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Cosmic Ray energy spectrum
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Sequence of power laws with several
changes of steepness

> Knee (~10* eV)

> Second Knee (~10' eV)

> Ankle (~5x10% eV)

> Steepening (~10% eV)

> Suppression (~5x10*° eV)
Shape of spectrum fundamental to
constrain astrophysical models

> Sources of UHECR?

> Nature of suppression

> Phenomenology of transition region

> Can we do UHECR astronomy?

Energy of UHECRSs far above the one

achievable by present accelerators
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The Pierre Auger Observatory

Loma Amarilla
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Fluorescence Detector

“The Pierre Auger Cosmic Ray Observatory”, NIM A 798 (2015) 172-213

Surface detector (SD)

*1500 m array
3000 km? — 1600 detectors
1500 m grid
E>25Eev

*750 m array
24 km? — 61 detectors
750 m grid
E>0.1EeV

Fluorescence detector (FD)

*24 telescopes in 4 building
Elevation 0-30°
E>1EeV

*3 additional telescopes
Elevation 30-60° 4
E>0.1EeV



The Fluorescence Detector
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e ' | Detection of shower longitudinal profile through:

> Fluorescence

> Cherenkov



The Surface Detector

Detection of Cherenkov emission : —_—— GPS antenna 4G
. & : Communications

Multi-level trigger to reject random muons

Reconstruct the geometry and shower size

by means of ground detectors Battery

Plastic tank with
12 tons of clean water

Lateral distribution
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S(1000) or s(450)

Three 9-inches photomultipliers to
detect Cherenkov emission
in water

10

I I I l ! I I I ‘ I I I I ‘ I I I I \ ‘ I
500 1000 1500 2000 2500 3000
r[m]

S




dE/dX [PeV/(g/cm?)]

Signal [VEM]
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The hybrid detection
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Pierre Auger energy
scale based
on golden hybrid events

14%

FD calibration: 9.9%
Fluor. Yield: 3.6%
Atmosphere: 3.4-6.2%

Energy deposit: 6.5-
5.6%

Stat. Uncert. Calib.:
~0.7-1.8%

Invisible energy: ~3-
1.5%

Stability of the energy
scale: 5%
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Main results: spectrum
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Suppression of the spectrum

above ~4x10%° eV

Phys Reuv. Lett. 101:061102 (2008)
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Main results: large scale anisotropy
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Measurement of a large scale anisotropy _ . . :
Above 8 X108 eV Dipole amplitude increases with energy
Science Vol. 357 1266 (2018) A. Aab et al. 2018, ApJ 868:4

Extragalactic origin of UHECR confirmed
(Dipole oriented 125 degrees away of GC)




Main results: large scale anisotropy
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> The dipole is statistically significant only above 8 x10*® eV

> Phase consistent with galactic center (up to ~10% eV) Transition from galactic to
extragalactic CR?

> Phase possibly aligned with nearby extragalactic matter
above 8 x10'8 eV 10



Main results: intermediate scale anisotropy

Observed Excess Map - E > 39 EeV
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# events per beam

~~ Beam size
Ngyye = 40

Indication of anisotropy at small medium scale
correlated with extragalactic sources

ApJ Lett. 253: L29 (2018)
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Main results: intermediate scale anisotropy
CEN-A

zooi L. Caccianiga
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Most significant deviation from isotropy close to CEN-A

Scan in angular deviation and energy
. 3.9 o devation from isotropy 12




Main results: composition
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* Getting lighter from 10'" to ~3x10% eV 1

* Getting heavier above ~3x10'® eV
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Phys. Rev. D90 122005 (2014)
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> Iron component mostly absent (except at ~10'7 eV)

> Getting lighter toward 108 eV

> Getting heavier toward higher energies

> Mixed composition 14




E2 dN/dE (GeV cm™2 s71 sr71)

Main results: neutrinos

AGN (Murase 2014)
Pulsars SFR evolution (Fang 2014)
Cosmogenic: p SFR (Aloisio 2015)

