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= DO R] 234 (Uitra-High Energy Cosmic Rays)
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Oh My God Particle in Wikipedia

Oh-My-God particle YA 22 languages v

Article Talk Read Edit View history Tools Vv

From Wikipedia, the free encyclopedia Coordinates: @ 5" 40™ 48°, +48° 0' 0"

Not to be confused with the "God Particle”, or Higgs boson.

The Oh-My-God particle was an ultra-high-energy cosmic ray detected on 15 October 1991 by the Fly's Eye
camera in Dugway Proving Ground, Utah, United States.'!'?J3] As of 2024, it is the highest-energy cosmic ray
ever observed.*! Its energy was estimated as (3.2 £0.9) x 1020 eV (320 exa-eV). The particle's energy was

unexpected and called into question prevailing theories about the origin and propagation of cosmic rays.
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| — Measuring cosmic-ray and gamma-ray air showers

<t Primary Cosmic Ray

q <+—— First Interaction (usually several 10 km high)
—_ . l-, UV Fluorescent photons Alr shower evolves (particles are created
\/ Isotropic Emission & and most of them later stop or decay)
e Primary Cosmic Ray bi >
- R . / p
Nuclei 'ﬂ"\ s
4 | . Charged particles ol
‘% .~  Electromagnetic
n f W Shower Measurement of
T o R 5 fluorescence light
Y + A ome of the particles WS E
. 0 n il Measurement of Cherenkov <——  each the R (Fly’s Eye)
n o light with telescopes

0 3 s \

e+ LG/ A i \
e- “Y v " it o k4
oy I Measurement with scintillation counters J
) Cerenkov Radiation .\ ¥ = / J
+ Forward Emlssion\ S )
! = =

ete 'e}l‘\e - f‘ / =2.. Measurement of low-energy muons

with scintillation or tracking detectors
Measurement of particles

- EH -H-E EH 7| *I:-?-I Q-I 7=-I % :::;t:::::::::::z Measurement of high-energy
streamer or Geiger tubes) A o ChE TG
« X|™H HAZE7| (Surface Detector) — e, y g .
o HZ AZ=7| (Fluorescence Detector) — UV o 2l Biok — AR dH
. HHIZ YA HO} . ZE ursF_ chol SiE
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High Resolution Fly's Eye Observatory
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FI1G. 1.—The pointing directions of the 22 phototubes which triggered in
connection with this event are shown projected into the x-z plane. The x-axis
points east, the y-axis north, and the z-axis upward. The triggered phototubes
have positive y-components.



Plerre Auger Observatory (Auger)

. 2%
= SD

: Mendoza, Argentina (35°.20S)

: 1600 water Cherenkov detectors,
1.5 km square grid, 3000 km? area
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Communications antenna
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Telescope Array (TA)

= 2{X] : Utah, USA (39°.30N, 112.9°W) e s

= SD : 507 plastic scintillation detectors, S S0

. 5 Surface Detector g s

1.2 km square grid, 678 km? area | pjastic scintillator e

a1 BT

= FD : 18 telescopes in 3 stations - S Bray
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« Stochastic in nature — Composition identification
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of shower

E ng | e Fly’sEye
é C) - = HiRes-MIA
% xg 800 | ¢ Yakutsk 1993
H 7 Yakutsk 2001
s | " o CASA-BLANCA
% - 4 HEGRA-AIROBICC
s 700 = 4 SPASE-VULCAN
- 19 600 —
10 9,_ l&o =' 10" eV .
r vertical L
[ ; F ——— DPMJET25
L DPMJET 2.5 | 500 % -%  neXus 2
B iy QGSJET 01 -
| - e - QGSJET 01
SIBYLL 2.1 L
L - SIBYLL 2.1
400
: i : . ‘ : _Illr, 1 1 lIIIIII 1 lIIlIIII 11 IIIIII] 11 IIIIII| 11 IIIIIII 1 Illlllll
300 400 500 600 700 800 900 1000 1100 14 15 16 17 18 19 20
atmospheric depth (g/cm?) 10 10 10 10 10 lEO - 10
e

lab

NECSEER-EREE
of M o] B AFY MY RN ofl A x| of T2 1S,
BTt HECF Xy 2

max—! HA



apn,

Ol LA &2

« EAHX] 24 p, Ay - SFTHEFAL] SAeL S= A,

Energy (eV)

320 EeV ¢|

N+~vy—= N+
B ~ 6.8 x 10" (E,, /10~

1022

1021

1020

1018

(*&A-mtol= AAd)

3 eV)_1 eV

modification factor

109

101 102 103
Propagation Distance (Mpc)

X =25 DW= I
oot AH2(of EEL At o K|

104

2}

i

(28 ofii7)

Al

=

GZK A (suppression)
- S MO LA
ZIOHCHEH
. GZK 0| L X| O] & 0| A
S OOl &4
> GZK 9X|
- GZK HHX| & -
%Xt > 100Mpc



el 25t A7
° BG ~ 106 G
« Rg~ 10 kpc

=ote|F A7 |

11 HIS X~
I — gsF 21k A2t
T A7 > e 224 AlZE X[A
=2 4 - 3A X
] E \ '/ d B
o0 =052 (102%\/') (1Mpc) (10—9 G)

Brms

wwer) (e

e Big~ 109 -106 G (O @ 234

)(

109G

)

100 Eév

\,
1 1 l 1 1

-50

0

50

Proton propagation in a magnetic field of 102G




A8 - 518k (Top-down) 2 &

>
(€]
«
w
z
w
x
2
<
a
o
>
™M
~

23% DARK MATTER

&

3.6% INTERGALACTIC GAS

|

A}

0.4% STARS, ETC.

