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Take home message

Particle Cosmic ray

Physics Physics

There is a strong correlation between CR physics and particle physics

= |LHC tuning of hadronic interaction models employed in UHECR are needed to
lower the systematic uncertainties on composition measurements

= contribution/constraints to the determination of hadronic interaction properties
can be provided by Astroparticle Physics measurements in a very different
energetic and kinematic phase space, for targets with <A>~14

= BSM searches at UHE can be performed exploiting Extensive Air Shower Arrays
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CR flux and interaction energies
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to reach 102° eV with current technology

PARTICLE PHYSICS

v energy range >30 times larger that LHC
v very forward kinematic region
¥’ p-nucleus or nucleus-nucleus interactions

Large Hadron Collider (LHC),
27 km circumference,
superconducting magnets

Tests of fundamental interactions
and their models
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Telescope Array Experiment
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The shower observables

In a hybrid detector we can perform precision measurements of the shower observables
100% duty cycle for the Surface Detector
~15% duty cycle for the Fluorescence Detector
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Energy calibration at Auger

O
ENERGY Ee _/ gy
al =
calorimetric energy measurement with fluorescence telescopes 0 X
Erot = Ecal + Erne
Invisible energy evaluated from dat, as Ejny « N,  e—— ———

O'(EFD)/EFD ~ 8%
Systematic uncertainty 14%
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CALIBRATION

SD energy estimator

provided by the correlation of SD energy 10?
estimator (Ssg) with Erp -
0(Esp)/Esp ~ 20% at 1018 eV : 3 + :35 [Xﬁx]
~ 7% above 2 1019 eV -+ Sy [VEM i
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Composition-related observables
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Neutral primaries

EAS from neutrino primaries

horizontal events: very elongated

look young: significant EM component, wide
time distribution, strong curvature, steep LDF

proton or nuclei
Top of the atmosphere " N\
EM component it
hadronic
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t

Top of the atmosphere

EM component
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Earth
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EAS from photon primaries

develop deeper in atmosphere: larger Xmax
less muons
look young: larger rise time, larger curvature
steeper LDF
less affected by uncertainties in the hadronic
interaction models
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Astrophysical interpretation

Mass fractions at Earth c 'Ep — EPOSLIC
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Composition measurements

Air shower+hadronic interaction models are required to convert N, and Xy,ax to A

* large model uncertainty, maximum contribution to systematics
- these uncertainties arise from a lack of data on multiparticle production in the very forward

phase space in hadron-nucleus interactions at UHE
- they increase for increasing energy (farther from the tested region)

Model B

©
©

Model A
General method

A. bad model: data outside model phase
space

B. good model: model phase space
encompasses data

Observable 2

‘ Data

-9

Fe

Observable 1
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Models

Air shower simulations

v start from a primary particle (E,A,3,¢p) interacting
after crossing a column density Xo

v track the particles through the atmosphere

v include all particle interactions and decay modes

v include models of hadronic interactions

v' CORSIKA, SENECA, AIRES

Hadronic interaction models

low energies [from parametrizations of data]
GHEISHA, FLUKA

high energies [QCD-inspired]
QGSJetll-04 [S.Ostapchenko, PRD83 (2011) 014018]
EPOS-LHC [T.Pierog et al., PRC92 (2015) 034906]
Sibyll2.3c  [F.Riehn et al., PoS(ICRC2017) 301]
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From a primary with E ~ 1020 eV
~10 sub-showers of E ~ 1019 eV
~106 sub-showers of E ~ 1014 eV
~101" sub-showers of E ~ 109 eV

[@R.Ulrich]




Sensitivity of EAS observables

Muon Density
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Cross-section: =50% at 10 eV

