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What are cosmic rays?

» Relativistic atomic nuclei originating outside the Solar System
» “Ultra High Energy” > E > 10'7eV

» First discovered by Victor Hess by measuring radiation in high
altitude balloon flights (1911-1913)

» Awarded the Nobel Prize in physics in 1936

» Produced by the most energetic processes
in the Universe
» Galactic: Super novae
» Extragalactic: Active Galactic Nuclei
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The All-Particle Spectrum

» Steady power law over

e o e many decades in energy
S Loy P —— [ ,
Fup e S [ - » Large flux at low energies
510+ U .
- ool » Low flux for Ultra ngh
10-7 [0 Auger- hybrid —]
* x S Energies
107 C x%‘@ (1 particle/m’-year)
o £ : » Much higher in energy
- % ] .
10 % than may be produced in
oo} an accelerator
107 : A;’;( ) %\F’-p (1.pa r‘.'& ?l_(;!.emz z
= 8 % (p “-year) .
107 : %Oc; /’vf}. B __
. 5 4 {4 péar-tielelkmz- 2entu§ry-}—%- %Lu:l:m

10° 10" 10" 10" 10" 10™ 10" 10" 10" 10" 10" 10%°
Energy (eV)

b 3 Elliott Barcikowski, PhD Defense September 29,201 |



The All-Particle Spectrum

» Four clearly defined
spectral features

» Knee

» 2" Knee
» Ankle
» Cutoff
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The All-Particle Spectrum

» Four clearly defined
o PexxE® spectral features
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Cutoff

» Predicted in 1966 by
Greisen, Kuzmin, and
Zatsepin

» Coined the “GZK” Cutoff

p"+y — A T
n+z"
= » First observed by HiRes
i » Requires protons
| E » Alternative: acceleration
anear NP limit?

{s [Mev]
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» Produced by pair

production combined with
GZK “pile up”

log,, JE® (arb.)

| » First shown by Berezinsky,
//7 | 1988
277, 622 P +y—o>p +e +e
. ?QZ???Z » Requires protons
= ?/ %?% » Alternative: extra-Galactic
272075
DLl e transition?

1.5 12 125
log, E (GeV)
Reproduction of Berezinsky’s
modeled comic ray spectrum by D.
Bergman
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The Extensive Air Shower

Top of the Atmosphere » Primary cosmic rays
« p interact high in the Earth’s
atmosphere

» EASs result in billions of
secondary particles

q » Fluorescence photons
produced at czre
» May be observed with
telescopes in the UV

y » Many particles reach the
- ey ground

» May be observed with

ground arrays
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Air Shower Simulations (CORSIKA)

Simulated air shower - Gaisser-Hillas
E=10'>eV proton,0 =45" parameterization
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Proton and Iron X_ . Distributions

» Proton X, distributions
are deeper and wider than

Xomax distributions for proton and iron primaries at 10'%3 eV hProton

e Mean 7264 iron distributions
300: "|_ RI\;‘IS E:0.(15
2s0f _hien | ) Resulting iron X, is
ook [ RMS 4544 narrower than that from
- S ] . .
s | proton primaries
" ] : » The distributions overlap
50l b : » Good resolution in X__ s
; L, : critical to successfully
oL =T
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The Telescope Array Experiment
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The Telescope Array Experiment

o 1 2 4 Miles
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The Telescope Array

Experiment

Middle Drum
Fluorescence Detector
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BRM /LR Fluorescence Detectors (I)

Image produced by 16x16 3.3 m diameter mirrors
PMT “Cluster Box collect light and focus it on
the cluster box
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BRM/LR Fluorescence Detectors (Il

[ Event: 2008/06/02 07:56:13 |
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Surface Array

» 2 x 3 m? scintillator plastic
» 2 photo-multiplier tubes
» | per scintillator layer

» Self powered with solar
panels

» Radio communication
facilitates data acquisition
and trigger
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The Telescope Array Hybrid Detector

» FD observes longitudinal
development close to
shower core

» SD observes lateral
distributions of particles

EAS Axis

Particle Tracks

» Hybrid data allows for the
observation of X__  with
shower Frone  well constrained
geometries.