Single flavor
' '1:1

iy Cosmogenic: p, Fermi-LAT, Eqin = 3 x 107 eV (Ahlers 2010) Ve iVpiVe=
10~ !
Cosmogenic: p, FRII & SFR source evol. (Kampert 2012) ,'
[ Cosmoagenic: p or mixed, SFR & GRB (Kotera 2010) ,’
[ Cosmogenic: Fe, FRII & SFR source evol. (Kampert 2012)
90% CL limit Auger
10—7 _ &, (Earth-Skimming) §
90% CL limit Ny 90% CL limit
Auger (2019) ANITA |il|+\ll (2018)
90% CL limit
. lceCube (2018) Waxman-Bahcall bound (2015)
108 R — - 1
90% CL limit
.. Auger (2019}
et
10—9 il
10—10

1019
E, (eV)

JCAP 10 (2019)022

1018

1017

Diffuse neutrino limits exclude models
dominated by light composition at sources

10:?1

PRELIMINARY

[Cosmcgenic neutrino models]

protons, FRIl evol. (Kampert 2012)

protons, FRIl evol. (Kotera 2010)

protons, SFR evol. (Aloisio 2015)

yrotons, SFR evol, Ep., = 102! eV (Kotera 2010)
protons, SFR evol. (Kampert 2012)

protons, GRB evol. (Kotera 2010)

rotons, Fermi-LAT, Ep, = 101 eV (Ahlers 2010)

stons, Fermi-LAT, Emi, = 10175 eV (Ahlers 2010)
mixed CR (Kotera 2010)

iron, FRII (Kampert 2012)

[Astmphysical neutrino mode\s]

radio-loud AGN (Murase 2014)

Pulsars, SFR evol. (Fang 2014)

T T T T T

4 5 6 7 8 9 10
Number of events

(PY E ER——- EA VRS S

No point like source

No detection associated with transients
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Main results: photons
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energies strongly constrained

J. Rautenberg, PoS(ICRC2019)398

TA 2018 2 ":;,
U
’ Sgams |
10™
E, [eV]

16




The energy spectrum of the Pierre Auger
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Spectrum measured over 4 orders of magnitude in energy



The Fluorescence Detector spectra

Problem of the FD shower geometry reconstruction:

correlation between the parameter of the formula

R Xo— Xi
t1:t0+?ptan( 02 )

Large systematics on the geometry
reconstruction

Solution:

Coincident detection of one station on ground = Hybrid spectrum

18
Additional profile constrain on the shower geometry H:> Cherenkov spectrum




The Hybrid spectrum

dE — | Hybrid
EO:E I+EU’IV Ecal _dX c\I> B Y
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Primary f o /‘ TToq0%eE
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Calorimetric Energy deposit '_.U) E ..“......Q’ ++
> f
N o
J.= l -
' AE¢(E. ?
( ) méﬂ 0% 4
T metri ?
Exposure € calculated with a full time-dependent « i meagﬁ:g:::ﬁ:rgf’ the
events and detector response simulation e spectrum
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The Cherenkov spectrum

E>10%eV
Exposure: 2.86 km? sryr @ 10" eV
Small impact parameter (Large Cherenkov fraction)

Constrain on shower profile to reconstruct the
geometry

1)Scan on ¥,

R Xo— Xi
tl:t0+7ptan( 02 )

2)Linear regression to calculate R and t,

3)Variate Gaisser-Hillas parameters to identify |dX

the best fit of the measured light profile 20



The Cherenkov spectrum
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Exposure £ calculated with a full time-dependent
events and detector response simulation )

Detector resolution effects corrected by
forward folding procedure

Invisible energy extrapolated based on Ice-Top data
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Invisible energy

=0.22

Energy carried on ground by muons

EO:Ecal+Ein

v

Primar f .
y Invisible
Calorimetric

Main problem: Muon fraction at the highest

energies strongly underestimated

Monte Carlo underestimates the invisible energy

Data driven estimation
By inclined events

By vertical events
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Forward folding procedure

