x
“generic” WIMPs has:  
• mass (MDM )~ 100 GeV 
• annihilation cross section (<σv>) ~ 10-26 cm3/s 
        those values are accessible by Fermi!!
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Continuum with cutoff at WIMP mass 

Gamma-rays from Dark Matter Annihilation



Dark Matter at Galactic center (GC)



• Large Area Telescope(LAT)

Tracker(TKR)

Anti-coincidence detector(ACD)

Calorimeter(CAL)

LAT has 16 towers of TKR and CAL 

20[MeV]~300[GeV]

Fermi Gamma-ray Space Telescope 



• LAT tower -Tracker-
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Figure 1. Schematic of the LAT, including the layout of the 16 CAL modules
and 12 of the 16 TKR modules (for graphical clarity the ACD is not shown).
This figure also defines the (θ,φ) coordinate system used throughout the paper.

the entire mission to date, and since then all data have been
processed only with Pass 7.

This paper has two primary purposes. The first is to describe
Pass 7 (Section 3), quantifying the differences with respect to
Pass 6 when necessary. The second is to detail our understand-
ing of the LAT, and toward that end we describe how we have
used flight data to validate the generally excellent fidelity of our
simulations of particle interactions in the LAT, as well as the
resulting IRFs and residual charged particle contamination. In
particular, we describe the methods and control data samples
we have used to study the residual charged particle contami-
nation (Section 4), effective area (Section 5), PSF (Section 6),
and energy dispersion (Section 7) of the LAT. Furthermore, we
quantify the uncertainties in each case, and discuss how these
uncertainties affect high-level scientific analyses (Section 8).

For convenience, we have included lists of the acronyms
and abbreviations (Appendix B) and notation conventions
(Appendix C) used in this paper.

2. LAT INSTRUMENT, ORBITAL ENVIRONMENT, DATA
PROCESSING, AND SIMULATIONS

In this paper, we focus primarily on those aspects of the LAT
instrument, data, and analysis algorithms that are most relevant
for the understanding and validation of LAT performance.
Additional discussion of these subjects was provided in a
dedicated paper (Atwood et al. 2009). The calibrations of the
LAT subsystems are described in a second paper (Abdo et al.
2009a).

2.1. LAT Instrument

The LAT consists of three detector subsystems. A tracker/
converter (TKR), comprising 18 layers of paired x–y silicon
strip detector (SSD) planes with interleaved tungsten foils,
which promote pair conversion and measure the directions of
incident particles (Atwood et al. 2007). A calorimeter (CAL),
composed of 8.6 radiation lengths of CsI(Tl) scintillation
crystals stacked in eight layers, provides energy measurements
as well as some imaging capability (Grove & Johnson 2010).
An anticoincidence detector (ACD), featuring an array of plastic
scintillator tiles and wavelength-shifting fibers, surrounds the
TKR and rejects CR backgrounds (Moiseev et al. 2007).

TKR front section

TKR back section

CAL

0 3% X×12 

0 18% X×4 

 no W×2 

Figure 2. Schematic of a LAT tower (including a TKR and a CAL module).
The layout of the tungsten conversion planes in the TKR is illustrated.

In addition to these three subsystems, a triggering and data
acquisition system selects and records the most likely γ -ray
candidate events for transmission to the ground. Both the
CAL and TKR consist of 16 modules (often referred to as
towers) arranged in a 4 × 4 grid. Each tower has a footprint of
∼37 cm × 37 cm and is ∼85 cm high (from the top of the TKR
to the bottom of the CAL). A schematic of the LAT is shown in
Figure 1, and defines the coordinate system used throughout this
paper. Note that the z-axis corresponds to the LAT boresight,
and the incidence (θ ) and azimuth (φ) angles are defined with
respect to the z- and x-axes, respectively.

2.1.1. Silicon Tracker

The TKR is the section of the LAT where γ rays ideally
convert to e+e− pairs and their trajectories are measured. A
full description of the TKR can be found in Atwood et al.
(2007, 2009). A simplified schematic of the TKR is shown in
Figure 2. Starting from the top (farthest from the CAL), the first
12 paired layers are arranged to immediately follow converter
foils, which are composed of ∼3% of a radiation length of
tungsten. Minimizing the separation of the converter foils from
the following SSD planes, and hence the lever arm between the
conversion point and the first position measurements, is critical
to minimize the effects of multiple scattering. This section of
the TKR is referred to as the thin or front section. The next four
layers are similar except that the tungsten converters are ∼6
times thicker; these layers are referred to as the thick or back
section. The last two layers have no converter; this is dictated by
the TKR trigger, which requires hits in three x–y paired adjacent
layers (see Section 3.1.1) and is therefore insensitive to γ rays
that convert in the last two layers.

