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A Century Old Question:
Where do cosmic rays come from?
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A Century Old Question:
Where do cosmic rays come from?
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Readings on ionization chamber Victor Hess carried 4.3 km
aloft in the B6hmen. Above four kilometers the ioniza-
tion rose rapidly indicating “that rays of very great pene-
trating power are entering our atmosphere from above”.



Beginnings of Particle Physics

W Before there were man-made
particle accelerators there
were cosmic rays...
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Studying cosmic rays led to the discovery of the positron (e*), pion (1), muon (p) plus others



Man-made Accelerators
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Cosmic Rays Detected up to 10%° eV
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Sources of Cosmic Rays
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Cosmic rays
are charged
particles,
mostly protons
(90%) but also
nuclei of
elements such
as helium (9%)
and a few
heavier
elements (1%)



Astrophysical Particle Accelerators

Black Hole producing Binary Neutron TeV image of Vela Jr.
relativistic jet of particles Star Coalescing Supernova Remnant

HST Image of M87 (1994) HESS TeV .
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Spinning Neutron
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Chandra Image of Crab 10



Extensive Air Showers (EAS)

Cosmic Ray
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Detecting Extensive Air Showers (EAS)

A

<=+—— First interaction (usually several 10 km high)

Air shower evolves (particles are created

= and most of them later stop or decay)

hleasurement of

fluorescence light

Some of the particles
ly’sE
Measurement of Cherenkov e (e (Fly’s Eye)

light with telescopes %
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Measurement with scintillation counters J
/ /
— — | S— )
f / ~7... Measurement of low-energy muons
with scintillation or tracking detectors
Mleasurement of particles
with tracking detectors
(with drift chambers or Measurement of high-energy

streamer or Geiger tubes) ~ muons deep underground



/’-'«‘. ) 7
In Alr Photomultipulki\ér

Tube (PMT)
First interaction ~20km

Cherenkov flash lasts a

Shower maximum ~8-12k ) |

! couple of nanoseconds u\
. _§

! H.ES.S A&
‘ -.. ' : 4‘ .\
~ by

and makes a pool of

T TR 1o one send




Cherenkoy |
Front

Cherenkov Light
iIn Water




Pierre Auger Observatory

1600 tanks
1.5 km apart

The FD telescope GPS antenna

Field of view 30x30 degrees Communications

antenna

Battery

Shutter

Plastic tank with
12 tons of clean water

VYUV Filter

24 Fluorescence telescopes



Pierre Auger Observatory
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Gamma rays are the highest energy light (photons)
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The Milky Way In Photons

radio continuum (2.5 GHz)
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Acceleration / Emission Processes
in Astrophysical Sources

Shocks

magnetic field

Synchrotron
X-rays

Inverse Compton
Up-scattered photons

Central Engine
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Gamma Rays Probe Cosmic Rays
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Effect of a magnetic field on alpha,
beta and gamma radiation 21



}mfc HAWC Science Objectives
(High Altitude Water Cherenkov)

* Discover the origin of cosmic rays by measuring
the gamma-ray spectra in the range of 100 GeV
to 100 TeV from discrete sources and the Galactic
plane.

» Understand particle acceleration in extreme
magnetic and gravitational fields via HAWC's
observations of transient TeV sources, such as

gamma ray bursts (GRBs) and super-massive
black holes.

* Explore new physics (such as searching for dark
matter) via HAWC'’s unbiased survey of 2 the sky:.

22



Detector will be completed by December 2014
with 300 water tanks coverlng 22 500 m?




¢ Site Location

« Sierra Negra volcano near
Puebla, Mexico

« HAWC altitude is 4100 m
(2.55 miles)

* LMT altitude is 4500 m




KW’C{ HAWC vs. Pierre Auger
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}ﬁﬁc HAWC vs.

* Studies gamma rays
from 0.1 to 100 TeV

* Looking for gamma * Looking for Ultra High SUGER.

rays coming from the Energy Cosmic Rays

cosmic rays (UHECR) which are
» Can point back to extremely rare
source directly without < UHECR showers
worrying about cover a large area
magnetic fields (several km?)

« Smaller detector for * Need huge detector to
lower energy particles see events which
and good shower happen once per km?
reconstruction per year/decade



e Completing ~4 tanks/week
* Will finish construction end of this year (300 tanks total)
* Trigger rate ~10 kHz, logging ~1 billion events/day

May: 16,2014
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~~~~~~ : ol Depth and spacing of PMTs was
optimized for y-ray sensitivity
from 50 GeV to 100 TeV.

7.3 m

S~ Funding from LANL to add 4t
(higher QE) 10" PMT
effectively 2x 8" PMT



Filling the Tanks with Water

* One tank requires 14 truck
loads of water (200,000 L)

« Filtration system takes 5
hours to fill one tank.

« PMTs are installed wet in

5 L\, R ‘ batches later, independent
of water filling.




July 22, 2014
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}m'fc Pointing Back to a Source

Event with 95 tanks




Cosmic Rays vs. Gamma Rays
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y [meter]

i Photon / Hadron Discrimination

Gamma Ray Proton
Gamma, E=20.7 TeV, §=21.0° with 1131 Hit PMTs PPlus, £=240 TeV, 6=43.5" with 837 Hit PMTs
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Play the game at http://www.hawc-observatory.org/observatory/ghsep.php



Chandra

HST Intage .
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}Kﬁ HAWC Sees the Crab

HAWC-95+111 154 days

HAWC-300 will:

Detect the Crab at
>50 every day
5x10 3 y/cm2 s
sensitivity (> 2 TeV)
across 5 sr (40%) of
the sky in 1 year.

[
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significance [o]



AV?Cl HAWC Field Of View
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FermiLAT Satellite Sky Map

Milky Way Center
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30 MeV to 300 GeV
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-5 -2..5 0 29 D 1.0 10 125 15
significance [7]

100 GeV to 100 TeV
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Evolution of the Universe

Cosmic First Stars, Expansion
Background Stars  Galaxies Accelerates

Afterglow Develop : Atoms -
4.9%

Dark
Energy

Inflation (A R Sl T R e S A S B _ - 68.3%

L . ' . A
e}

TODAY

Dark
Matter
63%

Neutrinos
10%

Photons
15%

Atoms
12%

13.7 BILLION YEARS AGO

(Universe 380,000 years old)

Dark Matter Dominates | Dark Energy Dominates
113.7 113.3 |15 ]

Billions of Years Before Today
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Velocity

Dark Matter
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| Red - X-ray emitting hot gas
P Blue = Total projected mass from gravitation lensing



Looking for Dark Matter, y

Indirect Detection

Photons

Gamma Rays
Leptons
LEP

Neutrinos
Direct Scattering thermal freeze-out (early Univ

ILC? indirect detection (now)
_—

1)11%\ ¥
DM SM

production at colliders

direct detection

Direct Detection
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e Particle astrophysics makes use of nature’s
accelerators to probe the highest energies (shortest
times after the Big Bang) to answer fundamental
guestions about the universe.

* HAWC uses a Water Cherenkov. techhique to detect
. TeV gamma-rays that will answer guestions about:
— The origin of cosmic rays.: |
— Particle acceleration in extreme environments =i
— New physics beyond the Standard Model (e.g. dark matter)'

 The full HAWC detector will be running by fall 2014
and coIIect data for at Ieast 5 years




