Future Perspectives on the UHECR Observatories

2 " od -un

L ANy enst

- ing AR TR A

- & -4 IR 18080
‘w. ALENRaR; m TR

4 ot L5
LN "~ B 4
... RS
. r. .%. - :
.

OBSERVAIORY

PIERRE

AUGER

~
e ]

Fluorescence detector Array of Single-pixel Telescope:

-pixel Telescopes

ingle

Toshihiro Fujii, ICRR Seminar, 2016/May/24

Fluorescence detector Array of S




TOShlher FuJ 11 fujii@icrr.u-tokyo.ac.jp
¢ Office: 303, Hometown: Nara, Ikaruga-cho, Horyuji (J&F#ESF)

PROFESSIONAL 2016 - present  JSPS Postdoctoral Fellow (PD), Institute for Cosmic Ray Research, e
EXPERIENCE University of Tokyo | | | | Nl ﬂ@‘ *?‘,,r
2015 - 2016 Postdoctoral Scholar, Kavli Institute for Cosmological Physics, SRl .;‘ff el S
University of Chicago ey 7 b~

2013 - 2016 Collaborative Researcher, Institute for Cosmic Ray Research,
University of Tokyo
2013 - 2015 Japan Society for the Promotion of Science (JSPS) Postdoctoral Fellow
Kavli Institute for Cosmological Physics, University of Chicago
2012 - 2013 JSPS Postdoctoral Fellow (PD), Institute for Cosmic Ray Research,
University of Tokyo
EDUCATION 2012 Ph.D. in Science, Osaka City University
Thesis: “Measurements of the Energy Spectrum and the Mass Composition of Ultra-High
Energy Cosmic Rays with Telescope Array Fluorescence Detectors in Monocular Mode”
Supervisor: Prof. Shoichi Ogio

RESEARCH (GRANTS 2016 - present JSPS Grant-in-Aid for JSPS Fellows, Grant Number 16J04564,

AND FELLOWSHIPS Principal Investigator, Title: “Observation of Ultra-High Energy
Cosmic Rays and Measurement of Their Mass Composition
with the New-Type Fluorescence Detector”,
University of Tokyo, 3,400,000 JPY (Total expected direct expense)

2015 - present  JSPS Grant-in-Aid for Young Scientist (A), Grant Number 15H05443,

Principal Investigator, Title: “Establishment of New Technique to Observe
Ultra-High Energy Cosmic Rays by the New-Type Fluorescence Detector”,
University of Tokyo, 18,600,000 JPY (Total expected direct expense)

RESEARCH Cosmic Ray Physics, Ultra-High Energy Cosmic Rays (UHECR), Fluorescence Detector,
INTERESTS Energy Spectrum, Mass Composition, Ultra-High Energy Neutrino and v-ray, Particle Astronomy



mailto:fujii@icrr.u-tokyo.ac.jp
mailto:fujii@icrr.u-tokyo.ac.jp

This 1s how scientists see the world.

credit: http://abstrusegoose.com



http://abstrusegoose.com
http://abstrusegoose.com

This 1s how scientists see the world.

credit: http://abstrusegoose.com

Av

'
P4 7 Py2 f‘o'l; s( ,,(uzan,O")ﬁ"'co)n +n0,

S— e N 5 "
- E;:Vz‘f\/]y,—lﬁ
?0'
{3
\:ﬂg % . 9C02
COREN L)
Y/
*r"’g, M o ' (
A s ¢ Hy Oc + 60, = 6Co,46H, 0



This 1s how scientists see the world.

credit: http://abstrusegoose.com
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What are Cosmic Rays?

€ Energetic particles injected from the universe.
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heavier nuclei (1%)
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¢ FE > 10" eV, ultra-high energy
cosmic rays (UHECR)
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Physics Goal of UHECR Astrophysics

€ Origin and Nature of Ultra-High Energy
Cosmic Rays (UHECRs) and Particle

Interactions at the Highest Energies

¢ How frequent?
¢ What kind of particle?

€ Where come from?



