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Outline

» Close relation between UHECRS, photons and neutrinos

» Status of photon/neutrino and neutron search with IceCube, Pierre Auger
and Telescope Array

» Compared to UHECR2012 symposium:
- updates of the diffuse photon and neutrino flux limits,
- directional search for UHE neutral particles for Auger and TA
- neutrino observations at PeV with lceCube

» First combined analyses

» Future perspectives
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“Multi-messenger’ complementarity

PRODUCTION SITES

e Same production sites: e.g., photo-pion production (GZK)
. Eczk ~ 5 x 1019 eV, Inelasticity: ~ 20% =
» photons/neutrons/neutrinos produced at . ’ . g T S
or nearby the source EY ~ 10% Ecr, Ev ~ 5% Ecr P MWD
. . AN o R e "‘%YX:\
» UHE photons/neutrinos produced during TR Gl ’
: ok AL RO TR - SRR 1
propagation Gemee Sl e
» GZK V/Y: HINTS ON NATURE OF < ;;3 S g e A
FLUX SUPPRESSION AT UHE ST A § S R O\ i

¢ Photon and neutrino fluxes closely related to the sources and nature of UHECRs

IRIOPT/UV Kneiske 2006

el 'F‘;eo:;’l ‘:::"e“l"ke 2006 Decelrpr/t, Allard (207I7)
107" _iierml- §, - |
: "o photon/neutrino fluxes sensitive to:
-12 .
T 10 - maximum energy at the source,
., 10713 - spectral index, primary type
e S P - source distribution and evolution,
S edony - extragalactic background radiation
o 107 ¢ h - magnetic fields
—a
W qpe |
10-17 B - =
. complementary informations!
1018 pure ]proton I‘J":‘,'
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“Multi-messenger” complementarity

DETECTION/IDENTIFICATION TECHNIQUES

GENERAL DETECTION CHALLENGES
EXTREMELY LOW FLUXES (LARGE EXPOSURE NEEDED)

AND/OR ONLY WEAKLY INTERACTING

|

- UHE neutrons:
X Neutron decay (Mean travel distance ~ 9.2 E/[EeV] kpc): only galactic region accessible

X EAS-induced shower impossible to be distinguished from proton case

v detection based on EAS-like,

v no magnetic deflection: point-like excess expected
(Auger/Telescope Array)

- UHE photons:
v Maximum source distance: tens/hundred of kpc (@ PeV) and tens of Mpc (@ EeV)

v EAS features

X low fluxes, hadronic (mostly proton) background rejection
(Auger /Telescope Array @ EeV)

- neutrinos (from PeV to EeV):
v Observation of distant Universe
v easy signal/background separation

X low detection probability
(Auger @ E > EeV/1ceCube @ E >TeV)
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NEUTRONS
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Neutron search with Auger and lelescope Array

Search for excess of CR events (proton-like) from discrete sources within the angular resolution.
Only galactic region accessible (Mean travel distance ~ 9.2 E/[EeV] kpc)

Southern Sky (dec. [-90°, +15°])
The Pierre Auger Coll., ApJ, 760 (2012) 148

Auger-SD data, Jan 2004 - Sept 2011

energy ranges: 1-2 EeV, 2-3 EeV, > 1 EeV, = 3 EeV
upper limits on flux and constrains on astrophysical
source models

Target search performed
The Pierre Auger Coll., ApdJ, 789 (2014) L34

E >1EeV

Northern Sky (dec. [0, 70°]) B e

L~ iee =
______________

TA-SD, May 2008 - May 2013 F
energy ranges: 0.5-1 EeV, 1-2 EeV, > 1 EeV, > 2 EeV
mean upper limits on neutron flux: ~ 0.07/(km2 yr) @ 1EeV

coincidence with 29 Fermi bright Galactic sources

The Telescope Array Coll., 1407.6145 y | . % e 0

R.A. (deg)
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NEUTRINO SEARCH
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v detection with the

Plerre Auger Observatory

PIERRE
AUGER

OBSERVATORY

v selected as inclined showers with large em component (time spread of SD signals)

