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Search for mass-enhanced anisotropy

on the arrival directions of ultra-high-energy cosmic rays: updates and prospects
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Extragalactic UHECR

e Higher-order multipoles not significant

world
e Excess away from Galactic center Above 8 EeV
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Harmonic Analysis

e Modulation of event rate in RA (a) e
e Dominated by first-harmonic Fourier 1.06-
components 2 6a!
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e Amplitude and phase:
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Amplitude & phase
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Increasing amplitude above 2 EeV +  Phase shifted away from Galactic centre

Suggests shift from galactic to extra-galactic origin of UHECR anisotropy
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Amplitude & phase

E[EeV] N d, dy d ag[°]  6al°]  P(zdy)
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Galactic magnetic field effects

R/EV 32 16 8 4
Ig (R/ EV) 19.5 19.2 189 18.6

e Damping of dipole amplitude
e Direction shifted towards the plane

e Rigidity-dependent = composition-sensitive
e Bis modeled
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UNTANGLING

To probe the effects of A/Z on the anisotropy,
separate data into /ight and heavy populations

e Separation method

Al generated image with Canva Magic Studio
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UNTANGLING

To probe the effects of A/Z on the anisotropy,
separate data into /ight and heavy populations

e Separation method

To probe the feasibility of measuring such
effects with Auger data:

e Scrutinize separation on ‘Auger-like’
simulation dataset

e Composition model

e R-dependent dipole amplitude model

Al generated image with Canva Magic Studio
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Extended Auger mix
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Extended Auger mix
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Universality-based mass-estimator

6 n
Reconstruct Xmax and Ry with WCD (+SSD in
4+ AugerPrime)
e Xmax and Ry are independent
< 27 e From cascade equations, combine both
5 . .
into In A estimator
OF e Select tails of distributions = /ight vs heavy
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Extended Auger mix + Spectrum
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R-dependent dipole amplitude model
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e Scanned parameters,
given composition
model

e Spectrum-weighted
average in large E-
bins

e NO assumption on
sources



Light & heavy separation

10 8- 16 EeV (N=33873, 15% p, 48% He, 33% CNO, 4% Fe)
Method | Value d; o He; (%) ,. Fe; (%) Al dy, Hej, (%) | Oy (%) | Fey (%)
S e ..
5 _;\ SMD 1.88 0.1026 26.76 55.48 17.07 0.68 0.0517 8.59 40.39 44.55 6.47
qe)
3 ~12%
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<« Q
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Expected separation in dipole amplitude
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To summarize

e Defined a method to separate data into light and heavy populations
e Created an ‘Auger-like’ simulation data set
o Extended Auger mix model (with A-ordering) + spectrum
e Modeled an R-dependent dipole amplitude that reproduces the data
e Probed the feasibility of measuring mass effects on dipole amplitudes of A-distinct populations
e + cross-checks between Universality and DNN reconstructions in the MEAD context

We concluded that...
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Additional material



Attenuation length / Mpc
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e Photodisintegration -> primary CR horizon
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Ig((R)/V)
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e Small changes in rigidity above 4 EeV
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Large Scale Anisotropy

The dataset E [eV]
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Intermediate Scale Anisotropy

The dataset E [oV]
.1016 .1017 .1018 .1019 .1020
e Jan. 2004 - Dec. 2022 = i B B A
] 0% . preliminary
e Energy above 32 EeV, 6 <80 Z Sl i TPTS Lo hina s PO
e Looser selection of events N B S
a I
= i
N |
>
O 10°%7 =
Exposure ™ -
SD 1500 array = 135 000 km? yr sr sl
| I I

AR B R S B S A A B SRR SR
8 185 19 195 20 205
Iogm(E/eV)

IIIIIIIIIIII IIII|IIII
16 165 17 175 1

PoS(ICRC2021) 324


https://www.degreesymbol.net/

Centaurus region

Centaurus excess - T il

e CenA =4 Mpc away O e50 107 o
e Scan in Centaurus region ? eoé— " 102 ;:
e Significance: 3.90 (Apj2022) — 4.00 (ICRC23) i E 104
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The next step: combining observables

The dataset - oV
106 1017 10'8 1018 1020
e Arrival directions . A e AL
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o Exposure 95 700 km? yr sr (6 < 60°) R I
and 26 300 km? yr sr (60° < 6 < 80°) =< :
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e Shower-maximum depth distribution

o >10 EeV
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The next step: combining observables

’ s 'd .ll_r J." ! '.L 'ul /
——  A=23-38 7/ 7 R ——  A=23-38 )~
;"’ i\ Fi r Pl A -

* Energy, Xmax and arrival direction <10 SBG model (SFR) —uw*  Cen A model (SFR)
< I S @ gt N
e Homogeneous background + - Y - " 0 O o o _
Source catalogs (SBG / y-AGN) Tf 4 '-\ _'f” P 4 . \\
- : ’ Q AN .[‘\ tﬂ / | \ =TSN \
or Slngle ~ource (Cen A) . 10%7] ¢ Auger +0.4 Tgysi 7 ,f;;’-f"? ﬂf \ o 10%7 ¢ Auger +0.1 Tsysit *+
e Blurring of ~14° to 20° at E —2F Aml Vo “* E —+~ A=l ATy
C g A=2-4 / , W A=2-1 \ 7
a rigidity of 10 EV g /. () AN~ Als4 W7

60° | . AV W N
/ / YRR R 7 O
b o | .'A. } 38 f LI ;'J l'.l"f}\ =,|‘ \ T2 _}'\ > 38 '|_I ’{ al ‘LII \\
3(}0 ! / -"‘-r ,"’:'. | tl 'I ! I'.'f i’fj “lu X -\
.10%6 8 - catalog &L\ 1036 - catalog 1)/ U |
o % Al '-a': r;’ Y \ Il,. o, ';'L ; /! ”.3' :.T.a" h“i‘t h) l'l
40 EeV ) MLE AR\ F MLE s, AR\
19.6 0 4 S . / 10 /) s MY

I/ A i/ S

0 O e'r__ \ £ :‘._...I'L VR ! 1. ! i i \ R 1)
18.5 19.0 19.5 20.0 18.5 19.0 19.5 20.0

10 eV .
o N : e log;o( Eaet / €V) logy( Eger / V)

e SBGs model preferred at 4.50. Centaurus region contributes most
e Overdensity in Centaurus region described either by

NGC4945 (SBG), or by Cen A
e In both, source contributes to ~3% of flux at 40 EeV
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® Xmax @S Mass proxy

e Probe mass-dependent anisotropies

e Currentsignificance 2.50

e With this method, 50 not reached by 2035: 720
mass estimator from SD needed 700

On-/ Off-plane analysis . ="
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e Arrival direction anisotropies are relevant in different scales: Sl o BTt
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o Intermediate scale: increasing excess in the Centaurus region (4.00) L L |
o Large scale: significant dipole structure in 8 to 16 EeV (5.70) and > 8 EeV (6.90) o
E go—ég’%ﬁgﬁiﬁ +++
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e Complementary information is being used to further investigate: £v| SBEmodel 5FR)
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