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What are cosmic rays?




e Energetic particles from
outer space

e Primary particle can be
a charged nucleus or
gamma rays

o Primary interacts with
the atmosphere,
decaying into an air
shower

o Leptonic cascade is
well modeled,
hadronic is
model-dependent

Extensive air showers Proton 1015eV:
at ground

106 particles
80% photons

1.7% muons

18% elektr./positr.

\\ \\
“. 0.3% hadrons &

~ electromagnetic

hadronic muonic

shower component




Why study them?
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NASA worried that cosmic rays
are going to fry plane
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Problems

e [nterplanetary travel, space
probes, airplane jets, mobile
phones, biological.

How can we study them?

e At high energies (> 10™ eV)
only via extensive air
showers.

o Test of hadronic models
and cross sections at
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The Pierre Auger Observatory




Pierre Auger Observatory

(Malargue, Mendoza, Argentina)

Waiting for particles

The Pierre Auger Observatory combines two independent ways of detecting cosmic rays

*

1 When they reach the Earth, cosmic
rays collide with nitrogen in the upper
atmosphere to produce a particle shower

\

The particles are also
recorded when they
react with the water
_inthe tanks of the
" surface detectors

The collision
between the
particles produces
a faint blue light,
captured by the
fluorescence
telescopes

A central computer gathers the
data from the telescopes and
surface detectors to identify the
possible origin of the cosmic rays

SOURCE: PIERRE AUGER OBSERVATORY
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Reconstructing the air showers




Event: 1364365
Los Morados

FD detector - Camera View
Early = Light | Late = Dark

Ig(E/eV)~19.2
(6,9)=(63.7, 148.4) deg
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Data Selection




Data Cut Flow

TABLE I. Event selection criteria, number of events after each
cut and selection efficiency with respect to the previous cut.

Cut Events e [%]
Pre-selection:
Air-shower candidates 25713713 e~
Hardware status 1920584 74.6
Aerosols 1569645 81.7 Dat
Hybrid geometry 564324 359\ Pdtd
Profile reconstruction 539960 95.6 Quality
Clouds 432312 80.1
E =108V 111194 259
. Quality and fiducial selection:

Optimal " P(hybrid) 105749 95.1

Resolution | x__ observed 73361 69.4

& Uniform = Quality cuts 58305 L )
Fiducial field of view 21125 36.2

B EIEE (_Profile cuts 19947 94.4

Data collected from December 1st 2004 to December 31st 2012



Pre-selection:
Air-shower candidates
Hardware status
Aerosols

Hybrid geometry
Profile reconstruction
Clouds

E> 108 v

2513713
1920584
1569645
564324
539960
432312
111194

74.6
81.7
359
95.6
80.1
25.7
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Initial air-shower

candidates

Data from one

telescope with

misaligned optics
are not used

Pre-selection:
Air-shower candidates
Hardware status
Aerosols

Require known
aerosol

Hybrid geometry
Profile reconstruction
Clouds

E > 10178 gy

2313713
1920584
1569645
564324
539960
432312
111194

> conditions

74.6
81.7
359
95.6
80.1
25.7
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Initial air-shower

candidates

Data from one

telescope with

misaligned optics
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Require known
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Initial air-shower
candidates

Pre-selection:

Air-shower candidates

Hardware status
Aerosols

Data from one
telescope with
misaligned optics
are not used

Require known
aerosol

Hybrid geometry

Profile reconstruction

Clouds

Y

Full shower
reconstruction
is required

E=10"78sy —

Y

Lower energy
threshold for
the analysis

2315115
1920584
1569645
564324
539960
432312
111194

> conditions

74.6
81.7
359
95.6
80.1
25.7

Full longitudinal

> profile
reconstruction

Possible reflection

~ or shadowing by
clouds
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Quality and fiducial selection:

P(hybrid) 105749 95.1
X nax Observed 73361 69.4
Quality cuts 58305 195
Fiducial field of view 21125 36.2

Profile cuts 19947 94 .4
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Avoid bias in triggering of
heavy nucleus vs. proton >
showers

Select showers
containing X
max

Quality and fiducial selection:

P(hybrid) 105749 951
X nax Observed 73361 69.4
Quality cuts 58305 795
Fiducial field of view 21125 36.2

