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Overview

Space

» Search for antideuterons with GAPS

» Next generation calorimeter experiments (HERD)
» Next generation spectrometers

@ Ground
GCJ » Advanced composition studies from the knee to the ankle
L LHAASO

EAS radio detection

AugerPrime

Back to space
7 ) EHECRs with JEM-EUSO

In this talk:
Focus on experiments that present some «novelties»

Often superposition with y-rays and v. Focus on charged CRs
perspectives.
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Space experiments

Experiment

e*| e
[present data)

e*+e
(Energy range)

CR nuclei
(Energy range)

PAMELA

FERMI

AMS-02

NUCLEON

CALET

DAMPE

ISS-CREAM
CSES
GAMMA-400
HERD

HELIX

HNX

GAPS

et < 300 GeV
e <625 GeV

et < 500 GeV
e < 700 GeV

1-700 GeV
(3 TeV with cal)

7 GeV —2TeV

1GV-1TV
(extendable)

100 GeV-3 TeV

1 GeV-10 TeV
(extendable -> 20TeV)

10 GeV-10 TeV

100 GeV-10 TeV
3-200 MeV
1 GeV-20 TeV

10(s) GeV—-10 TeV

1 GeV-1.2 TeV
[extendable > 2TeV)

50 GeV-1 TeV

1GV-1.9TV
[extendable)

100 GeV-1 PeV

10 GeV-1 PeV

20 GeV-300 TeV

1 TeV-1 PeV
30-300 MeV
1 TeV-3 PeV
up to PeV

< 10 GeV/n

™~ GeV/n

< 1GeV/n

Compilation by Marrocchesi @ ECRS 2016
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20 MeV — 300 GeV
GRB 8 KeV —35 MeV

1 GeV-1 TeV

[calorimeter)

10 GeV-10 TeV
GRB 7-20 MeV

2 GeV-10 TeV

20 MeV-1 TeV

10(s) GeV—10 TeV

2006
Jun 15

2008
Nov 11

2011
May 16

20141226
Dec 26

2015
Aug 19

2015
Dec 17

~ 2017
~ 2017
~2023-25
~2022-25

proposal

proposal

proposal

Expected:

* Higher-stat. data
from AMSO02 and
Fermi

* Extention of
primary spectra
to high energy
from calorimeter
experiments

(Bertucci talk)

Downsized
(focus on )

Next-generation
calorimeters

(Now approved)
New approach to
anti-matter meas.




CR antimatter

Exploring channels with lower astrophysical backgrownd
DM search by D detection
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E - Detection
- concept

/ Plastic Scintillator TOF i

Hailey @ DM2014 1. Low-energy antiparticles

~" Aramaki et al., 2016 |
: stop in the medium,

-44ke a forming an exotic atom in

-'_'" Exotic Atom i its excited state

Si(Li) Target/Detector

(p, D ) slow-down and

' 2. The atom de-excites via

emission of X-rays

X

3. The antiparticle

: 30keV undergoes annihilation

s
p'/l_) separation based on: ,
*Time-of-light measurement along antiparticle trajectory |
* Multiple dE/dx measurements : protons
*X-ray energies '
*Pion/proton multiplicity

with atomic nucleus,
emitting pions and

Antimatter detection withot a magnet
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GAPS

General Anti-Particle Spectrometer
Time-of-flight plastic scintillator
500 ps time resolution
10 layers of Si(Li) detectors
12x12 wafer segmented in 4 strip

— 3D particle tracking
3keV energy resolution
— X-ray spectroscopy

Measurement of p and search for D
at low energy (<250MeV)