. . . .
FD Station SD Array
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Detector Simulation

Fluorescence photons are
simulated on shower axis
based on GH parameters

FD Station
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Detector Simulation

EAS Axis

Fluorescence photons are
simulated on shower axis
based on GH parameters

\Ox

FD Station
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Detector Simulation

EAS Axis

Fluorescence photons are
simulated on shower axis
based on GH parameters
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Thrown MC Distributions

. » Simulated MC

200

distributions must reflect

—160

oo underlining physics

]
» Must test the boundaries
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Hybrid Geometry Reconstruction (I)
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Hybrid Geometry Reconstruction (I)

Directions of triggered FD PMTs constrain
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Hybrid Geometry Reconstruction (II)

» Each triggered FD PMT
N [ e and SD detector provides
e ---------------- ............ « FD Tube Time  |..... _: timing data

— Fit
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Longitudinal Profile Reconstruction
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» Using reconstructed
geometry use Inverse
Monte Carlo to find the
best N, X ...

max’
Xmax_XO

N(X)=Nmax( X_X°] ﬂ exp(xmax‘xj

X — Xg A

ZIERFL(Nmax’Xmax) :Z[ni _;I_)iAi]

» GH fit leads to calculation
of the shower energy
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9.

Missing Energy Correction

» Some shower energy

0 96— results in 1 and v particles
osaf- BUUREECas A and does not result in

e S R S fluorescence

0.92|—: elae N Sl

09| - **'
i =" = —= QGSJetllp*

- . _= QGSJetll Fe

.
T } T }
v

This “Missing Energy”
ossl et = QGSuetliFe 1 must be corrected for in
- reconstruction

0.86 _. ............................................................... ....................... ..................... __

oo .. » CORSIKA s used
| | estimate the average
missing energy

4% difference between proton and
iron simulation
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Data Set and Quality Cuts

BR Events | LR Events

» All hybrid data before
implementation of hybrid
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trigger Good Weather 1033 1696
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events and 74 hybrid- ,
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time > 7us

core inside SD 276 252

array
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@

nergy Scale Treatment

Use hybrid events where
the SD trigger aperture is
flat

27% difference between
FD and SD energies
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Resolution Studies (Zenith)
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Resolution Studies (R,)
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Resolution Studies (Energy)
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Resolution Studies (X
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Data/Monte Carlo (X
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Data/Monte Carlo

Zenith Angle
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Data/Monte Carlo

hAzmExtent

Track Length
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Data/Monte Carlo (
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Data/Monte Carlo
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Data/Monte Carlo
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Data/Monte Carlo (X
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X 10185 eV < E < 10189 eV
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X 10189 eV < E < 10193 eV
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Compatibility with MC

» Using the binned X,

distributions (slides 55-57)
we may use statistical
1 tests to compare the

____________________________________ distributions

10—

107

» Completely excludes iron
MC until 1093 eV

19.4 19.6
Iogw(E / eV)
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MC Study: Mean X_ .

» The <X_.> can provide a

single measurement to
B quantify the distributions
g | o | in each energy bin

Jetll Fe

» The fits shown here for
proton and iron MC will
be used to compare

T : against the data
600 e e e o3 ied Tes Te5 20
Iogw(EfeV)
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» The mean X__ from the
data agrees with proton

¢ | lesaw ) The datais shifted 10
E —1 g/cm? shallower than the
MC
- ] » Would find better
0 ST S N S A agreement with different
6 |||| hadronic model
s ies e das s ez s . QGSJetol
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QGSJet012? » The mean X, from the

data agrees with proton
<Xpnax™ VS- Iogw(E I/ eV)
=850 T MC

2850 :
58005 —%bgff:):;: 5 » The data is shifted 10
ST R R o g/cm? shallower than the
T ol QGS 101 (Guess NOT M) MC
™ ——"1 » Wouldfind better
ol agreement with different
E : hadronic model

95 186 187 188 189 19 194 192 19.3

log, (E / eV) » QGSJetOl
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Shifted X__. (1013°> eV < E < 10138 eV)
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Shifted X__. (10138 eV < E < 10193 eV
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Shifted Xmax (E >
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Compatibility of shifted X__. with MC

» Statistical tests of the
shifted distributions
o—_——— provide compatibility of
) . the shape

10—% ......... N A ? ) Iron MC is excluded
10-:? ......... __________________________________________________ - b el OW |0|8.8 ev

C — QGSdJetll p* ]
103 : — QGSJetll Fe - . . .

E » Otherwise the statistical
10% ' ' = . . .

E power is limited above
105 S R SRS S S— -

: 10/88 eV
0 s es i 1oz 194 196

Iogw(E!eV)
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Conclusions

» This study shows very clear compatibility with proton
MC and exclude iron MC below 10'%3 eV

» Data shows a 10 g/cm? shift in X__ from QGSJetll
protons

» Measurement of width and “shape” of X _ distributions

max

corroborate the proton compatibility below 10'88 eV

» This result supports the GZK cutoff and pair-production
theories to explain features of the cosmic ray spectrum
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Support Slides
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Mean energy Distance

per particle
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Electromagnetic Cascade (Heitler Model)

» High energy photons pair
produce producing e*’-

» e*’- bremsstrahlung
producing photons

» Critical energy when
electrons lost to
ionization is dominate

» 84 MeV in the atmosphere
» X, ., may be observed

with UV sensitive
telescopes



9.