Profile cuts 19947 04.4
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Avoid bias in triggering of
heavy nucleus vs. proton >
showers

Select showers
containing X
max

Quality and fiducial selection:

P(hybrid) 105749 05.1
X nax Observed 73361 69.4
Quality cuts 58305 199
Fiducial field of view 21125 36.2
Profile cuts 19947 94 .4
Veto highly
> collimated
Y and faint

Select only “good”

showers
showers

28




“Good” quality shower
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“Good” quality shower
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“Good” quality shower
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“Good” quality shower
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“Good” quality shower

height above sea level [km]
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“Good” quality shower
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Avoid bias in triggering of
heavy nucleus vs. proton >
showers

Select showers
containing X
max

Quality and fiducial selection:

P(hybrid) 105749 05.1
X nax Observed 73361 69.4
Quality cuts 58305 199
Fiducial field of view 21125 36.2
Profile cuts 19947 94 .4
Veto highly
> collimated
Y and faint

Select only “good”

showers
showers
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Avoid bias in triggering of
heavy nucleus vs. proton
showers

Quality and fiducial selection:

Select showers

>

containing X
max

\J
Reject events with

P(hybrid) 105749 05.1
X nax Observed 73361 69.4
Quality cuts 58305 79.5
Fiducial field of view 21125 36.2
Profile cuts 19947 04.4
Veto highly
> collimated
Y and faint

uninstrumented
gaps, residual cloud
and dust, etc.

Select only “good”
showers

showers
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Resolution

37



Resolution determines the width of the
distribution of Xfecmax around the true Xmax

30 T - : e
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molecular -

Xmax resolution [g /cmz]

: AN
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Aerosols
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Molecular atmosphere

Xmax resolution [g /cmz]
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e Precision of the
density profile of the
atmosphere

I | i . PR BT R T it
1018 1019 1020
E [eV]

41




Syste“Matt”ic Uncertainties
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Syste“Matt”ic Uncertainties




Systematics

e Reconstruction
systematics
dominant at low
energies

o Atmospheric
systematics
dominant at high
energies
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Systematics: Reconstruction

e Reconstruction 15 ‘o calibration [ o reconstruction]-
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Systematics: Atmosphere
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Systematics: Detector Calibration

Detector Calibration:

o Relative timing
between FD and
SD

o Alignment

i —
= u o (6] ]

1
U1

o Gains in
photomultipliers

L Estimated by
re-running
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Results
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Xmax distributions
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Fig. Energy evolution of the first two central moments of the Xmax

distribution compared to air-shower simulations for proton and iron primaries
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X ___ando(X
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) s a function of shower energy
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Mass of primary interpretation

e Based in various models of hadronic interactions, we can obtain an
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Summary and Conclusions

e A measurement of the shower depth maximum X of
high-energy cosmic rays was presented.

e Largest sample of X _ ever obtained by a cosmic-ray
detector was collected.

e All results are freely available to be used in
interpretations of the measurements, facilitating
comparison to other experiments.

e An interpretation in terms of mass composition is
performed, which suggests that cosmic-rays are
composed of light nuclei up to 10%2 eV and the fraction of
heavy nuclei increases up to energies to 10™€ eV.
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Heitler (superposition) model

p-to N(X) = 2% = 2

. ~ E(X)

E, = primary energy, E = Energy per particle
A = interaction depth

Xmax Eﬂ

3\7 |.- \.' 7 .| _ ‘{\7 - 9 0
B CRIAT <= ' max -
Ee

At E_ionization = bremmstrahlung

Bremmstrahlung: radiation produced by
deceleration of a charged particle when
deflected by another charged particle.

Slant Depth: X(z) = / M plr(z'))dz"cos q

Amount of material transvesed by the
shower at z position in the axis of the
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s Predictions of the moments from simulations for proton
and iron induced air showers to the data

. The simulation conex)have been performed using the three
hadronic interaction models
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Average of the logarithmic mass and its variance
estimated from data using different interaction
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are going to fry plane
passengers’ brains

By Margi Murphy, The Sun Januar y 30, 2017 | 4:14pm | Updated
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( 58340.3)°