> down-going

Top of the atmosphere

proton or nuc{

Top of the atmosphere

EM component ““-T-%

hadronic
component

EM component

hadronic
component

Signal (VEM)
O = N W =T N

-

Energy of shower ~ 5EeV
Distance to shower axis ~ 1 km 4

Zenith angle ~ 80° (“old shower”)

old shower

Energy of shower ~ 5EeV
Distance to shower axis ~ 1km
Zenith angle ~ 22" (“young shower”)

young shower

1 T W

L 8

Time (ns)

» up-going (Earth-Skimming)

L o

Top of the atmosphere

EM component

\

- —
-
= LT .
-
e

hadronic

_— component

(=

1000 2000
Time (ns)

3000

v, flavor
Earth-Skimming (90°, 95°)
contrib. to total evt rate 73%
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all v flavor

Low zenith (65°,75°)

contrib. to total evt rate: 23%
High zenith (75°,90°):
contrib. to total evt rate: 4%

Vv identification applied “blindly”
to data: 01/2004 - 12/2012

No candidates found!




ICECUBE

Neutrino search with IceCube

Neutrinos detected through Cherenkov light in ice RS e e \ceTop
by secondary charged particles. - miLs == = _— 81 Stations
50 m S =il e e 324 optical sensors
muons tracks, showers-like events |
| IceCube Array
86 strings including
astr'ophys_:i cal V ‘ 8 DeepCore strings

cosmic ray

: l 5160 optical sensors
! Northern Sky

\ astrophysical/

Wi | atmospheric v

DeepCore
8 strings-spacing
optimized for low energies

/ 480 Optical Sensors

Eiffel Tower
; 324 m

1450 m

atmospheric

cosmic ray

2450 m

2820 m

1st evidence of astrophysical v !! |
(PeV energy range)

v (FELEL S L o
UL LL L
bl L L LT T T T RTRR Ry

Diffuse flux of high-energy astrophysical v
at higher energies

segadii
A0 AU - - see e

lceCube Coll., Phys.Rev.Lett. 113 (2014) 101101  SEREEERRN 11 L 1T TATY (8
IceCube Coll., Phys.Rev. D 88 (2013), 112008
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lceCube & Pierre Auger results

DIFFUSE LIMITS: STATUS AND PERSPECTIVES

Single flavour === == |ceCube 2013 Cosmogenic v models
10'5 ST memmm Auger 2013 mmaan p, Fermi-LAT (Ahlers '10)
— sumum ANITA-I 2010 Fe, FRIl & SFR (Kampert '12)
_ — p & mixed (Kotera '10)
~ 10° = —+— lceCube 2014 astrophys. v /"/ =
D - == == Waxman-Bahcall '01
7 u - 7 _
o = ‘ ’, -
£ 7
C10" g \
> = ~ v" Waxman-Bahcall landmark reached l
o - |
O] - S e — — v Auger/lceCube: complementary energy range
W 108k { { . Y Cosmogenic neutrino in proton scenarios |
%’ - T R *+ within reach at EeV with Auger |
U B ‘ —
w ‘
107 D —=
IIIIII 1 IIIIIIII | IIIIIIII I’TII | IIIIIIII S

10" 10'° 10'® 10'7 10'8 10'° 10%° 102
2 leV]
ANITA/Auger/RICE: 90% C.L. differential upper limits in bins of 0.5 in log1o(E)

lceCube arrows: 68% C.L. differential upper limits

IceCube Coll., Phys.Rev. D 88 (2013), 112008 ANITA Coll., Phys. Rev. D 85 (2012) 049901(E)
IceCube Coll., PRL 113 (2014) 101101 Pierre Auger Coll. ICRC 2013
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lceCube & Pierre Auger results