Forward folding technique applied to correct for
resolution effects .
(QV
1) Calculate migration matrix %
a) Resolution "
b) Bias wm
c) Efficiency .
o
2) Fit of raw spectrum with detector effects IE
i
. fdQcos(@)fdEe(E,@)J(E;s)k(ESD,E,H) o
J (ESD;S): LL]
f d Qcos( 6) -
X

3) Calculation of correction factors c. to apply on
measured raw spectrum

M' a4 Expected rate in the i"" bin without detector effects
l

Ci_vik

Expected rate in the i"" bin with detector effects

1

—h

038

o
W
N

:_Raw spectrum

- Unfolded

,l
2o

’10% effect at most

1 .
5 0.98 . .(‘., ._'.“ . +
§ oo | bbb
3 + L4
o 094w el
E AL
E 0.92 §
s =
LS 09 e  §
0.88 | |
10]9 1020
E [eV]
L I | |
10'° 10%°
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The Surface Detector spectrum

Largest exposure for cosmic rays

Energy
estimator (S)

SD1500 spectrum:

0-60 degrees —» S(1000)

60-80 degrees —» N

SD750 spectrum —» S(450)

Convert the estimator to an energy
with a subset of hybrid events with
SD and FD reconstruction

1000F

£ Energy scale
g”’o? is calorimetic
B

o L

8 10F @
o

C Model
sl independent
Sl

5 S, [VEM]

determination

T . s, [VEM]
=N of the energy
02 T 234 1020 100

Eqp [EeV]

The Auger energy scale

1)define the energy estimator on all SD events
2)Fit the relation E__ vs estimator on golden hybrids

3) SD energy: E., =A S® 24




The SD energy estimators

For low zenith angle showers
Fit on the lateral distribution of the signal

Signal at the optimal distance from the core
(fluctuations are minimal at such distances)
1000 m for SD1500
450 m for SD750

= 10
%. » i S(looo) Lateral distribution
g or

10° ; 3(450) 7

10 %*

| I I 1 | I | I | I I I I | I I I I J‘ | I .
500 1000 1500 2000 2500 3000
r[m]

k.

For high zenith angle showers (60-80°)

Fit distribution of secondary muons
on ground
(shape of muon distribution universal)

Muon map for a given

Energy estimator N, direction and simulated

2000

10*° eV proton

1000

—

E

E o
>
-1000 102

-2000

-3000

25
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Correction of shower attenuation

The Constant Intensity Cut method

oo | :‘teo*“ * 60°<B<80°
)
Q
O 107
T 1
8 X ot
S cos 6
) \ N i
Nl ; :
(<) -
o
£ :
s | i
c 0y k
| 1 L L L L L L L --.l “I.-I.
0 1000 2000 3000 4000 5000
2
X [g/cm?]

Depth of Malargue site (870 g/cm

The shower size for fixed energy
depends on the zenith angle

1(>5(1000)) [sr™']

10 g

4
10 E

10

10°

10

1)Isotropy in the arrival
direction

2)Full efficiency

107 e

? _ Attenuation

1

Cut on intensity 26° << 38°

— 0° <6< 26° 3

---------- 38° <P< 49° 3
---49° <0< 60° ]

10 1()2
S(1000) [VEM]

-

arrive at the detector
with same frequency
independently of the
direction

Showers of same energy

0.8

Attenuation factor

0.6

04 F o

Attenuation function ‘:

I I I I L L L L I
1 1.1 12 13 14 15 16 17 18 19

sec

S,, = S(1000) / f(6)

S, = S(450) / f(6)
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The SD spectra

SD1500 SD1500 SD750
<60° >60°
Exposure | 60425 17447 105.4
[km? sr yr]
Threshold | 104 1086 10Y
[eV]
Events 215030 24209 569285
ZArange | 0-60 60-80 0-40
[©]
Energy S(1000) S(450) N,
estimator S, S,