Status:
1° LDB flight in 2020/2021
+2 LDB planned

Ideal location, due to low geomagnetic cutoff
E.Vannuccini -- SchiNeGHE 2016



GAPS science

Dark-matter search

A
1 [ - _
I@ é_ %i » Extremely low astrophysical D
AnW... background

Dark Matter Hadronization Coalescence

':T_I‘I 0_3 neutralino i i D <j
= sesstmt - oy » Sizable primary D signal from
S 95% C.L. gravitino several DM model
Q —— (decay)
10+ m = 50 GeV Unexplored-phase space
~ L LZP (UED)
1_*,,-, :sLtZrZ;:SsGEV > Mainly light DM
- Q
o 10 background | 3 No boosting mechanism required
zZ.
Né o » Complementary to other
;10-6 L GAPS = searches
= 3 LDB flight o collider exp.
" (~105days) .-~ o :
S107 ( y ),-’ ~. g direct underground exp.
9 = ./’ Sol
% - Pie ) g other indirect measurementes
5 10° ;,x’ CR+ISM— D + ... » Aramaki et al — review 2016
I= - . .
< e ; L ”\710 Potential breakthrough in DM
"~ Kinetic Energy per Nucleon [GeV/n] search by D detection
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Galactic CR nuclei

Direct measurement of individual-element spectra up
the H and He knee

With new-generation large-acceptance calorimeters
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CaloCube concept

INFN r&ad project )

Optimization of calorimeter performances with limited mass budget INFN
» Cubic geometry — 5 facet detection "

» Active absorber — good energy resolution

» 3D segmentation — shower imaging — leakage correction (hadrons) & e/h separation

Electrons and
gamma-rays

Dependence on various scintillating material
40

L\
e/

Cubic geometry 1R,, segmentation
~2tons i

35

GF x 5 facets

Energy resolution (%)

« sazis-de8juaiayip :gN

30__ S U S SN
Csl N : :
BaF2 25— __1Tev protons
: _._ LYSO (68.40 cm, 3.017\,.,53.7xu) 0.18 cm
— : : : : : — e BGO (67.230m, 272,555 X)| 0.19 cm
BGO 20 i , —e VAP (7280em 3097,.250%)| 0.20cm .U p tp 4 mzsr
LYSO : : —— BaF, (7634cm, 2312, 347 %) | 0.27cm
: : : H : : —e— Csl (78.00cm,1.80%,.389X)| 0.30 cm .Down to 20%
L 1 I 1 L 1 1 I L 1 1 L | 1 1 1 1 I 1 1 L 1 I 1 1 L 1 I 1 1 L 1 I 1
15 .
A B 2 25 88 E energy resolution
Adriani @ IFD 2015 Effective geometric factor (m” sr)
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High-Energy cosmic-Radiation Detector p %
» To be installed on board the Chinese in 2020/2021 ((@ nv‘/'
S

Measurement of cosmic- and y-rays at high energy

Xu @CRIS 2015

n10X acceptance than others, but

» 3D calorimeter weight 2.3 T ~1/3 AMS
~10k LYSO crystals (3i.l.) STK(W+SSD)
Charge

» Tracker/converter (STK)
7 Si/W planes (2 r.1.)
» Very large acceptance ==

gamma-ray direction
CR back scatter

top+lateral particle
detection

» 2.5m?sr and 20%
en.res. forp @1TeV

% 3D CALO
@ e/GICR energy

STRNFOSD) e/p discrimination ™"
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HERD: expected performances

2.5 m2sr x 5 yrs DeMitri @ HERD workshop 2016

20+30% energy resolution
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Extending antiparticle measurements at higher energies
With new-generation spectrometers
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Next generation spectrometers

TITANIUM cladding

19 MgB, filaments

Must relay on superconducting magnets

ALADINO magnetic spectrometer 4 Columbus
» Toroidal superconducting magnet

10 coils wound with high-temperature
(10s°K) superconductor (MgB,)

(B) ~ 0.8 T average magnetic field
» Microstrip silicon tracking system
4 layer with O(um) spatial resolution

» MDR~20TV

Proposal submitted to ESA
Call for Science Ideas
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Positron Fraction

ALADINO expected performances

PAMELA/AMS02 — MDR~1TV

e T T La Lo BE T T T TTTT
0| Skﬂg — ! 323 mpM = 9.4 TeV
- m_=3TeV T an=24 3
AMS-02 —-— x T av =10 cm-is
 PAMELA T ‘i' ! Ibe 2016 10-3 |- Ein, MAX
0.2 Fermi +—=—— { -i- Pl - ] C
HEAT +--e o R I i i Bkgd
AMS-01 -1y Lol L3 - DM
o1 ; ot - Bkad + DM
_'Il:::' - G | t
0.05 Banpielett 3 | ®
2w 1 ALADINO | &
‘a) -
0.02 Lo -
10 100 1004 B
e Energy [GeV]
+ — ® AMS 2015
IVIDRN 20 TV% e and p up to STeV !! .1[]_5 Lot
1 10

