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P+v,7x 2> A+ >p+n
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Fe®+y,;x x> Fe>+n

GZK effects:

Greisen (1966)
Zatsepin and Kuzmin
(1966)

Neutrino flux very dependent on
primary mass
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Member of Auger Collaboration 2006 — 2012, with main interest in the search for neutrinos
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Paper started on Auger Shift: PRD 74 043008 2006

Probing low-x (QCD with cosmic neutrinos at the Pierre Auger Observatory

Luis A. Anchordoqui,’* Amanda M. Cooper-Sarkar.” Dan Hooper,® and Subir Sarkar®
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The sources of the observed ultra-high energy cosmic rays must also generate ultra-high energy
neutrines. Deep inelastic scattering of these neutrinos with nucleons on Earth probe center-of-mass
energies /s ~ 100 TeV, well beyond those attainable at terrestrial colliders. By comparing the rates
for two classes of observable events, any departure from the benchmark (unscreened perturbative

CD) neutrino-nucleon cross-section can be constrained. Using the projected sensitivity ol the |
Pierre f"Luf:,i.r EHJ":E‘I"”H-EIT'I." Lo gquasi-horizontal showers and Earth-skimming taun neutrinos, we show

that a ° can thus provide an unique probe of strong interaction dynamics.
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The Pierre Auger Observatory: Malargie, Argentina < 3000 km?: area of West Yorkshire
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Principles of neutrino detection

TOPOF THE ATMOGAERE
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Neutrino limits: as at ICRC 2023

w— - = AGN (Murase 2014)
e Cosmogenic (best-fit to Auger spectrum - proton) ssssssss  Low-lumin. BL Lac (Rodrigues 2021)
e Cosmogenic (best-fit to Auger spectr. & compos. - mixed) === Starburst Galaxies (Condorelli 2022)
= == Magnetars from BNS (Fang 2017)
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Recent results from Pierre Auger Observatory

— or what Subir missed by joining IceCube
* Energy Spectrum
* Mass Composition

 Distribution of arrival directions - Anisotropy
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Hybrid detection
of showers Is a key
feature of the
Observatory

. Loma Amarilla

Los Morados

10*

T 111 l|

10

—_
=
w
=3
®
c
2
[

102

10

Ij IR R

1

S(1000)

%2/ NDoF: 16.769/ 16

Lo
Rnn

P I RS SS NS SR B S
1000 1500 2000 2500

E‘;urface — f(81 000; 9)

r [m]

Hybrid Detection of Air Showers
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O-Xmax S 20 g/cm2
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Xmax

Eea = [ 85 dX

oe/E ~ 8%
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Plus ‘invisible
energy’
~10% at 10 EeV



1. Measurement of the Energy Spectrum
» Determine size of each shower: S;4(1000), signal at 1000 m adjusted to 38°
* Account for ‘Invisible Energy’ (neutrinos and muons dying out in earth)

 Calibrate the energy of S35 using hybrid events in which there is also a
measurement of the longitudinal development from the fluorescence detector

Dimdf. = 34193336

10" 10"
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Energy spectrum of UHECRs, scaled by E*®.

Energy Spectrum is
measured,
Independent of
assumptions about
hadronic interactions

Limited by systematic
uncertainties up to
about 30 EeV
Exposure above 3 EeV:
60 x 103 km? sr yr

760 x 103 events

~1/3 above 3 EeV
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2. Estimate of mass composition is obtained from measurement of X__.

X

Mmax

photons <0.5 % above 10 EeV

protons

Fe

Energy per nucleon is crucial
Need to assume a model for interactions
extrapolating from LHC

log (Energy)
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Reconstructed longitudinal
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Figure 2 — Measurements of (Xnax)(left) and o(Xmax) (right) compared to the predictions for proton and iron

nuclei of the hadronic models EPOS-LHC, Sibyll 2.3¢ and QGSJetII-04.

An unexpected result:
dogma — going back to the 1950s - was that protons dominated at high energies

Orwellian-like ‘group think’ 18
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Mass Composition as function of energy

Lo b Sibyll 2.3d ¢  EPOS-LHC
Eﬂ.ﬁ
[}.u-i’ﬂ-“,i-'iﬂ*in,nmwsm,nmth,m 'hi
1.0F _
o . b # T% # ﬁ He and Nitrogen dominant
H'P"‘F[E”%%Q.%L‘I'th% - above 10 EeV
0.0 . . . R T
LOF | Little evidence so far of
éuﬁtititttttkﬁﬁfr}hgﬁ protons or iron nuclei
o e e b L L - but highest energy ~50 EeV
I @
«Z0.5 3 s v @ j' é’ ,I? $ @ More detailed mass estimates
0.0 | | I“ ’ ERT T . # 588 & will come with upgrade,
10° AugerPrime
] _|r [ﬂ] P & F‘ & Y ﬁ T
L A AR AR
1 _3r
el b { tl

17.75  18.00  18.25 18.50 18.75 19.00 1925 1950 19.75
lg(E/eV) 20



» — Tl Data as yet insufficient to give definitive explanation

".: - '.., . —_— ] But:

L 0 ?\"_—:‘1‘-‘ i £4A 5;: E ‘proton domination’ excluded
= e - SA S i

& a - i .