J*E °[km 2yr -lsr eV 7

—

—

(@)
w
©

o
W
N

E [eV]

E_ AAMA__”/\/\AAA mﬁ‘

L —.— o0 (

" SD1500 + A

- <60 degrees $

- SD1500 f

- > 60 degrees *

| | IIIIII| | | IIIIII| | | IIIIII| | | IIIIII ‘

10" 10'® 10 10%°




The combined spectrum

All the spectra can be combined to generate a
single spectrum over 4 orders of magnitude

log]U(E/eV)

Maximum likelihood fit

Ly =Lpgss ¥ Ly 1 * L i

Additional constraint on the exposure

2
~2In L= (%)

Additional constraint on the energy scale

—2InL =[0 ' (0AV+2[0,s] A OB+[0 ']s( OB)

Weighted average of all the spectra

(with k=Hybrid, Cherenkov, Vertical, Inclined, SD750)

17

18

19

l

20
! I I

V. Verzi
PoS(ICRC2019)450
E [eV]
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The SD-1500 spectrum

PHYSICAL REVIEW D 102, 062005 (2020)

PHYSICAL REVIEW LETTERS 115, 121106 (2020)

Measurement of the cosmic-ray energy spectrum above 2.5 x 10" eV
using the Pierre Auger Observatory
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Most precise estimate of the
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Spectrum free of assumptions on hadronic interactions or composition
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Data driven ESD
resolution

1
V2rosp(E. 6)
_ (Esp — E(1 + bsp(E. 9)))*
205,(E, 0)

K{ESD

ED) =

<exp|
Resolution from E__ / E__ ratio (not from MC)

E., / E., follows a Gaussian ratio distribution
(With o, ~ 7-8%)

E E
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Data driven E..
bias

A bias appears under threshold:
> Statistical bias (upward fluctuation triggers)
> Mass selection bias

1
Kl Ee| E: ) =
( SDI ) \/z_ﬁﬁsD(E,fg)
e _(Esp — E(1+ bsp(E,0)))*
205 (E. 0)

Bias strongly zenith angle dependent

E;
bsp(E,0) = (by + by exp (—4,(cos 8 —0.5))) log, (E)

No bias above threshold (2.5 <108 eV)

Normalized number of events

byp(E.6) [%]

0.3}
0.2)

0.1

¢ 10" <E, [eV]< 10!
# 10" <E [eV]< 104
$ 10" <Eg, [eV]< 10"
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08 1 12 14 16 18

Egpy/Exp
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Data driven E__ efficiency

Hybrid sample has lower threshold than . E (eV) ) u
Surface Detector 1o - T 19 L
S 08 3
Efficiency can be calculated as a function of 5 - {
FD energy S o6 .
@ 2
S 04f .
o A
Full efficiency around 2.5x10*® eV = sl 4
| l v 0 l-':“Ic}.l'.l '171.5 18|.0 15;.5 19|.0 1‘5;.5 20.0
e(E,0) =5 [1 +erf<°g“’(‘€/6 ) = Pol ))} log, (EfeV)
P1
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Energy dependent CIC

Attenuation function changes with energy
(Muonic fraction and energy change
with energy) 12 |

Statistics is now sufficient to account for such
evolution

0.8

S..=S(1000)/(1+a X +b X*+c X°)

0.6

Attenuation factor

X =cos’(6)—cos’(38°)

-~ 04 |

a(S):ao+a1*y+az*y2
< b(S)=by+b,*y+b,xy>  y=108:(Sx/40VEM)

