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The Pierre Auger Observatory
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[Nucl. Instrum. Meth. A 798 (2015) 172-213]

Vladimir Novotny Multi-messenger implications of the Pierre Auger Observatory measurements 2



elevation [deg]

30

25

20

Vladimir Novotny

Hybrid detection of extensive air showers
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Outline of searches

UHE photons and neutrinos
- diffuse flux
- point-like sources
- steady
- transient

Correlations between UHECRS and neutrinos
- neutrinos from IceCube + ANTARES
- UHECRSs from Auger Observatory + TA

Upward-going showers — ANITA follow up
- would not fit into the Standard Model
- FD exposure for general usage
- application to T lepton model

They are charged particles and
are deflected by magnetic fields.

* X

Gamma rays

They point to their sources, but they
can be absorbed and are created by »
multiple emission mechanisms.

*

-

Neutrinos

They are weak, neutral
particles that point to their
sources and carry information
from deep within their origins.
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Diffuse UHE photons
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Diffuse UHE photons

Auger HeCo + SD 750 m (2022), U.L. at 95 % C.L.
Auger Hybrid (2021), U.L. at 95 % C.L.
Auger SD 1500 m (2019), U.L. at 95% C.L.
KASCADE(-Grande) (2017), U.L. at 80 % C.L.

T EAS-MSU (2017), U.L. at 90 % C.L.
- I I I I & u Telescope Array (2019), U.L. at 95 % C.L.

Photon showers vs. UHECRSs: e
- smaller footprint
- less muons
- deeper X__

—
—
o000
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"y e GZK proton (Kampert et al. 2011)
e — -~
""57,‘;'- ——— t GZK mixed (Bobrikova et al. 2021)
., S m— | mmm-- SHDM | (Kalashev & Kuznetsov 2016)
. hd ——
‘N, ~ B ™ B REETRE ) SHDM Il (Kachelriess, Kalashev & Kuznetsov 2018)

X

pp interactions in halo (Kalashev & Troitsky 2014)
i) » CR interactions in Milky Way (Berat st al. 2022)
N s == ===== Single source without cutoff

107

Three different analyses
-SD

Cok

102

Integral photon flux for E > E_ [km® sryr

- steeper LDF, longer risetime o ~$\“ v 4 : r
- hybrid N ¥y
- deep X__, muon content from shower universality 107
- hybrid from IOW-energy EXtenSion 1075 1 11 1 IIII| 1 1 1 1 IIII| 1 |‘ll 11 IIIII I} I..T.1 IIII|
- deep X__, S,, number of triggered stations 10* 107 A% 10° 107

[ApJ 933 (2022) 125]

candidates compatible with background expectation

Upper limits on the integral above E  of the flux kE? (such flux expected in all searches)
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Diffuse UHE neutrinos

ES channel
Neutrino showers vs. UHECRSs: 10 e
. . . . [ Data: 1Jan 2004 - 31 Aug 2018. Mean=1.189, Sigma=0.074
- interaction deep in the atmosphere or in Earth Monte Carlo v Mean=2.837, Sigma=0.723
- sizable EM component for inclined geometries - -
B (AoP) > 1.83 B
Three SD data sets (channels) =
- downward-going — v, Vi,V CC/NC % 10-1- i
- low zenith (DGL) - 60° < 6 < 75° g
- high zenith (DGH) - 75° < 6 < 90° s v-candidate region
. . -2 -
- Earth-skimming (ES) —v_CC only - 90° < 6§ < 95° 0 ~ 95% v-selection efficiency
- due to optimization of selection
. 1073+ L
- AoP, L/W and apparent velocity —
05 1.0 15 20 25 3.0 35 40 45 50 55 6.0 6.5
ARPy [JCAP 10 (2019) 022]
Neutrino search using inclined air showers p
’%m even more efficient selection than for photons
ZH
clectromagnetic

particles
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Neutrino showers vs. UHECRSs:

- interaction deep in the atmosphere or in Earth
- sizable EM component for inclined geometries

Three SD data sets (channels)

- downward-going — v, v, v, CC/NC

- low zenith (DGL) - 60° < 8 < 75°

- high zenith (DGH) - 75° < 6 < 90°
- Earth-skimming (ES) —v_CC only - 90° < § < 95°

