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Fermilab – ~25 yrs as the world’s 
most powerful atom smasher! 

Now the most intense ν beams! 
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CERN (Geneva Switzerland) 
at the 13TeV Energy Frontier 

CERN 4 



CERN (Geneva Switzerland) 
at the 13TeV Energy Frontier 

CERN 5 

Maybe??? something 
new at 750 GeV is 
emerging (CMS too!) 



What we know about particles 
The Standard Model: 
 

- Quarks 
- Proton: uud 
- Neutrons: udd 

- Leptons 
- Electrons 
- Muons (cosmic rays) 
- Neutrinos (beam to MN) 

 

- Force Carriers 
- Photons (Electricity + 
                         Magnetism) 
- W/Z’s (radioactive decay) 
- Gluons (hold quarks together) 

- Higgs Boson 
- Connects Force Carriers 
- Gives particles mass 

19 parameters+ 
ν parameters 
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What we know about the universe 

Image credit: Rhys Taylor, Cardiff University 

The Standard Cosmological Model: ΛCDM 
 
 
 
 
 
 
 
Six parameters 
describe the observables 
necessary for explaining structure in the 
universe 
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What we don’t know 

Quantum Universe Report 

Answers lie in developing theories  
and doing experiments that connect  
inner and outer space. 
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Two Darth Mysteries: 
Dark Matter and Dark Energy 
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Two Darth Mysteries: 
Dark Matter and Dark Energy 
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Our understanding about the  
universe is not complete 

Only about 4% of the universe is known. 
Dark Matter dominates over ordinary matter and then 
there is Dark Energy which used to be small and now is  
the largest piece of the energy budget of the universe. 
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Dark Matter 
1930s: Jan Oort and 
Fritz Zwicky notice 
the amount of light 
in galaxies and  
clusters of galaxies 
underestimate the 
amount of matter 

1975-80: Vera Ruben  
makes precise  
measurements of  
the velocities of 
stars around nearby  
galaxies firmly  
establishing  
“dark matter” 
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Evidence for Dark Matter                       
exists on a variety of scales 

Bullet Cluster 

Cosmic Microwave Background 
Temperature Anisotropy 
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Gravitational Lensing 

Tony Tyson, Greg Kochanski and Ian Dell’Antonio; Frank O’Connell and Jim McManus 



Dark Energy – 
~73% of the energy in the Universe 

Big surprise in 1998, distant supernova appear dimmer than expected 
because the universe’s expansion is accelerating! 

Use Type Ia supernova and 
plot the brightness difference 
as a function of distance (z) 

Image courtesy of David A. Hardy 

HST image A. Riess 
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2011 Nobel Prize in Physics 

   for the discovery of the accelerating 
expansion of the Universe through 
observations of distant supernovae 

Now, what is the nature of dark energy? 

Adam Riess               Saul Perlmutter              Brian Schmidt http://www.nobelprize.org/nobel_prizes/physics/medal.html 
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Cerro Tololo Inter-American Observatory (CTIO) 

•  DECam, a new primary focus camera, at Cerro 
Tololo Inter-American Observatory (CTIO) 

Located at 2200m near La Serena Chile 
Excellent weather (except El Niño’s) 
   and seeing conditions 
Home to the 4m Blanco telescope 
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DES Collaboration 
450 Scientists 
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History of DES 
•  Fermilab was looking for a next project after 

the Sloan Digital Sky Survey when an 
opportunity to build a ~10x better new camera 
for telescope time on a ~10x larger telescope 

•  Also, some of us were used to building silicon 
detectors for HEP collider experiments 

•  2003-2013, Design, R&D, project approval, 
(international) agreements, construction, 
shipping, installation, data software, 
commissioning, and collecting first data. 

•  First three seasons: 2013-2016 
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DECam 
The deliverable was a new prime focus cage camera with a 
large CCD focal plane, filters, optics, and mechanical support 
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DECam 
The deliverable was a new prime focus cage camera with a 
large CCD focal plane, filters, optics, and mechanical support 
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Focal Plane – Largest Digital Camera 
•  CCDs 570 Mpixels 

15x15µm, 0.27”/pixel     
62 2Kx4K imaging, four 
2Kx2K guiders, and eight 
2Kx2K focus chips 

•  Cryogenic vessel 120K 
•  <15 e- noise @ 250kpix/s 
•  3 sq deg, 0.5m diameter 
•  (u),g,r,i,z,Y broad filters 
•  Typical exposure 100s, 

readout during ~25s slew 
•  Each exposure ~300MB 
•  2 weeks from hanging in 

the dome to first image  
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DES Survey 
•  5000 sq deg nominally covered by 2 tilings per year x 5 yrs 