10% -
107
=L 1LY L
500 600 700 800 900 1000 1100 1200 1300 1400 1500
2
Xinax [2/cm?]
2
= W0E --- Proton (40%)
-g = Helium (25%)
0 ” =« CNO (25%)
2 102 == lron (10%)
o = — sum
10° -
10" = |_|
c 1_— eeeee oo ﬂ Ij@
.9 - .
° os| ey o
o - e’
'8 0.6— e®
c = o
S s .
o - .
a  o02f .
800 — 800 500 7000 1100 200
Xmax [9/cm®]
80r " EPOS-LHC
- =¥ QGSJETII-04
75— 10°<E<10®5ev |- SIBYLL-2.1
- — Auger Data
70 :_ --- stat. error
& 65
£ -
o -
E} 60 e .
u A
<: 55'_;""""""""""'"""""T"' :
50—
- X
45— 2
PN PR SR B B A S B B
oo 350 400 450 500 _ 550 600 650

[mb]

olF'-aIr

The p-Air cross section

The tail of the longitudinal distribution of X,.x is sensitive to the

p-Air cross section.
Select deeply penetrating EAS to enhance the proton fraction
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Inelastic p-p cross section

Otot, el, inel = Key to constrain the UHECR penetration in the atmosphere
Glauber model validated by LHC heavy ion measurements (CMS p-Pb collisions)
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More precise data, more constraining to models

Note:
e the newest Sibyll2.3c predictions are ~ EPOS-LHC
e the extrapolation from Tevatron to LHC ~ that from LHC(14 TeV) to Auger !

[@D’Enterria et al., arXiv:1809.06406 ]|
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Inelasticity
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The central particle multiplicity
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e while pre-LHC models gave differences up to a factor 2 at the predicted LHC particle
multiplicities, post-LHC ones show a 30% difference at the GZK cutoff
e all models agree well up to (dNch/dn),-0~5.5 (Ecr~10185 eV)

e note that the new version of Sibyll (2.3c) is now very similar to EPOS-LHC
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The muon problem

Measurements of the muonic component in inclined EAS
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* Hybrid events 50 | Pure Mol —o—
Pure EM ——
Eo=6-16 EeV [Ecm=110-170 TeV] 40 ¢

EM from p Decay ———
EM from Had. Jet -
u from Photprod. ------

match real events longitudinal distribution with § 0
a set of simulated p and Fe-induced showers » 20
(same E,3 as observed) and compare their ol
simulated LDF at ground with the measuredone | =~
U — e e
Sres(RE, Rhad)i.; :EM,i,j +%5had,7;,j 1 1.2 14 1.6 1.8 2

no need for an energy rescaling

observed muon signal 1.3-1.6 times larger
than expected

smallest discrepancy with prediction of

0.8 1 SY?’tematiC(;ngi”b ] EPOS-LHC for mixed composition (~20 )
0.6 | . QU-04Mixed ©
04 | _ _EPOS-LHCp =
' . . EPOS-LHC Mixed O
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Re

[@Auger Coll., PRL117 (2016) 192001]
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Muons from EAS experiments
InNG* — InNge

Z =
Clear muon deficit in simulations wrt observations lnNdet — InNdet
; QGSJet-1L04 3o (EPOSTHC
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Slope significantly different from zero (>80) for E>101¢ eV

The slope does not change if a different energy or mass scale is considered
[@L.Cazon, PoS(ICRC2019) 214]
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More information from muons in EAS

Strong correlation between E.q/Eo and N,
independent on the hadronic interaction model

(%) e

() =) () o ()

Fluctuations in the muon number = probe of the
first interation at UHE

First measurement of intrinsic
fluctuations of muons in EAS

Post-LHC models describe well the
fluctuations of energy partition in the first
interaction up to UHE
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[@F.Riehn, PoS(ICRC2019) 404]
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More information from muons in EAS

The measure of the proton exponential tail is related to the properties of multiparticle production
of the first interaction
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Precision depending only on number of events

Cross checks at the same /s=13 TeV (Ecr~1017
eV) possible :

e LHC : TOTEM, LHCf

e Auger: AMIGA infill

[@R.Conceicao, PoS(ICRC2019) 226]
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Solving the p puzzle?