POINT-LIKE SOURCES: STATUS AND PERSPECTIVES

mmm mmm |ceCube 2014 Single flavour

memmmms  Auger 2011 - Earth-skimming v, L R

I TTTTTH

= mmm  Auger 2011 - Downward-going 75° <6 < 90°

L | 1111

o
o
E -5_— _—
s 107E ‘ 17 20 N =
> = \ 10" eV<E, <107 eV ’ =
> - -
O 6l |
107 IE
LL — -
O — -
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T 4n
o 107 E =
L = =
L - 10" eV<E, <10 eV =
- — — y -
=10"E \ =
— = ~ ! 12 15 -l"':r
3 - 1 10°eV<E, <1076V _go™ ™~
-
é 10 Southern sky ‘ﬂ" - Northern sky

-80 -60 -40 -20 0 20 40 60 80
Source declination 6 [deg]

Note: Auger data until May 2010
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PHOTONS
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Photon 1dentification with

EAS

NA 1400 - Z 200 <En — I I IIIIII| I T TTTTT I I IIIIII| I I IIIIII| I | g
' M. Risse et al., 7 R - ]
5 91200 o HiRes-MIA ST
— S C o HiRes (2005) pre-shower .“north . 3
= A1100f— ¢ Yakutsk 2001 ]
z £ - * Fly'sEye e 3
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- Deep shower development
(i.e.large Xmax)

- Poor muon content

OTHER CONNECTED OBSERVABLES:

- radius of curvature

- time spread of particles at ground
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Search for photons with the

Pierre Auger Observatory

h\\
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T o o o 2

e Principal component analysis

PIERRE
DIFFUSE LIMITS iR
SD events: RaADIUS OF CURVATURE AND RISE TIME OF THE SIGNAL IN THE SD
e Ei: 10, 20, 40 EeV %, Radius of 7 Phoen - . Dota
e Zenith: 30 - 60° 225 rvature A Risetime |
(full efficiency range) s Lot F100 @ 1000 m

e “a-priori” cut at 50% of photon
selection efficiency

» no candidates found

=
FITTTTTT IIIIIIIlIII]III|III|III|IIIIIII|III

/
ol by b s by b ag

The Pierre Auger Coll., Astrop. Phys. 29 (2008) 243

Hybrid events:
»Ewnr: 1, 2, 3,5, 10 EeV
» Zenith: O - 60°
» Fisher analysis combining SD and FD information
» a-priori cut at 50% photon efficiency, > 99% bkg rejection
(depending on energy)
» FD duty cycle of ~ 10-15%

» 6,0, 0,0, 0 candidates (compatible with bkg)

L —————
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. 2 SD observables combined |

et 7
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///////////

1.2 1.3 14 15 16 1.7 ' ' ' . I AT AT A AT ST AR S !
in a multivariate analysis ! 151617 18 19 2 |
y (C)]

M.S. for the Pierre Auger Coll, ICRC 2011 "
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Search for photons with the Pierre Auger Observatory ==

DIRECTIONAL SEARCH AUGER

A

Hybrid events: multivariate analysis using several FD + SD observables

. o o
» DECLINATION RANGE: -85 5 +20 ENERGY RANGE: -1017.3 _ -1018.5 e\/

» TARGETS SEPARATIONS OF ~ O.3°
» 1° TOP-HAT RADIUS FOR EACH DIRECTION DaTA seT: 01/2005 - 09/2011
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number of targets
=

flux upper limit [photons km? yr'|

10

10||||‘IIIIII£IIII3IIIII4I.I Nosl‘gnl‘f-‘c‘a-n
isotrop!
-log(p) from 18P
- Average particle flux upper limit: 0.035 photons/km?/yr
chance probability that pmin is observed anywhere - Average energy flux limit: 0.06 eV/cm?/s (spectral index -2)
in the sky: 36% - An energy flux of 1 eV/cm?/s (expected from TeV extrapolations

in the EeV range) would have been detected with > 5 o

The Pierre Auger Coll., Astrophysical Journal, 789 (2014)
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Search for photons with Telescope Array

DIFFUSE LIMITS

3-5 A L] l. T
SD EVENTS: MC 1o region
Y MC average ..........
DATA SAMPLE: May 2008 - May 2013 3t datg ——
ENERGY: > 10 EeV Fit
ZENITH: 45°-60° w 25T
=
> 2t
®
8
HADRON LIKE PHOTON LIKE = 15 }
/ o
/ E
muons// / 1t
EM cascade/
~ I / 05 | i
cascade o
~ //\ 0 " !!--f ---‘d":'-—..—‘%_— —}} { -
-
r / \ 02 04 06 08 1 12 14 16 18 2 22 24
v/ | core distance, km
‘A