–  Overlap with South Pole Telescope 
–  Minimal dust looking out of the Milky Way 
–  Overlap with other surveys for calibration 
    or areas with galaxy spectra 

•  Ten supernova fields 
–  Visit ~weekly or if seeing not ideal 

•  Depth to ~24th magnitude 
•  Redshifts to ~1.5 
•  Expect 300M galaxies and 
    100K galaxy clusters 
•  Expect 4000 Type IA SN 
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Dark Matter in Dwarf Galaxies 

Shankar Agarwal and Hume Feldman 
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Simulations show galaxies are accompanied 
by dwarf galaxies which are rich in Dark Matter 
 
DES has discovered new dwarf galaxies that 
can now be studied for gamma ray emission 
if WIMP dark matter is annihilating 

Preliminary limits are set that exclude WIMP 
Dark Matter below about 100 GeV 

A. Drlica-Wagner 

Fermi Team 



Dark Energy: Four Probes 

Jiangang Hao 
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SPT-CL J2332-5385 

Galaxy clusters 
•  Discovery of new clusters of galaxies 

identified by photometric redshift 
•  Optical follow-up of SPT cluster 

Redshift ~0.8-0.9 discovery 
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Weak lensing 
•  DES cluster with a 

map showing the 
dark matter mass 
distribution 
(preliminary) 
obtained by 
statistical analysis 
of the weak lensing 
distortion of 
galaxies 
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Type IA Supernova 
•  “Standardizable candles” that map the 

expansion history of the universe. 
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Type IA Supernova 
•  “Standardizable candles” that map the 

expansion history of the universe. 
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Neutrinos and Cosmology 

Shankar Agarwal and Hume Feldman 30 

With massive neutrinos               Without massive Neutrinos 

The universe today has a look that depends on the mass of the neutrino 
Studying the large scale structure of the universe might give the best 
   indication of the absolute mass of the neutrino 



The survey is finished collecting the Year 3 data and publishing science: 
43+ papers submitted and 10+ papers since Dec 2015 

Supernova discoveries, Papadopoulos et al. 2015 

Maps of mass 
as determined 
by weak gravi- 
tational lensing 
with matches to 
newly discovered 
clusters of galaxies 
and CMB distortions 
Vikram et al. 2015 
Chang et al. 2015 
Giannantonio et al. 
                          2015 

New dwarf galaxies discovered about our Milky Way 
Bechtol et al. 2015 and Drlica-Wagner et al. 2015 

Strong gravitationally 
lensed distant galaxies 
Nord et al 2015 

Trans- 
Neptunian 
objects 
Gerdes et al  
          2015 

First z > 6 quasar, Reed et al. 2015 
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Summary of my trip this year to Chile 
9 nights on the mountain. About ½ the nights were mostly cloudy weather. 
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Summary of my trip this year to Chile 
Three people on shift 
Run Manager 
Observer 1: DAQ 
Observer 2: monitoring 
plus a telescope operator 
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Summary of my trip this year to Chile 

culpeo 
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A touch of astronomy 
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A touch of astronomy 
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Accidental exposure of comet Lovejoy 



A touch of astronomy 
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Planet Nine – 10+ pages of Google 
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http://arxiv.org/pdf/1601.05438v1.pdf and http://www.findplanetnine.com    

DES! 



The “treasure map” 

DES footprint covers some of the  
interesting region of interest. Mostly  
Y2 observations and the “hole”  
filled in by Y3. 

SLOW!! 
(1 night ≈ 
1-few arcsec) 

DISTANT!! 
(near limit 
for main 
survey) 

RA / dec 
includes MW 
and part DES  
footprint 

FAINT! 

39 



Global fit to all data of orbiting bodies with and  
without the nominal Planet Nine as a function  
of its true anomaly. Slight evidence for something  
in our footprint, but only having the Planet Nine 
 near perihelion ruled out. 

New evidence from Cassini 
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Fienga et al., arXiv:1602.06116 
D. Gerdes 

                                Stay tuned! – and as a particle  
physicist, maybe P9 might shed light on dark matter? 



Conclusions 
•  The Dark Energy Survey has begun 

–  Impressive results as first data is analyzed 
– Now in Y3 of 5 years. Perhaps a 6th year. 

•  This survey should achieve its goals of 
improving upon knowledge of Dark Energy 
and other unknowns of “Inner Space” 
– Four different probes + strong lenses + quasars + 
–  It’s about the details to achieve the required 

precision and accuracy 
•  The data is very rich for a variety of other 

topics in astronomy and astrophysics 
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