Origin of Ultra-high Energy” Cosmic Rays in
Binary Neutron Star Collisions
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Ultrahigh Energy Cosmic Rays are

 Veryrare: <1 per square km per century

e Very energetic: up to 30 million times higher energy than the Large

Hadron Collider at CERN in Switzerland.




Spectrum

Acceleration Sitesy

* Low energy CR’s: from sun
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* Medium energy: Milky Way
— accelerated 1n supernovae
remnants (Fermi mechanism)
— Confined by Galactic magnetic field
Larmour radius = 1 E4/(Z B, ) kpc

(~s1ze of Milky Way)

» High energy: Extragalactic

13 15 17 19 21
10 10 10 10 10 — What are they? (protons, nuclei,...)

E (eV)

— What are their sources?

— How are thev accelerated?



1911-1912
Victor Hess discovers cosmic rays

* Becquerel: Electroscope discharge rate measures
ambient radiation.

* Residual radiation 1n absence of apparent source!

* Hess set out 1n hot-air balloon to map fall off of
radiation with altitude. Flies to 4880m

» up to 1 km, flux drops with increasing altitude
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2. Cosl mlcRy nd the Clash of Two - - :
Nobel Prize=Winning Scientists over
the Secrets of Creation

Mark Wolverton |

1912~1 930le | Intense debate re. CR zdentlly & origin

- Millikan: “birth cries of atomic nucler” (gamma-ray)
- Rossi, Compton: charged particles

» above 1 km, flux increases!
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1932: positron (anti-electron)

1937: muon (heavy electron)

1940’s: pions, kaons ... first unstable particles containing quarks



Ultrahigh Energy Cosmic Rays: 1961

VoLuME 10, NUMBER 4

PHYSICAL REVIEW LETTERS

15 FEBRUARY 1963

cleon-nucleon scattering see, for example, M. L. Gold-
berger, M. T. Grisaru, S. W, MacDowell, and D. Y.
Wong, Phys. Rev. 120, 2250 (1960). Other methods of
calculating phase shifts in terms of scalar and vector
particle exchanges have been considered by a number

of authors. See, for example, R. Bryan, C. Dismukes,
and W, Ramsay (to be published).

SR. Blankenbecler and M. L. Goldberger, Phys.
Rev. 126, 766 (1962); G. F. Chew and S. C. Frautschi,

Phys. Rev. Letters 7, 394 (1961); S. Frautschi,
M. Gell-Mann, and F. Zachariasen, Phys. Rev, 126,
2204 (1962); D. Wong, Phys. Rev. 126, 1220 (1962).

‘H. Stapp (private communication).

M. Hull, K. Lassila, H. Ruppel, F. McDonald, and
G. Breit, Phys. Rev. 122, 1606 (1961).

8C. de Vries, R. Hofstadter, and R. Herman, Phys.
Rev. Letters 8, 381 (1962).

7J. Ball and D. Wong (to be published).

EVIDENCE FOR A PRIMARY COSMIC-RAY PARTICLE WITH ENERGY 10% evT

John Linsley
Laboratory for Nuclear Science, Massachusetts Institute of Technology, Cambridge, Massachusetts
(Received 10 January 1963)

Analysis of a cosmic-ray air shower recorded
at the MIT Volcano Ranch station in February
1962 indicates that the total number of particles
in the shower (Serial No. 2-4834) was 5x10%,

The total energy of the primary particle which
produced the shower was 1.0x10% eV. The show-
er was about twice the size of the largest we had
reported previously (No. 1-15832, recorded in
March 1961).1

The existence of cosmic-ray particles having
such a great energy is of importance to astrophys-
ics because such particles (believed to be atomic
nuclei) have very great magnetic rigidity. It is
believed that the region in which such a particle
originates must be large enough and possess a
strong enough magnetic field so that RH > (1/300)
x(E/Z), where R is the radius of the region (cm)
and H is the intensity of the magnetic field (gauss).
E is the total energy of the particle (eV) and Z is
its charge. Recent evidence favors the choice
Z =1 (proton primaries) for the region of highest

nsmic-rav energies . ?

