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Hybrid Detection of Air Showers
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Hybrid Detection of Air Showers
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Energy Calibration
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Energy Scale

fluorescence yield in air:

Airfly (Auger)
Dandl

AirLight
FLASH
MACFLY
Lefeuvre (corr)
Nagano (corr)

Kakimoto (corr)

Kakimoto (TA) -

<Y 337> = 7.04 + 0.24 ph/MeV
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Rosado, Bianco, Arqueros, APP 55 (2014) 51

energy scale uncertainty:

Absolute fluorescence yield
Fluor. spectrum and quenching param.
Sub total (Fluorescence yield - sec. 2)

3.4%
1.1%
3.6%

Aerosol optical depth
Aerosol phase function
Wavelength depend. of aerosol scatt.
Atmospheric density profile
Sub total (Atmosphere - sec. 3)

3%-+6%
1%
0.5%
1%
3.4%-+6.2%

Absolute FD calibration
Nightly relative calibration
Optical efficiency
Sub total (FD calibration - sec. 4)

9%
2%
3.5%
9.9%

Folding with point spread function
Multiple scattering model
Simulation bias
Constraints in the Gaisser-Hillas fit
Sub total (FD profile rec. - sec. 5)

5%

1%

2%
3.5% + 1%
6.5% +5.6%

Invisible energy (sec. 6)

3% -+1.5%

Stat. error of the SD calib. fit (sec. 7)

0.7%+-1.8%

Stability of the energy scale (sec. 7)

5%

Total

14%

V.Verzi for the Pierre Auger Collaboration, ICRC2013
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" Energy Spectrum

: é(é) = NE BT AB) _ N(E.E+AE)

tQAAE : EAE

more precisely (Fora Flaf;*-f'__ .

"o number of particles N

: : detector):
e measurement time ¢ : ey
*earead ' TR
i e t/ / cos§ Adcos
- e solidangle O 0 - JcosOmin TR
e “exposure” & (e.g. km? sryr) = Atm (1_ — €05 Omin)

SD: geometric area, A = const
FD: A = f(E) (and tep ~ 0.15 tSD)



UHECR Energy Spectrum 14 Years Ago

Physics Letters B 556 (2003) 1-6
PHYSICAL REVIEW D 74, 043005 (2006)

Has the GZK suppression been discove On astrophysical solution to ultrahigh energy cosmic rays
John N. Bahcaf, Eli Waxmar? Veniamin Berezinsky
508 =~ T T T
= 5 @ HiRes-2 Monocular
5 - ® HiRes-1 Monocular
g o 0 1
g E
i =
& 2 me255,1-238, /<468
W os N
u

2-0.004

4
iws 12 s v ws i s 1w s 2
log,(E (GeV)

5
log,(E) (eV)

HiRes Collaboration, Proc. 29th ICRC (2005)
.
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UHE Exposure
(Auger Anisotropy ICRC17: 9.0x 10% km? sr yr )

(Auger Spectrum ICRC17: 6.7x10*km?2sryr )

TA Spectrum ICRC17:
0.8 10% km? sryr

AGASA
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Auger Energy Spectra
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Combined Energy Spectrum
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Combined Energy Spectrum
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Combined Energy Spectrum
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Primary Mass and Longitudinal Shower Profiles

Height a.s.l. (km)
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Number of charged particles (x109)
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R. Engel 2004
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Primary Mass and Longitudinal Shower Profiles
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Xmax Distributions
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Xmax Distribution - Mean

S
T

prg_bability

10°

600 700 800 900 1000 1100 1200 1300 1400

100 200 300 400 500 600 700

600 700 800 900 1000 1100 1200 1300
A X lgem™?

Xmax | gEM™® X,/ gem?

* firstinteraction (X1): \,
* shower development: (AX): o In E
<Xmax>p - /\p + D ln E

: primary energy, A, : proton interaction length, D : elongation rate, A : mass number
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Xmax Distribution - Mean

probability

-

pm— 10°

®

600 700 800 900 1000 1100 1200 1300 1400

Xmax | gEm™

100 200 300 400 500 600 700 600 700 800 900 1000 1100 1200 1300

X,/ gem? A X Igem?

* firstinteraction (X1): \,
* shower development: (AX): o In E
* Xmax)p =Ap +DINE

superposition model: nucleus (E, A) = A nucleons (E/A,1)
* (Xmax)a = A, + DIn(E/A)

: primary energy, A, : proton interaction length, D : elongation rate, A : mass number
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why

(Xmax)a = A\p + DIn(E/A)
and not

(Xmax)a =Aa + DIn(E/A)
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why

(Xmax)a = A\p + DIN(E/A)
and not

(Xmax)a =Aa + DIn(E/A)

— Semi-superposition theorem J.Engel et al,, PRD (1992)

¢ . ¥ e .