InNy,, 1 — «
b= had =1+
ln(Nhad + Nem) ln(Nha,d -+ Nem)

a change in multiplicity (Nnad+Nem) affects
both Xmax and N,

a change in & (fraction of energy going in 1
in each interaction) modifies only N,

[e.g. a small ~5% change in hadronic fraction
in ~6 cascade steps produces a -30% in &]

any change must be compatible with all
moments (Ny, Xmax, XVmax, their
fluctuations...)

1.2 :
—EPOS-LHC
1.04 Ad hoc modified EPOS-LHC, a rescaled
----Ad hoc modified EPOS-LHC, Ny rescaled
0.8 QGSJet-11.04 -
23
Z 06
I
%" 0.4
0.2
0.0 T 420 %
0.2

700 750 300 850
(Xmax)/gcm™2

More muons :

v baryon-antibaryon production
v leading particle effect (n° replaced with p9)
v' QGP

Y....
[@H.Dembinski, PoS(ICRC2019) 235]
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Future steps

Strong constraints from LHC
measurements to extrapolations

in energy

Main source of uncertainty from

models is the difference

between p-p and p-nucleus

collisions
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- p-light ion collisions: can provide calibration of nuclear effects in p-N interactions of EAS

- O beam as light ion have been chosen for a data acquisition in Run3 (2023)
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Searches for Lorentz invariance violation

N (n) ( )E2+‘n
2 2 2 n 24 o 2 n 2
n=>0 Pl

Effects suppressed for low energy and short travel distances : UHECRs !!!

» Propagation of UHECRs

» Propagation of GZK photons

» Air shower physics

3 independent scenarios tested

Auger data used

» Energy spectrum Combined fit starting
9y , P 0 > from simple source
» Xmax distributions nodel

» Upper limits on photon flux </
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[@R.Guedes Lang, PoS(ICRC2019) 327]
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LIV - hadron sector
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Best fit: low maximum rigidity

LIV effects suppressed by energy

LIV - photon sector
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GZK photons propagated following the two scenarios
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= A: no limits on LIV can be imposed

= B: &, >—-10%ev-"and )" > —-100ev-2.
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LIV - air showers
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Searches for magnetic monopoles

¢ intermediate mass ultra-relativistic monopoles with “E 800;- | Monmm g;,,ev;_m_ou ,,,,,,,,,,,,,,,,,, e e
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= == SHDM Il (Aloisio et al. 2015)

—102 - = = SHDM (Gelmini et al. 2008)
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> KASCADE-Grande 2017 SHOM (Eliis et al. 2006)

7 I ! i ---------- TD (Gelmini et al. 2008)
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. 11 | === Z-burst (Gelmini et al. 2008)
= —EAS-MSU 2017 GZK proton (Gelmini et al. 2008)

0

I I L P G2K proton (Kampert et al. 2011)

Auger HECO+SD750 2019 =

—

B GZK iron (Kampert et al. 2011)
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Photon fluxes

» Most sensitive EAS detector for E,>0.8 EeV

» Most optimistic models with proton
primaries already excluded

» Most top-down models excluded by
experimental result
» Best U.L. 7x>1022 yr

[@J.Rauenberg, PoS(ICRC2019) 398]
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=== AGN (Murase 2014)
-« = Pulsars SFR evolution (Fang 2014)
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Conclusion

COSMIC RAYS
- | &aPARTICLE

PHYSICS

NEXT STEPS

A wealth of information about hadronic interactions came from accelerator
experiments, allowing fine-tuning of UHECR models used in simulations.
p-O run foreseen in 2023

More information obtained by CR measurements at UHE and in unexplored
kinematic regions and interactions :

® p-p cross section

* muon puzzle

e muon fluctuations, slope of the muon distribution tail

* BSM searches (monopoles, LIV, top-down models)

Increase in statistics at UHE

Composition sensitivity at and above the
suppression region (E>4 1077 eV)