DM DM = W W~

Cirelli 2015

ALADINO
\

102 10° 10*

Kinetic energy Tp [GeV]

* Examples of contribution to e* and p CR abundance from DM annihilation
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ALADINO calorimeter

A Cylindrical shape calorimeter with 3D hexagonal tesselation

Weight~2000 kg ‘}y BGO
N. crystals: 15925
2 %
N S
9 S
O
OQQ
‘f& Basic crystal: hexagonal base prisma
1 TeV protons

Energy resolution and effective g ical fz

— 50 | | | | _—= BGO Cube

B\ [ H H H H H

z T } } } } - |—=— BGO Cylinder

=} : : : : : :

E 45— : : : : ; ;

2 4 _ ! ! _ !

@ |

: [~
40M
35—
30; 52’[0115

= 8 mm gaps btw crystals
o ! !
2|\lE\llll\\\l'l\\lll\ll\\|||\§|
Futare Space Challenges % 1 2 3 4 5 6 7 8
. Effective Geometric Factor [m*2 sr]
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Indirect detection

primary € profile of vertical showers |, E
particle S average of 100 CORSIKA simulations =
D with QGSJETO01 for 10 eV proton 4 3
+ T = by D. Heck, Karlsruhe Institute of Technology 2
P 2 200 =
n=]
2 H10
L -
o
wr -
g 400 ]
£ 47
wn [ - 1°
v 600 .e
= . 7
o
o 43
(D -
800 ]
radio + air-Cherenkov ~ ,  \ = --e-eee- ®
<
! e 5. 4 = 1
s el [] s : A
R telescope N 1000 o
radio light article for fluores-
9 b = 5 6 x10°

antenna  detector detector cence light :
particle number

Multi-component approach
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Argo hybrid p/He [3]
Argo analog p/He [5]

Extintion of
galactic
component

Argo analog p/He [4]
Argo analog all [4]
IceCube [13]
Yakutsk [11]
KASCADE/KASCADE-Grande combined [9]
KASCADE-Grande EposLHC [10]

*® ICRC

)
- ebhe
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0 Juy 50 - August 6, 3015
L 1 The Hague, Tre Hetherlsrcs

%?*1@—.,

Transitionto  *, }{
extra-galactic il |
component E

ﬂ

1013 __  + KASCADE-Grande QGS2v4 [10]
; » Telescope Array [16] LHC (pp) "
— = Auger [21] 14IGV
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Verzi @ICRC2015
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Knee region

Bridging direct to higher-energy data with improved
performances

Km2-size, high-resolution, multi-component array
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LHAASO

Large High-Altitude Air Shower Observatory

» Combined study of cosmic- and y-rays

» Wide energy range 102 =107 eV

» Bridge from direct measurements to most

energetic CR particles

Di Sciascio @ CRIS 2015

Daocheng County, Sichuan, China

Altitude (m) | e.m. Detection Area (m’) | Instrumented Area (m’) | Coverage
KASCADE 110 5x107 4x10* 1.2x10”
IceTop 2835 4x10° 10° 4x10™
KASCADE-Grande 110 370 5%10° Tx107
LHAASO 4410 5x10° 10° 5x10”
u Detection Area (m°) | Instrumented Area (m®) | Coverage
KASCADE 110 6x107 4x10* 1.5%10°
LHAASO 4410 4.4x10° 10° 4.4x10°

Large coverage (~KASCADE)

Large area (~ IceTop)

High altitude (ARGO-YBJ) — small fluctuations and low energy-threshold

E.Vannuccini -- SchiNeGHE 2016
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LHAASO

1 km?2 array of
“=m | Scintillators
= Underground water Ch tanks

5635 EDs : s WFCTA:
1221 MDs { B 24 telescopes
: X Y 1024 pixels each
2 R | Wide fov air Ch and
i 3.0 % '// fluorescence telescopes
WCDA: —
3600 cells I\/Iultl—component experiment SCDA:
90,000 m?2 _ NG 452 detectors
. aRT T N
Close-packed Close-packed
surface water- burst detectors
Ch detector close to the
facility shower core
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Future indirect experiments