= ) [ — Gaisser-Hillas E= (249 iIO.lé) <1019 eV
\ ¢ = (3247+03) _wf Xmax = (725.1 £ 3.8) g/em?
Los Morados l s I 4
Q - B
Los Leones 50 < B
~ r E
& 20 ]
20 F -
B < |
I )
~ - 4
Loma Amarilla K 10 - ]
o ol
400 600 800 1000 1200 1400
slant depth [g/cmz]
(b) Event geometry. Pixel viewing angles are shown as shaded lines and (d) Longitudinal profile (dots) and Gaisser-Hillas
the shower light and surface detector signals are illustrated by markers of function (line).

different size in logarithmic scale.
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x2/ndf = 131.2/161 ¢ data

[ direct fluorescence
B2 direct Cherenkov E
[[TT] Mie-scatt. Cherenkov
Rayleigh-scatt. Cherenkov J
mult. scat. fluorescence

400 F

350 ¢

elevation [deg]
photoelectrons
nN
8

150 " :

100 A ,. E

azimuth [deg]
time [100 ns]
(a) Camera view. The timing of the pixel pulses is denoted by shades of (c) Detected photoelectrons (dots) and the fitted
gray (early = light, late = dark). The line shows the shower detector plane. contributions from components of the shower light ::

(open and hatched areas).
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Efficiency check (Data and MC)  Detector resolution cross
check between the separate

sites
- T T T T T T . data
I N =19
50 | (1g(E/eV)) = 19.1
07— T T ] i o= (185+0.9) g/cm?
—~ - 2 = B |
g ! x°/ndf = 18.8/16 ] . i [] MC
£ 06 . NE 40 - o= (18.71}9) g/em?
= i 3 O - E
0 E ] % &
o O F + y o 30 .
= i + i Az I
~ 04 + ] } _
N : : 4 |
£ 0l m@ﬁ - ]
g 03[ = 2 I 1
= I (@] ] I |
& ; o* ; 10 F .
= ; -8~ data ]
t/ :I I:’ MC - 0 1 1 1 | —
0.1 F . : S = '
L i h -100 -80 -60 -40 20 0 20 40 60 80 100
W - n
o] AXmax/v/2 [g/cm?]
18 18.5 19 19.5 20
Ig(E/eV) FIG. 9. Distribution of X, differences for events measured

by more than one FD station. The quoted uncertainties for the
FIG. 8. Efficiency of the quality and fiducial selection for data standard deviation ¢ are statistical for data and systematic for MC.
and Monte Carlo simulation (MC). The y? of the sum of the The latter are dominated by the uncertainty in the contribution of
(data-MC) residuals is quoted on the top right. the alignment and aerosols to the resolution (cf. Sec. VI).

66




Simulated distributions with and without detector effects

C T T — 0 T T _—
850 |- . 80 F =
00 - 1 7 wovbessodipidesd
I | B OF pyptyat 3
X 1 5 ; :
o L —] S~ C ]
< 750 F 1 w50 F W =
g 700 |- - ><§ 3 E
> i 1 S 3F =
650 | 1 ° _F ° :
L - 20 F V‘Q_Q‘E‘U‘TU“‘—Q—Q-Q-O-U.%_UJ—Q— 3
E -~ iron ] .
600:— —¢-p:Fe=1:1 —: 10:_ E
B III 1 1 1 I | Illl 1 1 1 IIIII ] 0 :l IIIII L 1 1 1 IIIII 1 1 1 1 IIIII :

1018 1019 1020 1018 1019 1020

E [eV] E [ev]

FIG. 10. Reconstructed (X,,,c) and o(X,,,) (symbols) obtained from simulated data for different compositions using the SIBYLL2.1
interaction model. The moments of the generated events before detector simulation are shown as solid lines.
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Cross-Check Summary

(a) FD stations

20 [*LL oM *LA DCO i 120
| ~‘ﬁ b | I
of eapeieiivery o L msfm[‘?gﬁ b "% 1o
220 f Z/ndf.-427/45 . + ° 1t 2/ndf_—46.5/45 % ' ‘. ¢ 1-20