©. e

If the number of participating nucleons scales as
A
(npart) = A )\*j
then the inclusive distribution of depths of nucleon interactions is
f(X) = 1/>‘p exp(*Xint/)‘p)

(independently of how the spectators fragment!) oo



Standard Deviation of X,.x Distribution

. (T(Xmax)i = )\ZA + 0 (Xmax — Xﬁrst)ZA
° (T(Xmax)p > 0(Xmax) 4 > "f(AXVrﬂaX)p/\/Z
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2 _ 2 2 2
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Average Xmax Fluorescence Detector
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Average Xmax Fluorescence Detector
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Xmax With SD
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Xmax With SD
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Average Xnax Fluorescence and Surface Detector
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Standard Deviation of X,.x Distribution (Fp)
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Xmax Moments vs. Air Shower Simulations
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(p-He-N-Fe)-fit of Xax Distributions

FD data:
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Composition Fractions
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Combined Fit of Spectrum and X5« Distributions

AW {? 1 0 i\f UHECR source
T w <> EBL photon
il 7 <~ i ~W\\~> CMB photon
o P c EGMF
w <A P == UHECR
W N ) @  photonuclear interaction
e e 0
minimal astrophysical model extended model
Pierre Auger Coll., JCAP 1704 (2017) no.04, 038 D. Wittkowski for the Pierre Auger Coll., ICRC15
* Fmax = Rt Z * local large scale structure
* power law injection £~ (Dolag+12)
« five mass groups: p, He, N, Si * extragalactic magnetic field

(Sigl+03)
* 4D propagation with CRPropa3

* source evolution (1 + 2)™
* 1D propagation with CRPropa3
* Gilmore+12 EBL photon field
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Combined Fit of Spectrum and X5« Distributions

no EGMF with EGMF
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Combined Fit of Spectrum and X5« Distributions

no EGMF with EGMF
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Searchlng for the Sources of UHECRs
(a) Large scale Anlsotropy



The Local Large Scale Structure
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Pierre Auger Coll., PRD 2014 and ICRC17 (only stat. uncert. shown)
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Observation of a Dipolar Anisotropy of UHECR ¢- s

s 3 3 amplitde: 6.5% 5%, significance: 5.2 ¢
[ DB

Pierre Auger Coll., Science 357 (2017) 1266 (smoothed at 45°) [27 of 47]



/(D)

UHECRs from Galaxy?
stellar distribution from Weber&deBoer10, coherent and random JF12 field
8EV ~p — “ .

4EV~He—>‘ * ‘ ‘

+—1EV~N

/D)

/(D)
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Dipolar Anisotropy and Large Scale Structure

Pierre Auger Coll,, Science 357 (2017) 1266 (smoothed at 45°) [29 of 47]



Energy Dependence of UHECR Dipole

16-32 EeV

Pierre Auger Coll., subm. to Astrophys.J., arXiv:1808.03579 [30 of 47]



Energy Dependence of UHECR Dipole

90_

dipole position —

Amplitude

0.1
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<+ model: mixed composition
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Searching for the Sources of UHECRs
(b) Intermediate-scale Anisotropy



Intermediate-scale Anisotropy

test for isotropy using catalogues of extragalactic v-ray sources

Star-forming or starburst galaxies

Active galaxies or AGN

e:g. Cen A, close to an Auger hotsi)ot

e.g. M82, close to the TA hotspot

AGNs from the 2FHL Catalog
(Fermi-LAT, > 50 GeV)
within 250 Mpc

Ackermann+ 16

'Starbursts' from Fermi-LAT search li¢
(HCN survey) within 250 Mpc
with radio flux > 0.3 Jy

Gao & Salomon 05

Assumption: UHECR flux « non-thermal photon flux

Analysis: unbinned maximum-likelihood analysis vs isotropy
Sky model: [axsources + (1-a)xisotropic] ® Fisher(0)

Pierre Auger Coll., ApJ. Lett. 853 (2018) L29, slide from J.Biteau (Auger Coll.) MIAPP 2018
[32 of 47]



Intermediate-scale Anisotropy

Active galaxies Starforming galaxies
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Pierre Auger Coll., ApJ. Lett. 853 (2018) L29, slide from J.Biteau (Auger Coll.) MIAPP 2018
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Intermediate-scale Anisotropy

starburst galaxies (£ > 39 EeV,, 9.7%, 12.9°, 4.0 o)

Observed Excess Map - E > 39 EeV. Model Excess Map - Starburst galaxies - E > 39 EeV Residual Excess Map - Starburst galaxies - E > 39 EeV.

# events per beam
#events per beam

7 Beam size
Nopy = 40

F
hd

Residual Excess Map - Active galactic nuclei - E > 60 EeV.

# events per beam
# events per beam
# events per beam

~AGN (E > 60 EeV, 6.7%, 6.9°, 2.7 o)

Pierre Auger Coll., ApJ. Lett. 853 (2018) L29




The Full (-sky) Picture: TA and Auger

flux map: " .
@(E,,, ., >40/53.2 EeV) [km? sr'yr] - Equatorial coordinates - R = 20° * two “warm spots” wi th

4.7/4.2 o local significance
* post-trial 2.2/1.3 o

* aligned along super-galactic
plane?
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Measurement of the UHE Proton+Air Cross Section
tail of Xmax distribution:
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Measurement of the UHE Proton+Air Cross Section
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Proton+Proton Cross Section at /s = 39 and 66 TeV
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‘Hadronic Interactions at UHE
~(b) Muons in Air Showers



Muon Studies with Inclined Hybrid Events (62°-80°)
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RM VS. E FD Pierre Auger Coll., PRD D91 (2015) 3, 032003
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<RM >/E|:D vs. Erp

Pierre Auger Coll., PRD D91 (2015) 3, 032003
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Pierre Auger Coll., PRD D91 (2015) 3, 032003
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Muon Scale vs. Xmax (FD)
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Hybrid Events, Data vs. Simulation
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Hybrid Events, Data vs. Simulation

Combined fit of energy scale Ry and had. component rescaling Ry5q4
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Conclusions

UHECR before Auger UHECRin 2019
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Conclusions
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