U'I‘a_| : ...
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Verzi @ICRC2015 E [eV]
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Transition region

An alternative approach to AES detection
—Radio detection
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FAS radio emission

shower shower ! Schroeder — review 2016
axis ' axis Huege — review 2016

geo

=]l
OXC> .-@..@@ e

] P o
I L
: shower front £_© @ ¢ %
'V 'V
A 4 v
vxvxB vxvxB
4.-
| polarization in \ /
——T¢ shower plane
l l vxB 4t detector Val \ vxB
4
geomagnetic effect ~ 90% Askaryan effect ~ 10%

(dominant in dense media)

In air, emission region ~1m — coherence and strong amplification below 100 MHz
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FAS radio detection

* Total emitted power (< 100 MHz) oc N2 oc E2
* no significant atmospheric attenuation & only disturbance from thunderstorms
* Energy threshold ~10'eV (galactic radio bk)

* Footprint dependent on the distance from shower maximum to antennas
* Small footprint limits maximum energy — dense arrays are required
Huege T. @ ARENA 2012
** 'COREAS (40+80 MHz) © 7 :
20 (| OPES site | 10'7eV p 70 | Ay 10Y7eV Fe
150 | 250 60 |- A =
100 200% jg : :gg
50 150% 30 60%
100 2 sl 0k
0 & é 10! | 30%
0 10

east [m]

east [m]

-200

* Calorimetric measurement with ~100% duty cycle!!
* Composition sensitivity
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Present radio arrays

LOFAR - LBA outers
o0 (Tx48
o3 (7% 48)

. LOPES
&

= (30) * Highest precision on mass

composition (17 g/cm?)

Tunka-Rex
(25)

4
-

CODALEMA3 ., T
(57) ‘

rrrrrr

f:Auge'r Engineereing Radio Array) , . . o, Economi¢ design
oeus: vy Cross-calibration with

"Sparse array, §caling v high CNETEY | AERA AR Tunka-133 (Ch-array)
* Cross check mass sensitivity with FD (153) ' To be integrated in TAIGA

1 km E . g Compilation by A. Zilles

*Strongest potential in combination particle detectors
«Just crossed the threshold from proof-of-principle to science application
*Resolution: Energy < 20% Angle < 0.7° Maximum-depth < 20g/cm?

Accuracy in shower parameters competitive to fluorescence technique
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SKA-low

Low-frequency core of the Square Kilometer Array

® Phase 1: ~ 60,000 antennas on 72 km? SUUARE KILOMETAE ARRAY
® Scintillator array planned for E > 10'¢ eV
50 to 350 MHz 00
E 200! :
S
g
2 o
£
3
v 200t *
-400 -
antenna stations
L. particle detectors
400  —200 0 200 400 Huleg ootal.
West - East (m) ICRC 2015, Den Haag

Start of construction >2018,

) : 10 g/cm? resolution on shower maximum, with
in Australia

100% duty cycle
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Future indirect experiments

U'I‘a_| : ...
_ 101? = 4Ii;1. | ...: ICRC
> = I i T
L — i . . U
;:7] 1016 __ ankle cut-off
" ISS-CREAM | Tl
o HERD |
E 108 o
v LHAASO | T i,
| — ] f
aa - lceTop-2 " }{
X 41
—_ 10 = SKA-low d
ad -
S
— - ﬂ
107 &
IIIIII| | IIIIIII| L1 IIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| |

1013 1014 1015 1016 101? 1018 1019 1020 1021
Verzi @ICRC2015 E [eV]
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Improving mass-composition sensitivity in the cut-off
region
— e/ mass identification technique
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SD - 1500 m array

FD “AMIGA - ...