2
C(S)=C0+C1*y+C2*y
N~ 33




Spectral features

TABLE III. Best-fit parameters, with statistical and systematic 108
uncertainties, for the energy spectrum measured at the Pierre o [
Auger Observatory. % o
parameter value +6, £ Oy T .
Jo [km™2 sr! yr~1 ev1] (1.315 4 0.004 £ 0.400) x 10718 “Im a
Y1 329 +0.0250.30 =
) 2,31 0032 005 e -
Y3 3.05+0.05+£0.10 -
V4 51+03£0.1 24,
E, [eV] (ankle) (5.0 & 0.1 = 0.8) x 108 MLIJ 1037
Ey [eV] (13 41 4+2) x 10'8 » N

. ] 18 o8
E3, [eV] (suppression) (46 +3+6)x 10 EE [
D/ngos 17.0/12 = :

10'° 10%°

Ankle and suppression are confirmed E [eV]

New feature at 1.3<10*° eV detected

E -7 3 E ]/'r:),-j (}'f—]'j}f”ij
(3.9 o) i JU(]U”‘-S eV) H [1 K (E_) }

i=1



Consistency with other experiments

1038

10%7

e Telescope Array

m Auger

J(E) x E* [km™ yr!sr!eV?]

Telescope Array: hybrid CR observatory
on the northern hemisphere (Utah)

Spectra consistent within systematics
until 10°° eV (AE, . =+14%; E,,=21%)

10% mismatch per energy decade above
10 eV

1 IlIO]()

E [eV]

1020

Origin of mismatch under investigation
> Energy dependent systematics?
> North south asymmetry in the sky?

Spectra in common declination band
shows some inconsistency at E>10*° eV

35

Common Auger and TA Working Group investigating such differences



J(E) x E° [km™ yr!sr!eV?

1038

107}

Dependence on declination

T T
% 1.1+ 3
¥ ~ | |
R l
e T
= 4L N —3 = il ]ﬂ' 1
) — ¥ | | I
| ~° 18
i o
I T f;{li(t)ol §t<-42 P N 09 - e -90.0° < §<425° =
i u —42:5" ;5 4—17:3" \ | - m -42.5° £ §<-173°
[ & 175 <8 <Us I | & -173° < §<+248°
L L L MR | . . : i T 1 | - - L | L L L L i
1pt? 10%° 10" 0%
E [eV] E [eV]

No dependence of the spectrum on the declination

Mild excess from the south due to the measured dipole anisotropy

36
Difference with TA possibly due to systematics?



Interpretation of the results

Reconstruct the UHECR source properties

Fit of a simple astrophysical model to the
spectrum and composition data above 1087 eV

Input:

»> Homogeneous and isotropic source
distribution
Few representative masses injected
Injected spectrum: PL with exponential cutoff
Propagation effects modeled
EAS modeled (hardonic interaction models)

>
2>
>
>

Output:
> Expected spectrum Background photons
Expected composition model

Expected photon flux
Expected neutrino flux

>
>
>

. [arb. units]

inj

E

1035

-

Injected spectra and
composition

180 185 190 195 200 205 210 215 220 225

Intensity nW m ~ sr

logw(E/eV)

Gamma-ray " I
I"‘

Microwaves

Optical

X-ray uv

Infrared

I T | d ol v voed vod o

“10™ 107 10 ‘10 10% 10 ‘10
Wavelength (meters)
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Interpretation of

—

Spectrum and composition data are
consistent with a rigidity dependent
scenario

New feature @10 eV: interplay between

helium to CNO component

Suppression: acceleration maximum +

propagation effects

Steepening and suppression rigidity
dependent features?

> E,/E, =34

>Z,1Z, =35

Energy density [erg Mpc™ dex !

the results

=

- .0

B
-

Y
]
Th
F =

—A=1

5|
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—2<AZ4
5£A <22
23<A <38

—39<A <56

53
1077 E
52| __
1077 E
1o — =
19
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S 850 —
20 F ///
“ 800 F = :
g F T paarteaity
5750'—_/_ f,,’_-o':/;-"‘ =
:”;0;/ —
700 F -
3 —
650~ ="
600: | - 1 il " " 1

— =

il iy 1 il |

180 18.5

log 10(E/eV)

19.5 20.0

18.5 19.0 19.5 200

log (E/eV)