- due to optimization of selection
- AoP, L/W and apparent velocity

Diffuse UHE neutrinos

—=—=—AGN (Murase 2014)

— - — Pulsars SFR evolution (Fang 2014)
——=—— Cosmogenic: p SFR (Aloisio 2015)

10—6_

10—7 -
90% CL limit \»
Auger (2019)

90% CL limit
IceCube (2018)

10—8 -

L

10°°

E2 dN/dE (GeV cm™2 s~ 1 sr71)

90% CL limit Auger
\(Earth—Sklmmmg)

Cosmogenic: p, FRII & SFR source evol. (Kampert 2012)
Cosmogenic: p or mixed, SFR & GRB (Kotera 2010}
Cosmogenic: Fe, FRIl & SFR source evol. (Kampert 2012)

Cosmogenic: p, Fermi-LAT, Enin = 3 x 107 eV (Ahlers 2010) Ve Vu

Single flavor
Wythe=1:1:1

Waxman-Bahcall bound (2015)

90% CL limit
Auger (2019)
~

90% CL limit
ANITA 14114111 (2018)

10710 .
1017

Neutrino search using inclined air showers
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no candidates

%ns

T

oAl
electromagnetic
particles
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Upper limits on differential flux



Neutrino showers vs. UHECRS:

Diffuse UHE

- interaction deep in the atmosphere or in Earth
- sizable EM component for inclined geometries

Three SD data sets (channels)

- downward-going — v, Vi,V CC/NC

- low zenith (DGL) - 60° < 8 < 75°

- high zenith (DGH) - 75° < 6 < 90°
- Earth-skimming (ES) —v_CC only - 90° < § < 95°

- due to optimization of selection
- AoP, L/W and apparent velocity

neutrinos

LExpected number of v events]

[Pierre Auger, 1 Jan 04 - 31 Aug 18||

[Cosmogem( neutrino models] e

L : ; :

' . : .
protons, FRII evol. (Kampert 2012) : : : F
protons, FRII evol. (Kotera 2010) i

1 i i i

protons, SFR evol. {(Aloisio 2015)+ 1!

protons, SFR evol, Emax = 10%! eV (Kotera 2010)
protons, SFR evol. (Kampert 2012)

protons, GRB evol. (Kotera 2010)

protons, Fermi-LAT, Epn = 10 eV (Ahlers 2010)
protons, Fermi-LAT, Epyi, = 10172 eV (Ahlers 2010)
mixed CR (Kotera 2010)

iron, FRII (Kampert 2012)

[Astrophysica\ neutrino mudelsl

radio-loud AGN (Murase 2014)

Pulsars, SFR evol. (Fang 2014)

Neutrino search using inclined air showers
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Some models of v production ruled out



Neutrinos from point-like sources

Steady sources

- exposure calculated for particular sky positions (9, o)

Transient events
- GW170817 (NS-NS merger) — observed in ES channel
- TXS 0506+056 (blazar with IceCube v) — less convenient position
- no candidates so far

IceCube up-goi

GW170817

lceCube down-g

[=}
B
3
%)

——— GW (90% CL)
+ NGC 4993
¥ neutrino candidate (IceCube)
¢ neutrino candidate (ANTARES)
== === IceCube horizon
= = ANTARES horizon
[ Auger FoV (Earth-skimming)
] Auger FoV (down-going)

[Astrophys.J.Lett. 850 (2017) L35]
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Correlations between UHECRSs and neutrinos

Catalogues of UHECRs and neutrinos — full sky covered

- UHECR - Pierre Auger Observatory, Telescope Array

- neutrinos — IceCube, ANTARES

Three searches (1+2 include deflections of UHECRS in GMF)

1) for point-like v sources in UHECR directions

2) for excess of UHECRSs in astrophys. v directions

3) two-point correlation of UHECRs and high-energy vs

Equatorial

Auger

ANT tracks
IC tracks _75° e Galactic plane
IC cascades —— Supergalactic plane

X O m e o

0
UHECRSs per bin

Vladimir Novotny
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[Astrophys.J. 934 (2022) 164]

Relative excess of UHECR-v pairs
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Correlations between UHECRSs and neutrinos

Relative excess of UHECR-v pairs

[Astrophys.J. 934 (2022) 164]

Catalogues of UHECRs and neutrinos — full sky covered

Bl 30 expected range
I 20 expected range

60 1o expected range
[ ]