How frequent?: Energy spectrum

E2.5 J( E) Equivalent c.m. energy s (GeV)
o 102 10° 10* 10° 108 Larger cenergy
:‘2’" gllllf I¢ I IIIIII| f I II| I I IIIIII| I I IIIIII|
?’ u RHIC (p-p) Tevatron (pp v HiRes-MIA than the largeSt
» 10° HERAGD LHC (p-p) s HiRes|
b Knee : Weteme | accelerator
£ # , *  TASD2013
S 107 T -
@ E ‘..‘_ sy 1 km~2 yr-l (LHC)
0 16 s \
NL: 10 § o p 'l.',..“ l 1 km-2 Century-‘l
2 ot 1 m yr " s l
8 F | gy
% 1014 ;_ % ATIC e KASCADE (QGSJET 01) Ankle o I* o
= & PROTON = KASCADE (SIBYLL 2.1) X Very lnfrequent ’
. ¢ RUNJOB *  KASCADE-Grande 2012
- *x  Tibet ASg (SIBYLL 2.1) ’ °4/°
10" g . | alarge sensitive

| IIIIIIII | IIIIIIII | IIIIIIII | IIIIIIII | IIIIIIII | IIIIIIII | IIIIIIII | IIIIIIII L L
10" 10™ 10" 10 10" 10'® 10" 10% 10 Area needed
Energy (eV/particle) 9



Acceleration Scenario toward 10%° eV

Equivalent c.m. energy Vs (GeV)
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€ Neutron stars, Active
galactic nucler,

Gamma ray bursts,
Radio galaxies,

Galactic clusters

¢ Top-down model

¢ Annihilation/decay of

super heavy relic
particles, Topological

defect, Z-burst model
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Grelsen-Zatsepln-Kuzmln (GZK) Cutott
Cosmic microwave

¢ Interaction between UHE protons with energies above 101%7> eV and CMBR via a
pion production. Heaver nuclei also interact with CMBR wia photo-disintegration.

Cosmic Ray

€ Mean free path : 50-100 Mpc (Nearby sources, compared to the universe size)
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" How to detect very infrequent

= Extensive Air Shower (EAS)
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How to observe Extensive Air Shower (EAS)
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A2 History of Fluorescence Technique

Fluo rescence detector/lrrav of Single-pixel Telescopes

+ In 1958, proposal of fluorescence technique (Suga,

N ‘ iR Oda @ Norikura symposium)
P.M,_
for - . + Many photomultiplier tubes on the focal plane
G : of Fresnel lens/mirror to observe fluorescence
' hight.
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< - First Detection of Shower by Fluorescence Technique

T A A A A A

Flum escence detector Arr ay of Single-pixel Telescopes

Candidates observed by TOKYO-1 (1969) 4 Long signal duration and the 100 R —
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Dawson, arXiv: 1 1 125686) | ' WAYELENGTH (4 )
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M. Ave et al. | Astroparticle Physics 28 (2007) 41-57
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+ In the upgrade detector of
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Google Earth

UHECR Observatories

& Telescope Array
Experiment (TA)

® Utah, USA
® 700 km?2 (— 3,000 km?)

& -7 events/year (— 30)

2 Pierre Auger
Observatory (Auger)

Malargue, Argentina

' 3,000 km?

~30 events/year
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o

8 Telescope Array Experiment (TA)

€ Largest cosmic ray detector in the Northern hemisphere

~ 700 km? at Utah, USA

& Fluorescence detector + Surface detector array

SN S e face Detector Arravy Fluorescence Detector at BRM and LR stations

507 Scintillator, 1.2 km spacing Spherical segment mirror (6.8 m?) + 2566 Photomultiplier
tube(PMTs)/camera, 12 newly designed telescopes
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Delta, Utah, US
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Pierre Auge
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OBSERVATORY

Lidar, IR Cameral

r Observatory (Auger)

The world’s largest UHECR observatory 3000 km?*

(2004 - ) completed in 2008
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“Scale” of UHECR Observatory
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“Scale” of UHECR Observator




“Scale” of UHECR Observator
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My Contributions to
FD Camera Assembling @Akeno e MR el L
& Absolute calibration of FD PMT @ICRR "

& Detector response simulation with

GEANTH4

€ Operation and maintenance of TA FD
@Utah

TA FD Analysis software development
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Reconstruction by one FD station to be sensitive to lower energies.

€C

® Energy spectrum covering three orders of magnitude above 10!7* eV
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How frequent

Flux x E/10** (eV?> m2 sr-1 s1)

: Energy Spectrum

10 - | = O 0 .