10% |
A
___ 40P
z
o T
o
= i From Galactic
'5' 107  SNR i
L
<
10°® :
From extragalactic
8 sources — 5
10 :
6™ 10" 10

Composition in the
10%7- 10*8> range still
under study

Combined fit being
extended under the
ankle

Alves Batista et al.,
Front. Astr. Sp. Sci. (2019)

composition fraction

Energy density [erg Mpc™ dex ']

1 054

1053

1052

1051

T \Illllli

L7 |
—— Total
—A=1
—2<A <4
—5<A<22
——23<A <38
—39<A<L56

| \IIIIII]
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=== Sibyll2.3

Composition?

Auger Prime

Ig(E/eV)
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.ﬁl: Pk o [ L
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Conclusions

The Pierre Auger Observatory revolutionized the understanding of CR at the
most extreme energies (suppression confirmed, anisotropy studies,
mass composition at the highest energies, stringent limits on neutral particles...)

The measurement of the spectrum:
> Combination of different techniques over 4 orders of magnitude

- Most precise measurement of the vertical spectrum until above 10184 eV

\4

Main spectral features confirmed

\4

New feature detected at 1.3 x10*° eV

\4

Astrophysical interpretation consistent with rigidity dependent scenario 10




Backup slides



Auger Prime

SurfaceScintillator Detector (SSD)
- (Mass composition measurement)

Upgraded detector electronics
(Improve the performances of the WCD)

'Small PMT
(Increase the dynamic range of the WCD)

Radio antenna

(Measure the radio emission of showers)

Underground Muon Detector
(Direct muon measurement)
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Auger Prime (hature of Suppression)

A 025

%02

& | & e
£ 840}~ p. EPOS-LHC E p, EPOS-LHC
= Fe. EPOS-LHC <o S0F - Fe, EPOS-LHC
— 820} g |
i ! % 70 :
£800) . E | .
X1 ' 2 60F e e, 4
v 280! y Z * :
L i ? 2 50| i
[ L] * . § & I .
760} 5 5 e 40}
?4!1: 301
‘?2”: * Scenario | :“E ® Scenario |
e & Scenari & Scenano 2
?{H)l WD Y W W W W W W WS I NS WD WS W S W S S S " —" Il 1
19 192 194 196 198 20 I]K_K 19 192 194 196 198 20
le(E/eV) le(E/eV)
] =

What is the nature of the suppression?

> Maximum rigidity effect

> Propagation (photodisintegration)

effect

A. Castellina EPJ web of Conferences 210 06002 (2019)

3 p. EPOS-LHC
= Fe, EPOS-LHC
005 » o | Maximum rigidity
0 s Propagation
005, a = = *
- .
] u
& Scenario |
. ® Scenario 2
025776102 194 196 198 20
lg(E/eV)

Addition of a scintillator on top of
WCD to increase composition
sensitivity until 10°eV
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The energy calibration of the SD

Energy scale of SD detector based on
golden hybrid events
(Events with FD and SD reconstruction)

Relation between E__ and shower size (S) is fit
with

— B —
E FD— A S - G 55; ! D/nd.f. = 3419/3336
i 1 L L | 1 1 1 1 1 1 L 1
10" 10%°
Eqp [eV]

Unbinned maximum likelihood method
1
Inif= Zlnf(EFDke Sspk) = Zlﬂ (FZG(EFDHEFDh UFD:’)G(SSDk‘S(EFDE)sGSDI))
k k i

PDF for detection of an event FD resolution function SD resolution function 44
with size S, and E.,



The Surface Detector exposure

The detectors are deployed on an hexagonal grid

Fiducial cut: accept only 6T5 events .

\

6TS events: station with highest signal j l

surrounded by 6 active stations

Aperture of each of such cells A_, = 4.59 km? sr yr .

Geometrical exposure

calculation
&= f N e ) Ce,,cos dtdQ :> above threshold
No MC

N
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