Unitary Cell

Auder

1660 Water-Cherenkov
particle Detector (WCD)
stations (1.5 km spacing)
over 3000 km?

4x6 fluorescence
telescopes (FDs)

.. .
0

L T
D ‘s 0 0

------
-----

Low-energy (107 eV)
enhancements

7 Morados | AUGER

OBSERVATORY

- 3 High Elevation Auger

—120

] Telescopes (HEATs)

£l - Auger Muon and Infill Groung
' Array (AMIGA) : 61

3 WCDs(750m spacing) +

prototype underground

15 g/cm2 resolution >10%eV scintillators

< 10g/cm?2 on absolute scale
Duty cycle 15%
12% energy resolution >10EeV
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AugerPrime

» Proposed upgrade to Auger

» Scintillator plane above the existing WCDs
E.m.-vs-muon EAS components
Direct comparison with TA

» Upgrade of WCD electronics
Timing & dynamic range

» Completion of the AMIGA array
Muon shower content

» Possible extention of FD operation to high
night-sky bk conditions
50% duty-cycle increase

»  Study of the mass composition of UHECRs

» Status

» start deployment in 2017, full-upgrade data
from 2018, statistics more than doubled by
2024

=

Jo(Nmax

log

6k —  QGSjed1 04
—— He QGSjetI1 04
O N QGS;jetIl.04 S
—— Fe QGSjefl.04 0‘%
85l / | >
: )
/\ )
o
o
S
~t
840 5% 1019 eV
0 = 38°
600 700 800 900 1000

Xonas [¢/em’]
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Surface detector upgrade

2 Prototype ‘ § Scintillation detector (SSD)

5
===+ glectrons
detector , ” (Bn
Scintillator / : : ol
2 : ; Q
| 3.8m il 2o | ®
: [
T
t/ns m
>
2 v
2 " f: water-Cherenkov detector (WCD) §
Water Cherenkov S b ==t electrons @
detector (WCD) 10 m* 4% @ = muons

» Complementary particle response used to Cow e

discriminate e.m. and muon EAS components

_ _ Composition up to
» Cross-check with direct mu content from AMIGA

1020V

» Composition studies with 100% duty cycle Composition-
» Composition info on a event-by-event basis .erlhancefcj .
anisotropy s
» Sensitivity to proton component down to a fraction of 10% | py study
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AugerPrime: expected performances

Scenario 1 : source suppression Scenario 2 : photo-disintegration
10" P e
e, e, Protons
I i g Helium Significant
2t itrogen iti
s oL Iron composition
= E .\ difference beyond
[ I <\ \J the FD range
1 l}36 = 34 = \ \
E Ed ._JALJL._Ji._.JL\g_JL.JL.J.L-";_F’_
18 185 19 195 zl%gw(Ea’eV)OJ 7 years data
FE 840 -—p. EPOS-LHC | 'E mz p.EPOSLHC | -~ EPOS.LHC taking with
= e EPOS.LHC | S gof ——Fe.EPOS-LHC | 202 P - !
iﬂgﬂn__ = | H_ih y | I'I.:L I Fe EPOS-LHC | Only SDS
AE ! + ~. T0F : ~ I
2800f L W R i !
780 : + E - —4 + L L) +
r ] . : * R SU:__ ++ : G.__ .  * :
760 E . ¢ v 40:‘— = (g = = . :
‘e . ! : R (s = . .
'Ilrm:__ 4: 30:-— ‘i ----- '_}— -0 1__‘— - :1 * . +
720F i - Scenario 1 ,_,u%_ i + Scenario -0_2:— i —e—Scammio ]
?m-r | | | : | -.-Iscmmulj 1 '-I' TN T T N T T (N T Y :. [ .‘I‘TSFe:nlu?o-:- : P N T N (N T T S :. i .T.s'?el;mpq :I
19 192 194 196 198 20 P58 10 102 104 196 108 20 19 192 194 196 198 20
12(E/eV) lg(E/eV) 1g(E/eV)

Engel @ICRC2015
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Future indirect experiments

1° knee 2° knee
U'I‘a_| | : ..
— 10V eraag TPV PY e : i |CRC
>0 E iy N
h : ¥ é if i .. .........  The Netherlsncs
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" ISS-CREAM | -
o HERD | !
£ 108 S
0 LHAASO | i --=.::-;-;§§f
aa - lceTop-2 " }{
X 41
—_ 10 = SKA-low d
8 -
=~ 1
1013 = TAx4

= I

- AugerPrime

_ |
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Search for CRs above the cutoff
— Increasing the exposure by an order of magniture
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JEM-EUSO