Thus, the TKR effectively divides into two distinct instru-
ments with notable differences in performance, especially with
respect to the PSF and background contamination. This choice
was suggested by the need to balance two basic (and somewhat
conflicting) requirements: simultaneously obtaining good angu-
lar resolution and a large conversion probability. The tungsten
foils were designed such that there are approximately the same
number of γ rays (integrated over the instrument FoV) converted
in the thin and thick sections. In addition to these considerations,
experience on-orbit has also revealed that the aggregate of the
thick layers (∼0.8 radiation lengths) limits the amount of back-
scattered particles from the CAL returning into the TKR and
ACD in high-energy events (i.e., the CAL backsplash) and re-
duces tails of showers in the TKR from events entering the back
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no W: No tungsten 

X : Radiation length 
(0.3cm)

0

Each layer has a tungsten converter foil  
    and silicon strip detectors 

Tracker is a device for determining  
the trajectory of a charged particle



• LAT tower -Calorimeter-
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FIG. 5.— Illustration of tracker design principles. The first two points dominate the measurement of the photon direction, especially at low energy. (Note that
in this projection only the x hits can be displayed.) (a) Ideal conversion in W: Si detectors are located as close as possible to the W foils, to minimize the lever
arm for multiple scattering. Therefore, scattering in the 2nd W layer has very little impact on the measurement. (b) Fine detector segmentation can separately
detect the two particles in many cases, enhancing both the PSF and the background rejection. (c) Converter foils cover only the active area of the Si, to minimize
conversions for which a close-by measurement is not possible. (d) A missed hit in the 1st or 2nd layer can degrade the PSF by up to a factor of two, so it is
important to have such inefficiencies well localized and identifiable, rather than spread across the active area. (e) A conversion in the structural material or Si can
give long lever arms for multiple scattering, so such material is minimized. Good 2-hit resolution can help identify such conversions.

FIG. 6.— LAT calorimeter module. The 96 CsI(Tl) scintillator crystal detector elements are arranged in 8 layers, with the orientation of the crystals in adjacent
layers rotated by 90◦ . The total calorimeter depth (at normal incidence) is 8.6 radiation lengths.
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FIG. 7.— Light asymmetry measured in a typical calorimeter crystal using sea level muons. The light asymmetry is defined as the logarithm of the ratio of the
outputs of the diodes at opposite ends of the crystal. The width of the distribution at each position is attributable to the light collection statistics at each end of
the crystal for the ∼11 MeV energy depositions of vertically incident muons used in the analysis. This width scales with energy deposition as E−1/2.

CAL is composed of 
 logs of CsI  

scintillation detector

Reconstruct not only  
deposited energy 
 but also tracks



• Background rejection  -Anti Coincidence Detector-
　　

30 Atwood et al.

FIG. 8.— Energy resolution as a function of electron energy as measured with the LAT calibration unit in CERN beam tests. Each panel displays a histogram
of the total measured energy (hatched peak) and the reconstructed energy (solid peak), using the LK method, at beam energies of 5, 10, 20, 50, 99.7 and 196 GeV,
respectively. The beams entered the calibration unit at an angle of 45◦ to the detector vertical axis. As long as shower maximum is within the calorimeter, the
energy measurement and resolution are considerably improved by the energy reconstruction algorithms. The measured energy resolutions (∆E/E) are indicated
in the figure.

FIG. 9.— LAT Anticoincidence Detector (ACD) design. The ACD has a total of 89 plastic scintillator tiles with a 5 × 5 array on the top and 16 tiles on each
of the 4 sides. Each tile is readout by 2 photomultipliers coupled to wavelength shifting fibers embedded in the scintillator. The tiles overlap in one dimension to
minimize gaps between tiles. In addition, 2 sets of 4, scintillating fiber ribbons are used to cover the remaining gaps. The ribbons, which are under the tiles, run
up the side, across the top, and down the other side. Each ribbon is readout with photomultipliers at both ends.

LAT towers are wrapped  by ACD  
   tiles (plastic scintillators) for  

 background rejection

Roughly,only ~0.1% of all 
 events are gamma-ray
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3.How to search DM?