point marked “A,” assuming only (1) that shower
particles are distributed symmetrically about an
axis (the “core”), and (2) that the density of par-
ticles decreases monotonically with increasing
The observed densities

distance from the axis.

ou
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Plate 54. Volcano Ranch; the laboratory and the control r«

s Ist event > 100 EeV



Hess discovered CRs \ V7T Highest Energy Ever: |
1911-12 i - Fly’s Eye ~250 EeV 1991
VLR | ysty 2% 240 Ee
PR Flys Eye Utahio9r [B 77 L2808
,, . OMG: 320 (250) B\ ]
insley: first UHECR — today: Augerd TA 1
> 100 EeV 1962 | |
50 evts > 100 EeV ‘
; 2
1700 stations, 3000 km P



How to deduce the mass and energy of a UHECR

@ DePth of first interaction:

o heavg nucleus: interacts quicklg (starts high)

o Proton: Ist interaction is cleep or shallow

e Shower clevelopment:

o heavg nucleus: shower develops quicklg

o Proton: more interactions ncedccl to reach shower max.

o Primarg energy from integrated fluorescence emission

e Ground signa|:

e M vs muon comPonents = nuclcar mass

o Primar9 energy from total signal

CHEUEIMNGE] Image from TA collaboration* . GRS o ‘ i




The Hybrid Observation Method of Auger
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Example: event observed with Auger Observatory




Phase |I: absolute composition
& neutrinos from UHECRS

15% duty cycle

The Hybrid Observation Method of Auger

Sensitivity to mass
and type of primary

Time structure

Detector signal (arb. units)
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Key combonents of 'upgraded Auger observatory:
» 1600 Water Cherenkov tanks@1.5 km spacing (100%); Fluorescence Telescopes (15%)
» +1600 Scintillator Detectors = EM/had separation for low & moderate zenith

» +1600 Radio detectors =» EM/had separation at large zenith angles
» +1600 upgraded electronics =» sensitivity to 100 PeV neutrinos from UHECRs

top 109 events: https://opendata.auger.org/catalog/




Basics: G/ZK & Hillas

* Greisen, Zatsepin & Kuzmin 1966 “GZK bound":

« UHECR “horizon” drops dramatically when Ecwm is sufficient for photopion
productononCMB (p+y >+ N;A+y—> A-1+ N

 Hillas Condition 1984:

—16
max.EV 5 3 x 10 chmBG




Propagation energy loss length (“GZK”)

—

Av

—
A

=
5
5 10 10*
S
10! 21m3
gfl“ =107 E
S - =,
10” E_ \< ?’:}L
1()1” 2 2 2 2 2 .1.(.;2“ 2 2 2 . 2 3 .]b.()l-21 2 N ’.J; 1()_ -
versus Ig E 5
-
510! E
Eor .- 5. B\ S
(]
Z,A={36,80} = <En>= 2.25 EeV ol

Z,A={14,28} = <E,>= 2.50 EeV L
. Rigidity R=E/Ze versus IgR



Implications of the observations (1)

» Composition is mixed, mass ” .. [Auger data
iINncreases with & |

* Narrow range of masses at each E E . "\

e Rigidity spectrum is narrow L AA

170 175 180 185 190 195 200 205

<R=E/Ze>=4 EV composition

70
60 fsaibitige.
50

* Cutoffis sharp : Rcut=6-7 EV

40
30

o(X,.) [gcm?)

20
10

7’ ’ 1
P Fe
18.0 1.5 19.0 195 200 18.0 18.5 19.0 195 20.0
G. Farrar, NYU 12 log (E/eV) log (E/eV)




Implications of the observations (2)

alaCtliC

60°

45°

* Rigidity spectrum is narrow:
<R=E/Ze>=4EV, Raut=6-7EV B

2 0°

©

150°f 120° 90° 60° - 270° 240° 210°

-15°

* Arrival directions: Sources are S e =
a b u n da nt * — — Ion?itudé .anisot.ropyiAzm —

....................................................................................................................................................................