101

<

ol
160

0
10

o{F|7t gie nRtt

Ef — GZK

HeEz &
1— O O

O AKX &

ok,

X}X|

EE

100
70

Kr



A - A% (Bottom-up) ZH
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Knee Abbasi et al., Astrophys. J. 858, 76
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= H % Telescope Array
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» AGASA (Hayashida et al. 2000)

> -60
Isotropic, small clustering

= Auger (Abreu et al. 2010)

Anisotropic, Correlation with AGN

HI Sk
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= HiRes (Abbasi et al. 2008)
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= TA (Abu-Zayyad et al. 2012)
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= TA - Hot Spot : E > 57TEeV = Auger - EZ4 2319t A2H2A - E > 39EeV
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Ctas MEXF - 21004 X| FMap SM0|Kt

« ZD0HX| 230 DHX| SSOAF BA5 Feo| o2 2

2= H|O|H — S-d0[Xt (ANTARES +IceCube)
JCAP 01 (2016) 037

» Correlation — 30 at 22°
ApJ 934, 164 (2022)

» No significant correlation

Equatorial

24h [0 9% o 5 Oh
. 4

TA
Auger
ANT tracks

IC tracks gl - Galactic plane
IC cascades —— Supergalactic plane
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lceCube Neutrino Observatory

IceCube Lab
e il o o IceTop
st .'».—;—.:_*-—-' = _— 81 Stations
50m P o i S 324 optical sensors
| |
l ‘ IceCube Array

86 strings including 8 D
5160 optical sensors

Amanda Il Array
(precursor to IceCube)

DeepCore
8 strings-spacing optimi
480 optical sensors

Eiffel Tower
. . s 324 m




TA hot spot — Energy spectrum

= Energy spectrum anisotropies Astrophys.). 862 (2018) 91

* TA 7-year data with E > 10192 eV
* Scan the sky with circular window of equal exposure (14% — adjusted)
« Comparison method for energy spectrum

Number of Events

» Binned Poisson likelihood ratio goodness of fit (GOF) test
« Maximum significance at (@ = 139°,6 = 45°) with p = 9x107° (3.740)
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N
o

119.8

ﬁmmg,mrmmp
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-
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-
o
©

x2Idof
78.3116

= Inside (On)
= Outside (Off)

Inside (On)

Mean 19.5
RMS 0.21

Outside (Off)
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RMS 0.18
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Energy log 4 o(EIeV)
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AntikGC

20
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Combined analysis — AD & E - TA

= Correlation between arrival directions and energy inverses Astrophys.J. 899 (2020) 86
« TA 7-year and 10-year data

70

« Blind search for magnetic multiplets (point-like sources) — oo | I .
Scan the sky with wedge windows (shape adjusted) to examine - K reh
the correlation between the angular distance 2,0l S5
from the source (position adjusted) and the energy inverse of CR £ ol P

« Comparison method for correlation — Kendal's t ranked correlation B 20| '

« Supergalactic cosmic-ray multiplet "l '

Significant correlations along the supergalactic plane 0 oo0s 001 o015 002 0025 003
E' [1/Eev]

M82

1100

80

Mean 7

60

!
¢ -, SGL [deg] 180

Energy (EeV)
Ty Correlation

40
-0.2

20

-0.4 . k . : .

-90 -60 -30 0 30 60 90
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Combined analysis — AD & E — Auger

= Correlation between arrival directions and energy inverses JCAP 06 (2020) 017
» Auger 14.5-year data Eur.Phys.).C 75 (2015) 269
» All-sky blind search and nearby-source-based search
» Correlation between their arrival direction and the inverse of their energy > Multiplet
» Principal axis analysis aimed to detect the elongated patterns - Thrust
« No statistically significant features

—20° —40° —60° —100° —120° —140°
Isotropic chance probabilities ool = and s 0 L2l HO.. -
+30°f— . e —4+30 —30°FornaxA —30
Target Multiplets (40 EeV) | Thrust ratio (20 EeV) | Thrust ratio (40 EeV) ‘ T,/ T)\= 1.686 /
Cen A 1.2 x 1072 0.75 0.42
M 87 0.61 0.44 0.85 o
Fornax A 0.96 0.21 1.9 x 1072 o
NGC253 | 0.54 0.98 0.88 o ® —oU ol
L Ly +10°L—® 410°
NGC 4945 0.25 2.9 x 10 3.7 x 10
Circinus 0.99 0.82 0.58
M 83 0.20 0.14 0.54 i R
NGC4631 | — 0.59 0.85 2 3N el
R 0.63 077 . e
NGC1068 | 0.75 6.0 x 1072 0.29 Energy [eV] Energy [eV]