20%F° vertic'al-inclined

o T bl oz
g ] { + + . 8
9 } t =
bo -20 i 2 2 nr 2 —20 B
2 (c178, c196) = (—2£2, —1+3) g/em?, x*/ndf = 20/16 (ci78, c196) = (—5+2, 4+4) g/em?, x2/ndf = 19/16 2
><.:E 20 | ® fid. FOV - no fid. FOV [(c) event selection] 20 0%
< ¢ 0. 4 . o a_a ) + $ 4 + N
! P -t 1 ¢ ¢ ’ ] s
0 < § ¢ ¢ s (] 5 4 i g 3 8 % ) 4 0
¢
20 F (ci7s ci96) = (—0.8+£06, 4=1) g/em?, x>/ndf =24/16 1} (cizs, co6) = (—2+1, —4+1) g/em?, x*/ndf =25/16 1 -20
20 [ ® weighting, x2/ndf = 16/18 [() method] X2/ndf = 25/18 1920
a a
0t aa..q-.B-lz'EO‘QC r 1t .‘Q’i‘ﬂ"aﬁ b:’a“ nd 10
-20 F © (SVD + Bayes)/2 1r 1 -20
108 10" 108 10"
E [eV] E [eV]

FIG. 11. Cross-checks. (a) Difference of moments obtained from each FD site separately to the results using data from all sites. The
global y2/ndf with respect to zero is given. (b) Subdivision of the data set in showers with near-vertical and inclined arrival directions.
Parameters of a linear fit in 1g(E) are shown with supporting points ¢ ;g and ¢q¢ at the centers of the first and last bin of 10'7-%5 and
10'962 eV, (c) Difference of results with and without fiducial field-of-view selection. Parameters are the same as in panel (b).
(d) Comparison of different methods to estimate (X ..) and o(X,,,, ). The difference from the default method is shown. The average
from the two deconvolution methods (SVD and Bayesian) is shown without error bars (see text). For the weighting method, the y?/ndf
with respect to zero is given.
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2, A,, method

When the shower maxima of the events in the tails of
the X distribution follow an exponential distribution,

L ] L ] | K B L) ] L ] 150, 48 I ISR O L l_
B *o, ¢ data
R 2 .
- » — fit .
s e_'z/A)]

102 £ E

" i i
]

.y - -
£

¢ 1W0E E

i 4. Il

1E o

= —— € =1 — i

-l l'll 1 I B -8 J.-} I L1 11 I | S ) I y N _v-.3 I ll\l 1 I;

500 600 700 800 900 1000 1100
Xmax [g / Cm2]
FIG. 15. Fit to the tails of the X, distribution

[18.1 < lg(E/eV) < 18.2]. The region of constant acceptance
€. = | 1s indicated by arrows. 69



Result Summary Table

TABLE III. Parameters of the X, resolution [Eq. (8)]. o) and
o, are in g/cm?. The uncertainties are systematic and fully
correlated between o, and o,.

TABLE IV. First two moments of the X, distributions.
Energies are in [eV] and (X,,) and o(X,,..) are given in
[g/cm?] followed by their statistical and systematic uncertainties.
The number of selected events in each energy bin is given in the