» No prominent sources for highest £ | IR G

events: Sources are transien_ti

G. Farrar, NYU i Unger+GF23, backtracking thru GMF



Correct Source model must explain:

* Tight mass-energy relation, requires minimal population

variance. “Seems to exclude AGNs, long GRBs & TDEs.”
(Ehlert, Oikonomou, Unger 2023)

Energy injection rate; source number density

Value of rigidity cutoff
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Existence of event energies 150-250 EeV
(Amaterasu, Fly’s Eye, =10 Auger above150 EeV)

- The highest energy events are from transients.

. 17.5 18.0 18.5 19.0 19.5 20.0 20.5
14 logIO(E/eV)
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Source candidates vs keg constraints

Neg = 1025 energy orclinarg Universal Highest
MPC~5 injection galaxy Rmax energy events

Powerful AGN [X] Vv X X X

| ong GRDBs [X] X X X X
TidalDistruption ~ -

’f‘..ventsP : ’ v X X

Accretion = 2 X
Shocks X A %
BNS mergers v 4 v V4 v
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Binary Neutron Star Mergers
only (currently known) source candidate satisfying all criteria

NS 1.4 Moy

synthesis of precious
metals " r-process
nucleosynthesis”

Ligo-Virgo GW170817: binary
neutron star merger =» Black Hole +

G. Farrar, NYU 16




Binary Neutron Star Mergers

only (currently known) source candidate satisfying all criteria

Universal rigidity spectrum explained:

1. Magnetic field is generated by gravitational
dynamO ey Kiuchi+ NatureAstron23

2. Mass range of binary NS’s is narrow »

« UHECR energy injection rate promising:
- need UHECR energy per merger = 1050 erg (<1% of total energy emitted )

G. Farrar, NYU 17 GRF “arXiv: 2405.112004 [astro-ph.HE] & PRL 2025



G. Farrar, NYU

Binary Neutron Star Mergers
Initial condition is known!

arXiv: 2506.22625 & ApdL 2025

W 2o0 1 i200s 2 e 202 N



Empirically, UHECRSs are mainly produced
In the turbulent outflow

Squeezed dynamical
v = 0.2¢c-0.3c

Tidal dynamical

Disk wind v = 0.2¢c-0.3c

v<0.1c

1. Composition: UHECRs have masses up to (at least) Fe,

have p,He (Perego+22)

2. Spectrum: E-2x x cutoff func(E/Ecu)

but jets only

Magnetized turbulence cutoff is sech| (E/Ecut)?]

Diffusive shock acceleration said to produce
exponential cutolf (Protheroe & Stanev, 1998) o ANAE N B
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bulk outflow: homologous

time expansion at v~ 0.1c

Big Picture
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r-process nucleosgnthe&s 1957 B2FH

| | 7 process—The nuclear physics of this process de-
Big - Human synthesis N ds th t be added 1 o dl |
Bang low-mass massive No stable isotopes - mands that neutrons be adac ex'fr?me y rapidly, So
fusion stars stars ~ that the total time-scale for the addition of a maximum
Cosmic Merging  Exploding - of about 200 neutrons per iron nucleus is ~10-100 sec.
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r process.—The nuclear physics of this process de-- |
REVIEWS OF mands that neutrons be added extremely rapidly, so
that the total time-scale for the addition of a maximum
M ODERN P HYSICS of about 200 neutrons Jucleus 1s ~10-100 sec.
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Synthesis of the Elements in Stars”
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Kellogg Radiation Laboratory, California Institute of Technology, and
Mount Wilson and Palomar Observatories, Carnegie Institution of Washington,
California Institute of Technology, Pasadena, California Lead (82) —s

Fatnnum

“Tt is the stars, The stars above us, govern our conditions” ;
(King Lear, Act IV, Scene 3)
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Knowing B =¥ no-free-parameter
orediction ot spectral cutoft

® Taccel /Tsynch-loss -~ 1 = raaqius maximizing ﬂcut

 Turbulent outflow: Rcu 6-7 EV (9 EV for He)
Auger Peters cycle fit: Rcuit=6.3 EV (systematics = factor-2 uncertainty)

e Jet: (possible direct proton and/or He) Ecut =~ 11

Rmax Synch&Accel(dashed) lims vs radius

Rmax(EV)

25

20

15

10

5

(cm)
1.0x101* 15x10"* 20x10"® 25x1014 3.0><1oﬁ

FeV (proton), Ecut = 35

R_cut vs radius in jet

eV (He)



ANd on observational grounds.