Combined analysis — Auger

JCAP 01 (2024) 022

= Source model — 9 parameters
» Foreground (Cen. A, SBGs) + Background

= Auger data set
 Arrival directions, Energy spectrum, Composition

0 1 2 0 1 2 0 1 2
M pdf/B pdf/B pdf/B
= Best fit
. Cen A, m=0.0 Cen A . m=234 SBG, m =34
(o) o :
« SBG - 20% at 40 EeV, Blurring 20 o -
’ Pz -
Cen A, m = 0 (flat) Cen A, m = 3.4 (SFR) SBG, m = 3.4 (SFR) & - =z
posterior MLE posterior MLE posterior MLE =4 \ ":
0.48 0.23 0.27 A‘_ 107 ¢ Auger \ \ "\'_ 107 Auger Auger
7 —1.67H08 —2.21 —3.0910-23 —-3.05 —2.77038 —2.67 g — ! \\ E — A=l
| A=24 \ g
logo(Reut/V) 18.2300¢4 18.19 18.1015:92 18.11 18.137003 18.13 5 | — as2 / A\ ‘\\ 5 1
. 5] —— A=23 38 AL R 5]
fo 0.16+9% 0.028 0.05+9:0% 0.028 0.17+9:98 0.19 i_ A AR\ \ “% F
50/ cr 24294 165 97 6427 1 99,9453 24.3 "»me ------ catalog ;‘%mm ------ catalog a6 ) ----- catalog
o/ 56.5175% 6.5 RONTE 6.8 +4-4.0 - 15 — MLE 9 P\\ 5 — MLE / J'E \\ — MLE )
T 59722 %1072 7.1x 1072 | 83720 %107 1.6 x107° | 64713 x 1073 4.3 x107° 185 19.0 195 200 185 19.0 195 300 185 19.0 195 20.0
H 9917 -8.3 —6.4 108,0(Euet / €V) logy(Eaet / €V) logo(Eaet / €V)
Te 23502 x 107 1.9x 107! | 13702 x 107! 14 x 107! | 17503 x 1071 1.8 x 107!
03 03 03 Cen A. m=0.0 Cen A m=34 SBG. m =34
In 63703 x 1071 6.2x 1071 | 74705 x 1071 7.3x 107! | 74703 x 1071 7.4 x 1071 i B m S E i S
I; 65735 x 1072 9.9x 1072 | 92732 x 1072 11x 107! | 57727 x 1072 5.4 x 1072
Ire 1607 x 1072 2.0x 1072 | 25508 x 1072 2.3 x 1072 | 25708 x 1072 2.3 x 1072
logb —264.0£0.2 —272.6£0.2 —266.9 £ 0.1 t ;n _ t ;U _
Dg (N; = 14) 22.3 28.5 33.3 T 00 M—y — it vsul 7, 60 — fit result
Dx e (Nxpax = 74) 124.9 130.6 126.2 Zw ! Zw i
D 147.2 159.1 159.5 8
> 20 =20
log LaDs 10.5 10.4 13.3 < s
185 19.0 19.5 20.0 18.5 19.0 19.5 20.0 18.5 19.0 19.5 20.0
log £ —239.1 —245.1 —2424 logio( Eaet / €V) logyo(Eaee / V) logyo(Eact / V)
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Supplementary slides



Auger — Highest 100

cor = Astrophys. J., Suppl. Ser. 264 (2023) 50

45° 2 8 recorded between year 2004 and 2020
Energy range 78-166 EeV

The positions of the arrival
directions of the 100 highest-
energy cosmic rays detected at
the Pierre Auger Observatory
shown in equatorial
coordinates. The open circles
show the arrival directions of
the inclined events. The graded
color scale shows how the
exposure varies with decl. for
the whole data set. The white

ol e region, above ~45°, is not
, — accessible from the latitude of
0 5000 10000 15000 20000 Malargie. The dashed line

dir. exposure w(n) / km?yr indicates the Galactic plane.




Correlation with SBG — TA

= TA UHECR and SBG correlation Astrophys.J.Lett. 867 (2018) 2, L27
« 23 nearby SBG
« TA UHECR with E = 43 EeV (Corresponding to 39 EeV of Auger energy)
« Consistent with both isotropy and Auger claim (SBG fraction 9.7%, correlation angle 12.9°)

total model flux times Telescope Array exposure 9-year Telescope Array events, E = 43 EeV
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Composition from SD

6 TA SD, QGSJET II-03 —@—
Auger SD muon XMAX, QGSJET II-03 —l—
Auger SD risetime asymmetry 500-1000m, QGSJET 1I-04
5t Auger SD risetime asymmetry 1000-2000m, QGSJET 1I-04 +—@&— |
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