lg E range o) ) f third column.
[17.8,17.9) 17.5+0.7 3.7+ 14 062 oRrange () N (Xuw) (X ma)
[17.9,18.0) 19720 23544 0:0d [17.8,17.9) 17.85 3768 709.9+ 12176 59.6+1.7+9
[18.0,18.1) 15.9 +0.7 319+ 1.4 0.63 [17'9’18'0) 17‘95 o 719'9 s 1' 4;‘7‘_’5'2 62' ) 2' 1;'2'_71
[18.1,18.2) 15.1 £ 0.7 310+ 1.4 0.64 [18'0’18'1) 18'05 = 725'2 ) 1'5;‘7‘_’42 p 9' &l 2'0;'2'_‘_‘,_
[18.2,18.3) 14.4 £ 0.7 300+ 1.4 0.65 [18'1’18‘2) 18‘15 s 736'9 - 1'8;'7‘_’52 . ” .y 2’ 6;'2;‘;’,
[18.3,18.4) 13.8 £0.7 291+ 1.5 0.66 [18'2’18'3) i s = 2'0;‘7‘;' : 6' G 6;"5},
[18.4,18.5) 13.3+0.7 281+ 16 0.67 [18'3'18'4) 18‘35 S 2'0;312 : o. gt 2'8;22'_23
[18.5,18.6) 128 £ 0.8 27.1+ 1.6 0.68 [18‘4’18'5) 18‘45 S5 752‘2 i 2'1;3_73 : 3' S 2‘ 9;22-_‘}
[18.6,18.7) 123+08 263+ 1.7 0.69 [18'5’18‘6) 18‘55 - 754'5 1 2' 2;3;‘; 3 3' 5 p 3'0;','_?,
[18.7,18.8) 120 +0.8 254+ 1.8 0.70 [18'6’18'7) 18‘65 % 756'1 P 2' 7;‘;_; : 4' i 3' 5;',;3
[18.8,18.9) 11.7+0.9 247+19 0.70 [18'7’18‘8) 18‘75 0 757'4 P 2' 8;%_2 3 5' o 3' 4;‘,'_‘;
[18.9,19.0) 11.5+09 24.1+19 0.71 [18'8’18'9) 18‘85 . 763'6 i 2' 9;*;-.57 42' 5% 3' 6;',-_?,
[19.0,19.1) 113+09 236+ 1.9 0.72 [18'9’19'0) 18'95 " 764'6 1 3' 2;*;; 2 3' 41 4'1;','_‘§
[19.1,19.2) 112409 233420 0.73 [19'0’19'1) 19‘05 P 766'4 P 3' 3;;13 3 9' G 3'8;',-_‘;
[19.2,19.3) 11.1+0.9 23.1+2.0 0.74 [19'1’19‘2) 19‘14 iR 767'0 . 3'6;§-f,_ ) 6'7 p 3' 6;',-;
[19.3,19.4) 11.1+1.0 23.142.0 0.75 [19'2’19'3) 19'25 5 779'5 ) 5'1;;‘; : 6' P 6'2;‘,'_‘_‘,_
[19.4,19.5) 11.1£1.0 232420 0.76 [19'3'19'4) 19‘34 o 773'1 3 5'0;;% 4 0.1 y 4'8;','_33
[19.5, o) 11.2+1.0 237 +2.1 0.77 o : ‘ i : B
[19.4,19.5) 19.45 40 I87.9+961%) S22
[19.5,00) 19.62 37 779.8+5.072% 265+487)3




Xmax alr showers

hadrons electrs 1.00 107" s¢ Iron 10" eV hadrons electrs 107" s¢ Proton 10 ** eV

https://web.ikp.kit.edu/corsika/movies/Movies.htm


https://docs.google.com/file/d/1P1uiiRg7tYMnd0Lx2yax-xww_opcHuNW/preview
https://docs.google.com/file/d/1P_EH-dQ76AoGWfbODz-fxeu4VP8lfqCn/preview
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Acceptance is the ratio Apply selection criteria
of selected to to simulations
generated events A

A

T l LI I | I LI | l LI B I I rrrTrrTrTyT I T 17T I | L L) I T TT I LI I R I ]
—o— quality sel.
¢ ® s & qualityé&fiducial sel.

acceptance [a.u.]
o =] =

0:llllulll..lll..111..;11...11...11...11...11...11
400 500 600 700 800 900 1000 1100 1200 1300

Xmax [g / sz]

‘ Acceptance depends on X_
and E but not on the primary
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1. Project every time bin to path length Af; at height h,

2. Estimate the light emitted along A/,

3. Light fro
the energy deposited within the volume

cm Cherenkov photons proportional to ——9

4. Energy deposited proportional to number of particles
5. Fit longitudinal profile to obtain X and E(X__ )
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Shower Contains Xma
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Elongation Rate - g(Xmax)
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i ...p.r.o_t(,m 3 whole energy range
o~ B Y — ° ..
g 50 | = = = o Divide gnergy range
i : _ and define
40 | - elongated rate:
X L 3
< k d
& ' ;
s 30 F :+: ] Din — d(Xnax)
& RS oo ' 10 = '
B o [ e, S S o o dlg(E/eV)
i | iron 1 e Changes in elongated
[ : rate -> change of
0 e ] —— ] primary composition

10'18 10']9 1020

76



e Energetic particles from
outer space

e Primary particle can be
a charged nucleus or
gamma rays

o Primary interacts with
the atmosphere,
decaying into an air
shower

o Leptonic cascade is
well modeled,
hadronic is
model-dependent
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https://docs.google.com/file/d/1P1uiiRg7tYMnd0Lx2yax-xww_opcHuNW/preview