Neutrino tracks

- UHECR - Pierre Auger Observatory, Telescope Array
- neutrinos — IceCube, ANTARES

1) for point-like v sources in UHECR directions
2) for excess of UHECRSs in astrophys. v dire
3) two-point correlation of UHECRs an”’ Q\,Pergy VS
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Unusual upward-going showers in ANITA

ANITA baloon experiment rererometic el

. " o et
- ~37 km above Antarctica

- detects radio pulses from EASs — looks for v_

balloon

- reflected vs. direct observation from polarity i
- two anomalous events — too negative elevation

direct UHECR
- does not fit the Standard Model prediction for v_ reflected UHECR
ANITA-IIl UHECR Air Showers . *mﬁ{f& -
15717147,-35"° 27142546, -5.5° / T T
A —Hpol B —Hpol Y Ice e e —
E g Vool gl vpol N ~EeVv
= =>
E E
£ 0 £0
E e § =l event, flight 3985267, ANITA-I 15717147, ANITA-III
2 4 2 date, ime | 2006-12-28,00:33:20UTC | 2014-12-20,08:33:22.5UTC
2 Lat., Lon.(! -82.6559, 17.2842 -81.39856, 129.01626
-10 0 10 20 30 40 50 -10 0 10 20 30 40 50 Altitude 2.56 km 2.75 km
time, ns time, ns ; 1
. . Ice depth 3.53km 3.22 km
1 05,38 06 o S EL, Az. 0.30, 159.62 £0.7° 0.30, 61.41£0.7°
——Hpol ——Hpol 2 Q 0
. coal ® RA, 1(3;):& ) [~~287014064, +20.33043 018203, 438.65498
= > k
£, E oo 0.6+ 0.4 EeV 0.56" 5 EeV
";3: % ' ‘ A ! Latitude, Longitude of the estimated ground position of the event.
£ £ 0 A/ VP A A 2 Sky coordinates projected from event arrival angles at ANITA.
3 P . .
E} E i \ 'l For upward shower initiation at or near ice surface.
- » [Phys. Rev. Lett. 121 (2018) 161102]
0 0 10 20 30 40 50 10 0 10 20 30 40 50
time, ns time, ns
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Upward-going showers at the Auger Observatory

SD reconstruction of shower axis
. . IS 1100
- could detect Earth-skimming EASs only for 6 < 95° & i,
: . E oot %y,
- geometrically limited by lateral spread of showers : il s
s mf tank s, g
600 o,
= v/
e 3 .. B
300 = e,
FD ‘ . i W0E : i : ..
120 115‘ - ‘110l ' 105‘ - ‘100 - ‘95‘ ‘90 - 0 10 20 0 40 jg\ratio::[deg]
- sensitive at all zenith angles e e
- exposure from Monte Carlo simulations geometry of backgound events
- monocular reconstruction instead of hybrid
- precise selection and background estimation needed
- ordinary UHECRs can mimic upward geometry in mono. P, P
- extensive MC of downward-going showers care — = - ___ PN . |
=50 J @ hlz hy
. e sl :
i “'1“1“'-.14'
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Signal and background

Signal simulations
- zenith limited to 110°-180° - ES channel of v, omitted
- FD sensitivity decreases with altitude of the first interaction
- H. sampled between 0 km - 9 km

Background simulations and data cleening

Particle
Injection

Hyl |

__—First Interaction

D

// L,\ ground

Exit Point

10°

- background sims. used to define cuts

entries

- large volume needed to cover all geometries a

10°

- every event reconstructed as downward- and upward-going

10°

- profile-constrained geometry fit - maximum likelihood for each rec. 1w
- selection confirmed on a burnt sample (10 % of all data)

10

102

- arctan (—210g (Lgown/max(Lyp, Laown))/50) 10

— burn data sample

background simulation

——— signal simulation

optimized value of a cut

-+

Tt

_|_

7T/2 107 g IDl.l‘ -

PR
0.2

P
0.3 0.4 0.5 0.6 0.7 0.8 0.9

1
1

[PoS (ICRC 2021) 1140]
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Results

1 candidate event observed
- compatible with background

Mkg = 0.45 % 0.18

Exposure evaluated up to E = 103> eV
- for three zenith angles separately + combined
- significant height dependence

Integral limits
- valid for two spectral indecesy =-1, -2

F)2F(Eca > 1072 V) =3.6 - 107 cm st ™'s™!