More data on neutrinos and photons
More information on hadronic interactions
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Backup
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UHECR future: AugerPrime

a large exposure detector with
composition sensitivity above ~4 1019

eV

= 12 upgraded stations (Engineering
Array) since 2016 with new
electronics, higher sampling, large
dynamic range

= the SSD preproduction array: 80
stations (since March 2019)

= 356 S5D stations already deployed

= Underground Muon detector

= the world-largest radio detector
(3000 km2)

[A.Castellina+, EP| Web Conf., 210 (2019) 06002]

PPNTT9,7-9 October 21019 — Antonella Castellina NG 31



U H EC R futu re: TAX4 increase the coverage to ~3000 km2 to

increase the statistics at UHE

e Mo, = the SD array: increased by 500 stations with 2 km
& Q{aﬁs spacing
........ WOATEEEE .. I/Os = the FD telescopes: increased by 4 FD in the
<R RR v 3\-\[ Northern site, 8 in the Southern site
: Northt;ast : : : : !
..... o )
o b | g
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Middle ./ } sy } oy
v YT TAx4 array "R
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Sprea 4 S.Ogio, Highlight Talk, PoS(ICRC2019) 013
5% , F 3 gio, Highlig
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More information from muons in EAS

The slope Anag must be connected to the energy spectrum on neutral pions:
Eem = 1 - Ehag —> same fluctuations

|
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MC simulations: changing the HE tail of the n® produces a change in the tail of the N, distribution

A, depends on the energy given to the leading pion

[@R.Conceicao, PoS(ICRC2019) 226]
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Solving the puzzle?

Hadronic interactions in EAS: mt+Air

Energy fraction in each

interaction f~ (2/3+X) and (1-f) =(1/3-X)to nO

N
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Collective
Effects

Solving the puzzle? v

Collective hadronization: QGP
Production of higher mass particles not suppressed=more massive hadrons

900_]] 1 Ll 1 LI L II 1 ] 1 UL Il 1 T 1 1 | A I II = 650_
- o HiRes-MIA a - = EPOS QGP
850~ o HiRes (2005) = 600 = QGSJETII-04 P
- o Yakutsk 2001 a - -+ SIBYLL 2.3c
e Fly's Eye 7] = —r— EPOS LHC
g - e Auger (2017) o . g C
o 750:— T e s B 500:— .
= g~ PN SRR Wt £ 1= B P
700— = %’ A Lo < Fe - 450— R ey
A - e A o F Lol 1 A - R e e
g 650 | °© <} H‘é pi e o - _ & 400 — P At S
x —+ %4% ..‘:-:;;:,:.:-:‘::‘- a :>‘<E B e “,:'_'_:é::.:_‘_‘ ::::
V. eoof | L —— EPOS LHC -4 v 350 P
[ fe —&— SIBYLL 2.3c . - R o
& —=— QGSJETII-04 = [ el
550 ——— EPOS QGP — 300 A Fe
C — — EPOS Extreme ] St
soo_ll il 1 1 ol 1 1 11 | ] B | ]

a
q’
o

& =

1 019
Energy (eV)

—_
(=)
-
~
—
(=)
-t
(=]

EPOS-QGP

Xmax almost not affected (reduced by few g/cm?
only)

XHnax shallower wrt to EPOS-LHC y 002 5—s
N =~ QGSJETII-04 P
. 0.015— ==EPOSLHC —-o— EPOS QGP
Slope of muon production larger wrt other models - +SIBYLL23c  —- EPOS Extreme
|| 11 I|ll||| 11 IlIIIII 11 I|l|||| I 1 IIIIIII 11 lIlIIll 11 |I|I|||
Not enough to reproduce data 10 10 107 10®  10° 10® 10

Energy (eV)

PPNT19, 7-9 October 21019 Antonella Castellina 35



The p-p cross section
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Some results from Auger

EPOS-LHC

QGSJETII 04
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| |
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Xre — Xp

With X=Xmax or Xpmax
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