Extreme Universe Space
Observatory
to be installed on board the

Japanese Experiment
Module of the ISS

International Space Station (ISS)

EAS fluorescence-light JEM-EUSO

detection from space
Wide fov (60°) near-UV UV photon
telescope of 2.5mYJ

2 Fresnel lenses + foc:
surface PMTs

JEM-EUSO )
e Extremely large Titled mode <~~~

exposure C a
AGASA 10km

* Full-sky coverage \?” \
Auger 50km

E.Vannuccini -- SchiNeGHE 2016
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JEM-EUSO status

The EUSO program

Ultra-High Energy
cosmic rays from space

EUSO-TA: Ground
detector installed in 2013 at

Telescope Array site: il 4 ; JEM-EUSO
currently operational B (2023+)

EUSO-BALLOONS: 1st
balloon flight from Timmins,
CA (French Space Agency)
Aug 2014; NASA Ultra long
duration flight: 2017

SIU[SII[NN 3. MINI-EUSO (2017):
feet Precursor from International
missions Space Station (ISS: 30kg
2017). Approved by Italian s
and Russian Snace agencies e
NI 3 . Cherenkov

K-EUSO (2019 JFY): _ : :
ISS Approved by Russian i CCCT R i
Space Agency "

JEM-EUSO (2023): ISS / ,
US-led EUSO-NEXT 2035 J tA\/{—EUSO C( )11:11)(»{‘:1m)n 16 Countrics, 93 Institutes, 35

W g
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km*2*sr*yr)

Exposures (L

JEM-EUSO: expected performances

No mass sensitivity, high threshold, b Lot
06 o] BUL UNique possibility to explore AT AR RE ] ‘
' I . . : = t
suppression region £
JEM-EUSO i i }
= TA[16] Auger [21]
L Foute (EeV) | 5.2:£0.2 | 4.840.1+0.8 (sysh)
Ground: | Eip (BeV) | 60+7 [ 24.7+0.1 757 (syst)
Auger+TA o AEJE 21% 149
+ 1 1 L 1 L1111 1
1Ev05 3 10%° 107
E [eV]
10° | | - R ‘ —
Kajino@ICRC2015 JEM-EUSO

-
o
T

1.E+04 T

-
o
]

Annual Exposure (km2 sryr/yr)

Olinto @ICRC2015

| i i i i I i i i i 1 i i i i L
T T u ¥ ¥ T ¥ T ¥ T ¥ T T

2005 2010 2015 2020 2025
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Future indirect experiments

1° knee 2° knee
U'I‘a_| | : ..
— 10V eraag TPV PY e | i |CRC
>0 E iy N =
h : ¥ é if i .. .........  The Netherlsncs
= 1016 £ ankle cut-off
" ISS-CREAM -
o HERD | !
E 108 o
0 LHAASO | i --=.::-;-;§§f
aa - lceTop-2 " }{
X 41
—_ 10 = SKA-low d
ad -
=~ 1
1013 = TAx4
= I
- AugerPrime
— I
- ~ JEM-EUSO >
IIIIII| | IIIIIII| L1 IIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII|

1013 1014 1015 1016 101? 1018 1019 1020 1021
Verzi @ICRC2015 E [eV]

| 2 E.Vannuccini -- SchiNeGHE 2016



'
Conclusions t:\}.:

Future directions in CR research (with some «technological» novelty)
1. Low-background indirect with D by GAPS
Possible breakthrough by D detection

2. Calocube as possible approach for next generation calorimeter experiment in space
(HERD?)

Locate the
3. A possible approach to next generation spectrometer experiment in space
High-energy e* and p measurement. Solution to puzzle?

4.Km2, high-resolution, multi-component EAS array @knee (LHAASO)
Composition-enhanced anisotropy study.
Understanding the role of confinement- and source-limits in determining

5. Radio detection as complementary approach to EAS detection
Competitive to standard techniques — better understanding/modeling of EAS properties
Composition-enhanced measurements in the transition regions

6.e/p mass discrimination technique applied @UHE (AugerPrime) a\
Composition-enhanced measurements in the cutoff region. \z %\%\/@
Understanding the mechanism L «r&

7. Observation of EAS from space (JEM-EUSO) ‘\&@@

Search for above the cutoff region
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