F)?i;"(Ecal > 1079 eV) =8.5-10 P cm2sr 157!

Vladimir Novotny
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Limits on T flux

Example application of double-differential exposure
- production of 1 leptons by non-specified process (beyond SM)
- Dinj between -50 km and 26.3 km

Dz = 9km/cos 110°

- only cases 3 and 5 visible in FD jjr
- decays of Tinto T, K or e produce EAS with Es; S
_______ ]

o %10° 9 Ground |

g 120 oy —_

7 -100 Uy =

6 = () ;8
— . —
Es N2 E s %
o 4 60 2 4k sg

3 40 3+ 5

2 0 2r 16 26 3644

! 1 Dypin=-50 km

106.5 17 17.5 18 18.5 106.5 17

[PoS (ICRC 2021) 1145]
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Upper limits on 1 flux near ground
- Esn backtracked to primary energy of 1, Eo:
- two spectral incices of the t flux assumed
- propagate to the E,. dependence of Es

Limits on T flux

Exposure in zenith bins + total one
- dominated by inclined geometries
- limits available also for specific 6 ranges

. — = _._—.——.—.—H'.'_._‘--—.—-.-'.'
—'l_' 1 + —+— =- 1 0—7 i l;‘ = =.=:': o000 s o o o
2R e = 107 - s
~ 10 10°® ’ - -~ -
v -10—2 + + =-2 19 « NE ) ” - - -.-
o 107 E 102 +
103 -+ Qo =4 E -
g 10 10710 N = F
> 107 - 101 & = 10F 1
D S - O 7 2 - —4— 0 e[110°- 180°]
O 10_6 * - 10712 — 2. '10‘45— —4— 0 [110°- 124.27]
— 10 - 1013 L 5 E T 0 e (124.2°- 141.3°]
£ - - 103
10 7 .- 10714 < 107 F —4— 0 (141.3°- 180°]
g 10_8 +:'.'+ ..__._-.-'.'-..-.- 10—15 Zb 10—6:| b e b b b i b b b
Tﬂp 1070 Tegeetle s eeee 1076 o 165 17 175 18 185 19 195 20
—10 | e 4oy l,- E / V
10765 17 175 18 185 19 195 20 o &5y ¢
lg E0 . / eV [PoS (ICRC 2021) 1145]
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Conclusions

No UHE photon nor neutrino signals observed
- upper limits presented - diffuse and point-like sources
- diffuse photon limits close to some cosmogenic production models
- diffuse neutrino limits competitive with IceCube and ANITA
- Earth-skimming channel the most important
- some models of v production already ruled out

No correlation between high-energy neutrinos and UHECRs confirmed

- deflections of UHECRSs in Galactic magnetic field are included in searches

No upward-going showers observed for zenith > 110°

- 1 candidate event compatible with background expectation
- preliminary study, details to be finalized
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Diffuse UHE photons

HeCo+SD 750 m selection
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UHE photons from GW events

. ] ] ] (DL < 140Mpc  and  Qgp9, < 100deg?) “class 17
Similar analysis as for transient neutrino sources

. 2 “ [T}
- GW events selected to match either of the classes: (Dr. <40Mpc  and 509 < 720deg”)  “class 2

. (D < o and Qs < 20deg?)  “class 3.
E 160 - - directional uncertainty of GW source
% r y-flux spectral index « € [-2.3,-1.7] iy - ' '
E : g 4 ; E\Iary close sources E photon horizon estimate ) GWTC-1
.‘E 140 — - : = GWTC-2
E L g . F
8 g 35p . .
o = R
S 120 (= C ' :
g L —i— —|— =] 3 | Q<720deg’ ! -
g = E ------------------------------------------------- i i DEEELEEE
S - _ e -
- | r e
= 100 2.5¢ e e
.‘o:. | o e
gt
a - I ol o . e S e B
o 80 - R
L —
B . . — —.
= (preliminary) 1.5
C - B —_g— S Well localized events (2 < 20deg®)
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UHE neutrinos from TXS 0506+056
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Limits on T flux

Upper limits for the two spectral indices of the T flux in three zenith angle ranges
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