THE ASTROPHYSICAL JOURNAL LETTERS, 986:1.34 (15pp), 2025 June 20 https: //doi.org/10.3847/2041-8213 /add536
© 2025. The Author(s). Published by the American Astronomical Society.
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A Heavy-metal Scenario of Ultra-high-energy Cosmic Rays

Jakub Vicha' ® Alena Bakalova'( , Ana L. Miiller' @ , Olena Tkachenko' , and Maximilian K. Stadelmaier”””

! Institute of Physms of the Czech Academy of Sciences, Prague, Czech Repubhc vicha@fzu.cz
Umversna degli Studi di Milano, Dipartimento i Fisica & INFN, Sezione di Milano, Milano, Italy

3 Karlsruhe Institute of Technology, Institut fiir Astroteilchenphysik, Karlsruhe, Germany
Received 2025 April 15; revised 2025 May 6; accepted 2025 May 7; published 2025 June 19

Abstract

The mass composition of ultra-high-energy cosmic rays is an open problem in astroparticle physics. It 1s usually
inferred from the depth of the shower maximum (X,,.x) of cosmic-ray showers, which is only ambiguously
determined by modern hadronic interaction models. We examine a data-driven scenario, in which we consider the

expectation value of X, as a free parameter. We test the novel hypothesis of whether the cosmic-ray data from

the Pierre Auger Observatory can be interpreted in a consistent picture, under the assumption that the mass

composition of cosmic rays at the highest energies 1s dominated by high metallicity, resulting in pure iron nuclei
at_energies above ~40 EeV. We investigate the implications on astrophysical observations and hadronic

interactions, and we discuss the global consistency of the data assuming this heavy-metal scenario. We conclude
that the data from the Pierre Auger Observatory can be interpreted consistently if the expectation values for X,
from modern hadronic interaction models are shifted to larger values.

Unified Astronomy Thesaurus concepts: Ultra-high-energy cosmic radiation (1733); Nuclear abundances (1128);
Spectral energy distribution (2129); Cosmic ray showers (327)




Predictions of BNS merger scenario

v Narrow rigidity distribution
v Correct spectral slope and shape of cutoff

v Observed maximum energy of each nuclear type

G. Farrar, NYU




Events above 150 EeV are (finally!) naturally explained

" Eomg = 250+70 EeV

* EoutFe = 60 EV X206 = 150 EeV

e But ~ 1 dozen events seen above 150 EeV:

=« Fly's Eye OMG event: 250 EeV ° SRR rlys tye Utahioo
| BT e OMG: 520(250)Ee
= [As Amaterasu event: 215 EeV —

EAmaterasu ~ 21 2125 EeV

= Auger has ~ 10 events > 150 EeV

w ZTe= 52 =) ETe-Xe> = D8 o\l
Wi =38 ah . c b 4088 B\

Auger Phase |Il: measure these masses!

G. Farrar, NYU 2




Prediction: Every EHE Neutrino Is

accompanied by a Gravitational Wave

e Neutrinos come from UHECRS

» spallation neutrons beta decay: E, = 103 (En=R/2) ~ 2 PeV
e photo-pion production: E, = (E/A)/20 ~R/40 ~100 PeV (KM3NeT

G. Farrar, NYU




summary

- BNS merger scenario for UCR production is promising. Explains
“standard candle” aspect.

e Acceleration mainly occurs in magnetized turbulent outtlow.




e [f you're an astrophysicist:

p Unique new probe of binary neutron star mergers, sensitive to details of
nucleosynthesis, large-distance outflow and merger-rate evolution.

p [est theories of magnetic field generation, r-process nucleosynthesis.
Highly complementary to Gravitational Wave probes

e [f youre a nuclear or particle physicist:

~ Determine equation of state of densest matter. Is the interior of a neutron star




BACKUP SLIDES




Path to predict UCR composition

- Initialize from r-process simulations

- Follow expansion as outflow radius increases

- CRs accelerated to =100 MeV collide & fragment

- Lighter nuclei are formed

G. Farrar, NYU



lo predict composition & spectrum

need Info from;:

- BNS merger (simulation) community:

* photon field at large radii, to calculate spallation (Kiuchi group, in prep.
* nucleosynthesis abundances

* Nuclear physics community

G. Farrar, NYU



Predicting the UHECR spectral cutoff, Reut,
N the BNS magnetized turbulent outflow (1)

For a given B field, maximum energy of CR is set by Tsynch-loss = Taccel

® ﬂ|g|d|’[y — E/Z e A/Z Mp tauAcc/tauSyn at R =5 EV

® Taccel = la/c~R /B

® Tsynch-loss dependas on L7 8B




Predicting Rcut in the
magnetized turbulent outflow (2)

e Iniliglize Br=500km)= 33 10) 23 | s = 13 (Kilichi 2093

* Homologous expansion: B(r) = Bo (r/ro)3/2 (Rosswog+2014)

e Maximum rlgldl’[y CRs at radius r; Rmax Synch&Accel(dashed) lims vs radius
Rmax(EV)
e Rcut (I’) = (165 B(r) Lcoh (I’) ~ I"1/2 25
*  Tsynch-loss (A,Z,ﬁ,l’) = Taccel (ﬂ,B) ~
15
- . - O
= Reut(Z A, r)is intersection . s
Prediction: Reu{p.He,0.Si.Fe,Te} =~ {6.2, 9.4, 7.1, 6.3, 6.0, 5.9} EV Ny .

5 . Te

]

e ugCr fit: Reut= 6.8 EV with. factor-1.5 uncerainty)

(cm)
1.0x10" 15x10"® 20x10"% 25x101 3.0><1oﬁ



Map from

Auger Phase lI: Status 02/23/25

The instrumentation upgrade to

Improve composition sensitivity

Is complete

Surface Scintillator detectors (SSD)

Radio Detectors (RD)

Underground Muon Detectors (UMD)
Small PMT to expand dynamic range
New faster electronics

Increased FD duty-cycle

Auger Phase |l data-taking is underway,
and all equipment is performing to spec

Accessible

Pre-upgrade station
e Stations with UUB
# Stations with SSD + UUB
@ sStations with RD + UUB
@ stations with RD + SSD + UUB




The Hybrid Observation Method of Auger

Sensitivity to mass 15%. duty cycle
and type of primary

g Lt Time structure o /dE
3l — dX
E 16: dX
= " 0 obs
S 1af
S 10}
w 8
g
‘; {0410 60 80 100 120 140 160 180 200 Y i1
“s,  Timebins 25ns) :  100% duty cycle R AR
. e N : ¢ .':0 ...' .o.:':o:..’:.:o. .':.o...:.o. ..: .o. N .

s‘s :

= : Lateral distribution | . <"« 0. s oo D L RERIHA

- - : . o" . -

10* € ,‘f
b r i F. Salamida ICRC 2023
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BNS mergers explain essential features of
UHECRS

- Spectrum in magnetized turbulence: ~ E-21 sech[(E/Ecut

- Minimal source-to-source variation
e e B0 BN (oheoruacl R B.240.8.0 0 BV

G. Farrar, NYU
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Source candidates vs keg constraints

Neg = 1025 energy orclinarg Universal Highest
MPC~5 injection galaxy Rmax energy events
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Fraction Nuclear Composition Mix vs polar angle
: o | | |

vl Fraction with given Z at 230, 440, 590 & 900

data from Radice&Guttierez

Total ejecta mass per angle
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Magnetically dominated turbulence from first-principles PIC simulations
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> The large computational domain allow
us to capture both the MHD cascade
at large scales and the kinetic cascade
at small scales