= i \l'-l, “u Hudail 1. E,,, =53 EeV predicted, (22 +1 +3) EeV observed
=, "H.LL — W% A5

EI e 3 2. In ankle region, (3 -5) EeV, protons not dominant
oy

& Data can be explained with stationary and uniform
i 107k sources withE ., ~Z

E‘ Using data on X,,,, and the spectrum, one can make a

fit
Il-llil

But surely not unique —
E [e¥] and anisotropy information still to be added

Figure 4 — Energy density obtained with the best fit pa-
rameters of the benchmark scenario deseribed in PRL 125 12106 2020
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3. Distribution of Arrival Directions

1. Large scale Anisotropies

2. Small scale anisotropies at higher energies

22



6.9 sigma
from
123 x 103km? sr yr

After allowing for galactic
magnetic field, reasonable
agreement with dipole in
distribution of 2ZMRS infra
red galaxies

Position of excess does not
change much with energy:
mass must change?
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Figure 4: Flux above 8 EeV, smoothed by a top-hat window of 45°, in equatorial coordinates (left panel).
The position of the Galactic Center is shown with a star and the Galactic Plane is indicated with a dashed
line. Distribution in R.A. of the normalized rates of events with £ = 3E&V (right panel). The black line
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Higher energies, E> 32 EeV:
ApJ 935 170 2022

38EeV) - Wm27° ®(Epuger = 38 EeV) - Wm 27°

O(Epuger =
*  Galactik

b

5 10 15 20

U & Ma significance (o] Fux (10~ em—2 o= yr )

Figure 1: Local Li-Ma significance map within a top-hat window of 27° radius (left panel) and flux map
(right panel) with E > 38 EeV in Galactic coordinates. The supergalactic plane is shown with a gray line.

Centaurus region (~4 sigma effect) contains
Cen A: powerful AGN
_ NGC 4945: AGN and Seyfert Galaxy
As reported at ICRC 2023: M83: Starburst galaxy
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For small scale anisotropy:

« ~209% of events appear to be associated with SBG and AGNSs

« Strong hint of anisotropy associated with Cen A region

Catalog Ew |[BEeV] Y¥|°| «|%] TS  Post-trial p-value
All galaxies (IR) 38 240 147 185 =
Starbursts (radio) 38 25+ ot 234

All AGNs (X-rays) 38 25+ 7H 205 Z.

Jetted AGNs (y-rays) 38 234 67 192 4.6 104

Table 3: Most significant results of the catalog-based searches. We show the threshold energy, Eg,. the
equivalent top-hat radius, ¥, the signal fraction, «. the local test statistic, TS, and the post-trial p-value.

26



But can SGBs accelerate particles to beyond 10 EeV?

Anchordoqui - YES
but others (Blandford, Bell, ...) less sure
Cen A may have the right credentials

An intriguing suggestion for role of Cen A in explaining the data
Bell, Matthews and Taylor — the Echo Model
Cen A is the dominant local accelerator with signals apparently from

SGBs in fact reflections. Several of the systems in the ‘Council of
Giants’ are SGBs — talk by Andrew Taylor

27



Major upgrade to improve measurements of mass initiating events on an event-
by event basis

Anisotropy as function of mass?

New electronics (UUB) and Scintillators(SSD) FE.Convenga PoS 392, R.Sato PoS 373
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Other science at the Auger Observatory

Particle physics:
P-p Cross-section at \s = 57 TeV
anomalous muon content

Photon limits

Atmospheric Science:
Thunderstorms
Elves

Space Weather: e.g. Forbusch decreases

Beyond Standard Model: e.g: upward-going events (ANITA-like) not seen

A rich harvest that | hope Subir might help us to explain

<9



Back up Slides
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Events above 100 EeV

Equatarial 5 ICRC 2023

Preliminary
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Ref: T. Fujii, Cosmic Ray Indirect Rapporteur at ICRC 2023



Arrival directions: intermediate scales

overdensity map in Galactic coordinates
OlEpger = 38 EV) - V= 27"
v Gelactic

w w0

Piorre Avger Obe. sxposwre » 32 BoV [0 v’ yr ar)

* The most significant excess at Cen A 4,00 ¢ Likelihood test for correlation of arrival
(5.00 expected in »2025) C.Colup Pos 252 direction with astrophysical catalogs

o TA-hotspot and excesses close 1o Perseus-Pisces  * Most significant signal at 3.80 for SB
cluster not confirmed by Auger galaxy catalog
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> intermediate-scale anisotropies in UHECR flux

O(EAuger = 38 EEV) o W = 27°
. 75* Galactic - :
60" e S — correlate with catalogs of source candidates:
45° -~ S )
30../ > o ‘t.. \ g \\\ . Galactic
oy . § .
g o 50 1200 o0 GC 270° 2400 210° i,
5 ‘ \ Bl ?- P f “ “‘}
B 2 SBGs: 3.8¢
30° = E - = -
-45° TN 00 02 04 Ot:; 08 R ¢ I::lnnsl(‘llix. m:FO,-.f,. = ;ll‘).';ﬂ‘l' !Srg u"ll§ 2
60° - ~——— - e Model Nux, O(Eq,;,.. = 40 EeV) [arb. unit)

-75* longitude
[ | . :
5 4 » correlation with Cen A: 4.00

-4 -2 0
Li & Ma significance [g]

search for overdensities in the UHECR flux
measured at the Pierre Auger Observatory

Centaurus region contains
Cen A: powerful AGN
NGC 4945: AGN and Seyfert Galaxy

M83: Starburst galaxy
33
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e Strong suppression
at ~ 510" eV

e New feature “instep”
at ~ 10"° eV

e Ankle at ~510'® eV

¢ 2nd knee at ~ 2107 eV

e Hint for low energy ankle
at ~10"7 eV

Phys. Rev. Lett 125 (2020) 121106
Phys. Rev. D102 (2020) 062005
PoS(ICRC 2021) 324

Measurement of Energy Spectrum is entirely DATA DRIVEN



Spectrum in Cen A region
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Submitted to JCAP: arXiv 2305.16693

* spectrum in Centaurus region well
‘ described by source at ~4 Mpc
(Cen A or NGC 4945)

* better x? by 10% - 40% for all angles