Combined Auger & TA analysis (next slides):

Deep shower maximum and

Shortage of muons 9 SD + 8 HYBRID(*) PHOTON

CANDIDATES IN 0 in [-20°, 20]
= Curved front (compatible with background) PR

G.Rubtsov for the Telescope Array Coll, ICRC 2013 (*) TA-Hybrld analysis (using Xmax) in progress
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Photon diffuse limits (

> 1

eV):

current status

| L L I | | | | I L |
- B upper limits 95% C.L. ---- SHDM
5 1 ~-s SHDM' N
5 = D =
S = Th el - == Z-burst a
uJO _Y"“"\_ - Ve o .. N GZK N
IJAJ -w ,..-.,_'-".:::.:;‘..“".Y - .. .
é 107 = w $~"- Teel —
L E:BA " T T v top-down models disfavored
T - Auger Hy ' R R . eny =
o - TA e . v GZK flux region within reach
@ | ==, . e el —
o~ (S B [ T LS e
£ FA A A
10-2 E- T .."'.-:."' ~, ~'~~ _:
- Auger SD V o ."7";:_-'-?-\, A =
— \v"-‘{.";b.,.@\ b N —
i v ‘R T
10° &= GZK- pr | (Gelmini '07) —
! : ! PR N R R I | I | Lo =
Energy[eV]

TA vs Auger: efficiency + geometrical exposure

Mariangela Settimo for the Multi-messenger Working group,UHECR 2014, Springdale, 15 001.2 20

18



Photon diffuse limits (

> 100 TeV): current status

hot gas halo [1410.2600]
stellar distribution [1410.2600]

extragalactic [1410.2600]

'
' .
' -1

Log1o(E I, (>E)[eV cm s 'sr "))

0 :
[
[
[
[
-1+ : EAS-TOP
L pp source @ 8.5 kpc [1309.4077]
N CASA-MIA
A - = == 5 PeV dark matter decay [1309.4077]
" KASCADE
N : = CR+ISM @ 10 kpc [1310.5123]
| \ - : EAS-MSU
LY | | 1
14 19 16 17

Log1p Emin/€V

models @ PeV using constraints from IceCube measured neutrino flux

Diffuse flux limits: search for muon-less events in 1year of
IceTop+lceCube IC40 and 1.2 < E < 6 PeV

sensitivity IC79 5 years in 1-10 PeV and in bins of energy

rel. flux log(®, /®cp)

Mariangela Settimo for the Multi-messenger Working group,UHECR 2014, Springdale, 15 Oc’: ! 0
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é
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1
oY

-4.5

-5.5

IceCube Coll., Phys. Rev. D 87 (2013) 062002
10° around the Galactic Plane

IceCube40 1y

CASA-MIA .

1 l 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 l 1

6.5 7
log(Energy/GeV)
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Auger & TA: a cross-correlation analysis

Common sky region: d in [-20, + 20]
| -log(p) TASD | * TA phOton
FF e candidates

1. Calculate a representative Auger combined p-value

from vicinity of TA photon directions (v, 0y, )

bined A c
pcombined _ Hp uger(an, On)
n

=06

— (4

pAveer = weighted average 2

(w according to a Von Mises - Fisher —o
distribution) to take into account the angular
resolutions of TA directions
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Auger & TA: a cross-correlation analysis

Common sky region: d in [-20, + 20]
| -log(p) TASD | * TA phOton
A C an didates

1. Calculate a representative Auger combined p-value

from vicinity of TA photon directions (v, 0y, )

08 '

Pcombined _ HpAuger(an’ 5n)
n

0.6
—0 4

pAveer = weighted average

—0.2

—

[ -log(p) TASD |

2. Calculate the probability

pchance( Prandom S Pcombined)
from k generations of mock maps

» isotropic distributions of n sources according
to SD/Hybrid TA exposure oo

IR0 G50
0.8 ' H
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Representative Auger combined p-value
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Auger & TA
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Auger & TA: a cross-correlation analysis