L. Comisso, GRF, M. Muzio, ApJL2024




Particle acceleration via magnetized turbulence: nonthermal particle spectrum

104 L B ';Ilz 104 | ;
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> magnetized turbulence accelerates particles into a spectrum of the form:

d_N = NoE™feut (E’ Ecut) with  foy (E’ ECUt) = sech [(E/Ecm)z]

dE
-— L. Comisso, GRF, M. Muzio, ApdLL2024




Spectrum for Magnetized Turbulence
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Ultra-High-Energy Cosmic Rays Accelerated by|Magnetically Dominated Turbulence

LucA CoMisso,"?? GLENNYS R. FARRAR,? AND MARcCO S. Muzio” %7
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ABSTRACT

Ultra-High-Energy Cosmic Rays (UHECRS), particles characterized by energies exceeding 1018 eV, ] ] ] ] ] . . _ _
are generally believed to be accelerated electromagnetically in high-energy astrophysical sources. One » The evolution of the pal’th|e den5|ty fs(X, P, t) of SpecCies s In 4 » Solution via partlcle-m-cell method
prf)m.ising me?chanism o.f UHECR.acc?leratior.l is me.xgnetized turbuler}ce. We d(?monstrate from first collisionless p| asma is described by the Vlasov equ ation
principles, using fully kinetic particle-in-cell simulations, that magnetically dominated turbulence ac-
celerates particles on a short timescale, producing a power-law energy distribution with a rigidity- 0 fs p
dependent, sharply defined cutoff well approximated by the form f.u (F, Ecyt) = sech [(E / Ecut)Q]. —
Particle escape from the turbulent accelerating region is energy-dependent, with tese x E~° and ot Mms7ys
6 ~ 1/3. The resulting particle flux from the accelerator follows dN/dEdt « E~*sech [(E/Ecu)?], )
with s ~ 2.1. We fit the Pierre Auger Observatory’s spectrum and composition measurements, taking |p |
. o . . . and F=q;| E+ — x B).
into account particle interactions between acceleration and detection, and show that the turbulence- m2 C2 YsMsC
associated energy cutoff is well supported by the data, with the best-fitting spectral index being S ss

s = 2.170:9%. Our first-principles results indicate that particle acceleration by magnetically dominated > E ( X, t) and B( X, t) are determined from Maxwell's equa tions
turbulence may constitute the physical mechanism responsible for UHECR acceleration.
OE

Frae ccurlB = —4nJ, divE = 4mp,

where y2 =1 + P

B
%—t—I—ccurlE:O, divB =0,

where the source terms are computed by

PIC code: TRISTAN-MP
p=> qs /R fidp,  J= . (Spitkovsky 2005)
S

Comisso | PSU 2024 ||



Particle acceleration via magnetized turbulence: cutoff energy
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> cutoff [sech[(E/E, )] |scales with |E_ . = ZeR_ . = Ze(B. kl.)|, where from the fits
> magnetized turbulence does accelerate particles to the “Hillas limit” if one assumes R, = [.
Rcu’[ — 065 B LCOh Comisso | PSU 2024 |6




Particle acceleration via magnetized turbulence: particle acceleration elements
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L. Comisso, GRF, M. Muzio, ApJL2024




Particle acceleration via magnetized turbulence: spactrum out o

» residence time within the accelerator:

5 5
L> L? (E - < <E?, 8=1/3
t N—( Cm) x E° i 1

" de Lc\ E
> flux of particles escaping the accelerator S \‘\\
is given by
dN 1 dN
P(E) = = x E~° sech[(E/Ecut)z] S - '
dEdt 1. dE 0.04 0.10 0.40
E/E..
with s pHo N 2.1
T o~ 1/3 from PIC simulations of highly
p~24 magnetized (o > 1) turbulence

Comisso | PSU 2024 20



Does spectral cutoff discriminate between
acceleration mechanisms?

* The sech|(E/Ecut)?] spectral cutoff of magnetized turbulence fits well, but is it generic?