Prepare data

count map exposure

model map

residual map

• Data download
   >Photon file
   >Spacecraft file

• Summarize the number of counts 
   of the observed gamma-rays

model

• counts map-model map

• Summarize the exposure time
   of the source with Fermi

• Fitting the observed conditions
         to the model



Explore Fermi-LAT data

1. Ryuta Asami:2008-08-04,2010-02-01 
2. Haruka Kato:2010-02-01,2011-08-01 
3. Nobuyuki Kato:2011-08-01,2013-02-01 
4. Riho Imai:2013-02-01,2014-08-01 
5. Kotone Hieida:2014-08-01,2016-02-01

Fermi is in orbit and taking data since ~7.5 years. 
Thus, each of us analyzed 1.5 years of data.  

Data download
http://fermi.gsfc.nasa.gov/cgi-bin/ssc/LAT/LATDataQuery.cgi 



15deg

Energy:1GeV~100GeV



Gamma-ray sky

• Galactic diffuse model 
         >pi0 
         >bremsstrahlung 
         >inverse Compton scattering 

• Isotropic diffuse model
• Source model
• Dark matter template



Source model

pi0 bremsstrahlung inverse Compton scattering 

sum model
Dark matter template

Galactic diffuse model



ρNFW =
ρ0

(r / rs)(1+ r / rs)

rs = 20 kpc

ρ0 : set 0.3 GeV cm-3  
      at 8.5 kpc (Sun)

NFW (Navarro–Frenk–White) profile

20 deg

NFW profile at GC 
(log scale in gray color) 
! J-factor = 2.42x1022 GeV2 cm-5

Dark matter at Galactic centre



Result

-diffuse -source

① ② ③a

③b ④ ①   data 
②   data-diffuse 
③a data-diffuse-source 
③b data-diffuse-source  
    (residual model) 

④data-diffuse-source-dark matter 
    (residual model)

-dark
 matter



Different Diffuse Models
① ②

③ Model
①Standard Diffuse Model 
②Internal New Model 
   (Under Development) 

③Alternative Model



③Alternative model

Scaling Diffuse models 

①Standard model ②Internal new model

⑥Alternative model 
    (Normalizaition free)

④Standard model 
(Normalization free)

⑤Internal new model 
(Normalization free)



Residual Maps

Period
①2008/08/05～2010/02/01 
②2010/02/01～2011/08/01 
③2011/08/01～2013/02/01 
④2013/02/01～2014/08/01 
⑤2014/08/01～2016/02/01

⑤

① ② ③

④



Count Spectra
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Residual Spectra
①2008/08/05～2010/02/01 ②2010/02/01～2011/08/01 ③2011/08/01～2013/02/01

④2013/02/01～2014/08/01 ⑤2014/08/01～2016/02/01



DM parameters

Abazajian & Keeley, arXiv:

from 2008-08-05 to 2010-02-01
from 2010-02-01 to 2011-08-01
from 2011-08-01 to 2013-02-01
from 2013-02-01 to 2014-08-01
from 2014-08-01 to 2016-02-01

<σv>(x10^-26 cm^3 s^-1):
1. 0.32+/-0.05
2. 0.46+/-0.06
3. 0.39+/-0.05
4. 0.70+/-0.08
5. 0.61+/-0.08

Mass(GeV):
1. 34.0+/-0.5
2. 39.6+/-0.4
3. 39.5+/-0.5
4. 58.9+/-5.7
5. 56.4+/-0.6
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High energy behaviour (7.5 years)

• Peak around 
50~60GeV ?

51 GeV & 200 GeV
Dark matter 

E(GeV)10

C
ou

nt
s

10

210

310
DM_NFW
DM_NFW2
Gal.diffuse
exGal.diff

E(GeV)10

(D
at

a 
- M

od
el

)/M
od

el

-0.1

-0.05

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

51 GeV

200GeV



30

Conclusion

• We analysed Fermi LAT data to search for gamma ray 
emission from Dark Matter

• We used 7.5 years(1.5years x 5) data with 1~100 GeV 
energies 

• We found inconsistency of the data compared to the standard 
models

• We believe NFW dark matter model could explain the low 
energy results

• It seems that unconsidered gamma ray sources exist 
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Conclusion

Dark Matter

Period: 2011-08-01 to 2013-02-01