Average Energy Deposited in CORSIKA

» CORSIKA simulations are
used to calculate the
average energy deposited

E: i
E - o
&3t [ by air shower
E-m 361 = QGSJetll Fe E .
§3_4:.. — Fit to QGSJetll p* _ ) Proton and Iron
[ IR I N A simulations agree above s
2 8l . e s _' —_— 0.4
) -1 I f.; .......................................................................................... _: “ vy -
ral- » “age” is related to X as

- 3X
2X + X o

N il L Il ] L L o | L Il L
2 02 04 06 08 1 12 1.
Shower Age (s

oobi
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Fluorescence Yield

N, fluorescence lines as Kakimoto fluorescence yield

provides the number of
measured by the FLASH photons per energy

experiment deposited

| N, fluorescence lines from FLASH experiment | Kakimoto Fluorescence Yield |
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Model Dependence of X,

» Difference models of
hadronic physics produce
S slightly different X

E - — QGSJetll p* - -:

%;ssoi— e = » Model parameters must
- — QGSJetll Fe :

s C QGSJeto1 Fe

AL A be extrapolated from
e accelerator results

'- 1 1 11 I 11 1 1 I 1 1 1 1 | 1 1 1 1 I 1 1 11 | 11 1 1 |
quﬂ,_s 18 18.5 19 19.5 20 20.5
Iogm(EfeV)
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Extra Resolutions
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Resolution Studies (Cascade Energy)

|O E !‘E hGHEnergyResPROT |O E !‘E hGHEnergyResIRON
o CALRECON MC RECON Entries 8567 o CALRECON _MC RECON/ Entries 12636

am_l.\lill.l.1||lfall§1||'.JJ|!I.JIlJl|l Mean 0.08743 R L L Mean 0.06509
B ] i ] e i E ; A200 vt T llllllllllllll llllllllllllll IIIIIII HMS 0':51

Mean 8 7% 1mu.—. ............... ............. | IR ........ Mean 6 5%
L [RMS: 73% S N R R | RMS: 6.1%

sm _,,, ............... ............. B -

700

600

500

400 ool oo

300

T — S R S —
2m H H H H . H H H

w0 ] S N N N

:I Ll j L L 1 | Ll 1 t L1l 1 | 111 thd— | i _I L1 i | t - Jl 111 t 1 L | i

1 -08 -06 04 -02 0 02 04 DE 08 1 l:!1 -0.8 -06 -04 02 0 02 04 DE 08 1

100

=

p 58 Elliott Barcikowski, PhD Defense September 29,201 |



X max Beconstruction Bias (Proton MC) |

X max Reconstruction Bias (Iron MC) |

Elliott Barcikowski, PhD Defense

= 20 T T T T T = 20 T T T T T
a a :
= 1sf- 3 15
M M
2 2 i
FRRLIES R 1] S
P — PR = —
g - . g £ .
. : i = R S =
g .o ———a— E g F E
PR, —— —4— —— = N e P =
] sE . _ [3 e | = % B T / . 0 —— ]
- e - =
S LIS -10
A5 -15
.20 F 1 | i I 1 | .20 [ 1 1 | I | |
18.6 188 9 192 193 186 198 20 8.6 188 iE] 182 194 K] 9.8 20
log, (E/eV) log, (EleV)
| Xinax Resolution (Proton MC) | | Xmsx Resolution (Iron MC)
= 30 ] 1 ] 1 1 = 30 ] i 1 1 1
E o : : : | E o : : ]
o H H H o : H H
o - : i . o o : ; ]
= 25— — = 25— -]
2 = : : ] 2 o : : ]
s F : : ] E i : ]
R s S T S - g ow =
« : s ® « : i i
: : FP : :
: : e : ;
15 ; i & B a—— i
: : * —— e :
; i A i —— i
s : . s ; R .
= i . o é i e .
5 — 5 =
S S I B B ] S AU IR IR N I R
3 18.6 188 19 192 18.4 19.6 18.6 188 19 19.2 194 196 19, 20
log (EleV) log, (E'eV)

September 29,201 |



Extra Comparison Plots
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Data/Monte Carlo (ygeom/POF)
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Data/Monte Carlo (ypre /DOF)
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Data/Monte Carlo (Azimuth)
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Data/Monte Carlo (Y
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X .x Data After Cuts

» Clear elongation rate in
the mean (red circles)

X max Scatter (Data) |

» Statistics are too poor to

0 S s e R A |
= 950l ------------- S ....................... ,,,,,,,,,,,,,,,,,,,,,, —f draw an)’ ConCIUSIOnS
T A S ) R above 10!93 eV

» Marked with solid line

» MC is used to aid in
interpretation of physics
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