* Analytic treatment (Protheroe+Stanev 1999): DSA =» E-2exp(-E/Ecut) Or softer

* exp(-E/Ecut) cutoft gives poor fit to UCR data while sech|(E/Ecut)2] cutoff fits well
LomineD. s Muzio an L2l




Achieving correct hadronic interaction models (HIMs)

Auger Phys.Rev.D 109 (2024) 10, 102001

No accelerator-tuned HIM accurately describes the muon

content and Xmax seen in UHECR shower observations
—_—)

* Phase |l tools should identify source of the problem

e WCD + SSD/RD + FD + UMC = MULTI-HYBRID composition assignment

e Accurate HIMs + multi-hybrid composition =» robust A, Z inference

 Underground muons =» muon spectral info

e SSD/RD =» more precise EM/hadronic separation

Rhad ( 6min )

1.5

" v EPOS-LHC | — lo
- 4+ QGSletll-04) ——- 30
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NN
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AXpmax / (g/lem?)

 Phase Il + Machine Learning enables quality composition estimation [ st

for all Phase | data (>60k events above the ankle)
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‘Muon Problem’

Testing Hadronic-Model Predictions of Depth of Maximum of Air-Shower Profiles and
Ground-Particle Signals using Hybrid Data of the Pierre Auger Observatory

The Pierre Auger Collaboration

* Ground signal (S38) & Xmax distribution should not | ,
d e pe N d oNn Zen |th T S613 Malargiie, Mondoza, Argenting; PR D 2 O 24

EPOS-LHC 0 € (0°,33°) http://'www.auger.org*
g g (Dated: February 19, 2024)

We found that for the best description of the data distribu-
tions in the energy range 10'8 to 101°eV for 8 < 60° the
MC predictions of X;,,x should be deeper in the atmosphere
by about 20 to 50 g/cm?, and the hadronic signal should be
increased by about 15 to 25% 1n all three models. These mod-
ifications reduce the differences between the models in X«

0 0
500 600 700 800 900 1000 1100 1200 500 600 700 800 900 1000 1100 1200
X/ (g/cmz) X/ (g/cmz)

0 € (51°,60°)

and §(1000), and as a consequence, lead to smaller uncer-
tainties on the estimated fractions of the primary nuclei. Due
to the deeper MC X.x scale and, correspondingly, a heav-
ier mass composition inferred from the data compared with
non-modified models, the scaling factors for the hadronic sig-
nal are found to be smaller than in previous estimations not
¥ considering any modifications to the MC X,,x scales. The

0 0
500 600 700 800 900 1000 1100 1200 500 600 700 800 900 1000 1100 1200
X / (gem?) X / (glem?)

v _ T
FIG. 1: Examples of two-dimensional distributions of S and X for protons (left) and iron nuclei (right) generated with EPOS-LHC +
EP0s-LHC for zenith angles between 0° and 33° (top) and 51° and 60° (bottom). The red points indicate the mean values of S. 4 QGSJet1I-04
E =10'%3t0 10190¢V. : Sibyll 2.3d"

Primary fraction

 After shift, composition determination agrees between .
models, and becomes heavier than before. S

FIG. 6: Left: Correlations between AXpax and Rpad(6Omax~55°) modifications of the model predictions obtained from the data
fits. The contours correspond to 10, 30, and 50 statistical uncertainties. The gray rectangles are the projections of the total
49 systematic uncertainties. Right: The most likely primary fractions of the four components from the data fits using AXmax and
Ry,4(0). The height of the gray bands shows the size of projected total systematic uncertainties.



Future test of 5N5~merger origin:
FHE neutrino =coincident with GW from BNS merger

+ FEVERY EHE v should be accompanicd ,'33 a gravitational wave from the
NS merger.

o Cosmic Explorer+E:insteinTelescoPe+lceCube—-GenZ x few yrs: very

GW170817 Neutrino limits (fluence per flavor: v, +7y)

103 ¢ +500 sec time-window |

Promisi ng,

i
1

*» GWI70817 also accompaniecl bg EHE neutrinos but estimated fluence for | ; lo

favorable case of aligned jet << 0.15 GeVem2 per flavor. sy T
103k o
Sensitivity not adequate by orders of magnitude "y | Auger
e : o o 'g 10!k —W -
B R S e S s o i Sh R T o L S A S s | 14 day time-win dow 4 1 day
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