-log(p) TA hybrid

Representative Auger combined p-value

from vicinity of the 8 TA-Hybrid photon ”
candidates directions |
Pcombined _ HpAuger(an’ 571)

pchance ( Prandom S pcombined)

B _Iog(pcombined) =1.77 —0.5
10* &
- Nt -
10° & \
ok Using directions of 8 Hybrld
- PJ[[I” TA photon candidates ‘
10 = /Ry —
- \5\\\\\\§55\\\\\\\\\\\&5&&&&\\\\&\\\\ ‘
AN T OO OO OOOOOSNOSNYy \
1 L t No sianificant excess Il
b B S e S P S Py » g mE=
0 1 2 3 4 5 6 7

-log(P) —
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Photon search: perspectives for 2020

(EXTRAPOLATION OF THE CURRENT ANALYSES)

Photon selection efficiencies and background

“REALISTIC” SCENAR]OS!} , ,
- fractions as in the current analyses

1 __l T T T T T 1 11 | T éZK I —
i GZK p II R
- GZK Fe |l mommm _
V Yakutsk B
T 01 b T T 7 AGASA CenA _
s, v - 1
T R Plerre Au er hybrid
o 2 YT ﬁTA 2011 :
E 0.01 SER HYB EXTRAP\ VTA 2013 T K
< T Pierre Augergla _ A
= / 7 TAEXIRAP.
— 0.001 //// —
g /
D EXTRAP. |
53 /////7
(e
— 0.0001 —
1e_05 s s o e o !
10'8 10 10
Eminy €V
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Photon search: perspectives for 2020

(DETECTOR UPGRADES AND IMPROVED ANALYSES)

Pierre Auger: realistic until 2014 + 7 years optimistic scenario (no candidates, no bkg): from new triggers/

analyses and upgrades
Telescope Array: including 3 years of SD expansion (TAx4) and bkg fraction from improved analysis

1 __I 1 1 1 1 1 1 1 1 I 1 éZKlpi 1 1 I 1 __

i GZKp Il  mwwmw 7

- GZK Fe ll m——

¥ Yakutsk B
v 01 T T 7 AGASA CenA _
s, v - 1
T Pierre Auger hybrid
R ot | T oo YO T TA 2011 .
E / YTA2018 T -
= /////// M T
=) / v TAX4 + NEW
= 0.001 ANALYSES
5 i
5§ (AUGER SD
= 0.0001

gCED /// RADE |
g Al Y

o277

XXX

O00RRRIHKN

30K
QIRRKKS
& 4
e =

1 e_05 R RIRRIRRIRIRIRIRRIIIIRIEE ooq,: > 20
1C | 10
Energy range lowered than ks , E eV

to a dedicated SD trigger |

J

min?’
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Summary & Outlook

DEPENDING ON THE ANALYSIS AND THE MESSENGER, COMPLEMENTARY ENERGY RANGES
AND/OR SKY REGIONS CAN BE EXPLOITED WITH ICECUBE, AUGER AND TELESCOPE ARRAY

o - ]
' No point-like excess found for neutrons by Auger and TA in the Northern and Southern sky |

¢ No UHE photons and neutrinos identified so far.
| » upper limits on directional and diffuse flux placed

» Auger-TA combined analysis in a common sky region (0 in [-20,20]). No significant excess!

e First astrophysical neutrino observations at PeV reported by IceCube (constrain on gamma-ray
flux)

i Predicted fluxes of cosmogenic neutrinos and photons reachable in the next years

'(especially with upgraded detectors)
note that, based on the current predictions, only the proton scenarios can be investigated

If observed
¥ pointing to the source
v GZK messengers & hints on relevant parameters of the sources

in any case (even if not observed)

v constraints on astrophysical models
o " hanks to the members of the W& for

v hints on fundamental physics (e.g. LIV) e wioe ooLLabom’C'wW

—
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