= P lzmmary B J(E) 1 @ 8.5% ditterence on energy

i 1 scale between Auger and TA.
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The energy spectrum around ankle are 1n good agreement,

but an energy of suppression 1s different.
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Detector Exchange to Understand the Discrepancy

¢ Pioneering measurements by TASD and Auger water tank
¢ 2014/Nov/28 15:43:01.453549
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Is the suppression GZK Average of X, Std. Deviation of X, ,,

What kind of particle?: Mass Composition

(0&0‘\_..-_ TOF - _ — SySt. _

process or acceleration g5l =
limat?
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€C

proton dominated at 108 eV.

“€C

o(Xmax) is smaller than proton simulation above 10!° eV.

€C

Suggest a change of composition above ~10!%° eV with increasing mass number and

small mixing.
S Pierre Auger Collaboration PRD 90 122005 (2014), A. Porcelli in ICRC 2015 28



Interpretation of Xmax distribution

PIERRE
aucik The same <Xmax> and

o(Xmax) but different
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1019 1020

E [eV]
Intermediate composition, such as helium or nitrogen

Iron disfavored in all energy range
No mass composition information above 101°7 eV

or problem 1n hadronic interaction models
The Pierre Auger Collaboration, Phys. Rev. D 90, 122006 (2014)
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Mass composition ana]ySIS in TA

900 : 900
B . QGSJetII 03 —eo— Data (Jan/2008 Dec/2014) - —e— TA (this! WOl’k)
L --------- QGSJetOl - 19 g/cm? sys. uncert i Auger PRD’I 4
850____*__ ..... S IBYLL21 .............................. PrOton ........... ................................ 850__ E HRPRLIO .................................................................................
~ [ - QGSJetlI-04 , ~ - HIResh
NE 800 B ""EPOS"LHG ..................... / - —/-‘ NE o S ............................................................... o
9 L S 800 | i :
. Ty b - LK. LRI G
_ : I S SR I S
5z 70 : < 7500 S 5
= = - e P
S S P
\' 700 \' 700__ ..........................................................................................................................................
650== ................................ TN S 1 0SS SO
- | | T elescope Array ICRC15 Prelzmmary B i | T elescope Array ICRC] 5 Prelzmmary
18 18.5 19 19 S 20 18 18.5 19 19 S 20
log,(E (eV)) log, (E (eV))

¢ Apply the Xmax detection bias-free cut like Auger improved method.

€

Use the monocular analysis to maximize the statistics.
T. Fuyu et al.,, ICRC 2015

€

Consistent with the proton prediction above 108 eV.

€«

® TA, Auger, HiRes results show a good agreement within the systematic uncertainty. 31



Search for Ultra-relativistic Magnetic Monopole
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monopole with 10-years Auger FD data.
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Where come from?: Arrival direction

¢ GZK Cutoff — Nearby Universe — Large scale structure

¢ UHECR — Smaller deflection in galactic/extragalactic magnetic field
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Where come from?: Arrival direction

, , L TA Hotspot: 5.1 (pre-trial)
Oversampling with 20°-radius circle 3.4 (post-trial)

E > 57 EeV

Auger Warmspot: 3.40 (pre-trial) Northern TA: 7 years 109 events (>101%7° eV)

Southern Auger: 10 years 157 events (>101°7° eV)

K. Kawata et al., ICRC 2015 34
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Physics Goal of UHECR Astrophysms

¢ Origin and Nature of Ultra-High Energy : HH gy
Cosmic Rays (UHECRs) and Particle :° Ry
Interactions at the Highest Energies o ~1 L,

)

(Xpae) (g/cm’

¢ How frequent?: Energy Spectrum

60_
Dec. (deg)

- .

€ What kind of particle?: Mass Composition = oo =

€ Where come from?: Arrival Direction




Recent Results and New Puzzle

€ Precise observation of the flux suppression above 101%% eV.

€ Gradually increase heavier composition above ankle.

¢ Hotspot/Warmspot of UHECRs

® Flux suppression due to GZK process or maximum energy of
accelerator?

& Heavier composition or hadron interaction model? Proton fraction?
Mass composition above 10"°7 eV?

$ Anisotropy as indication of additional light component?

& Particle physics extrapolation at the highest energies?
37



TA x4

Detailed measurement of the hotspot

Expected Result in 2020

= Auger.

Enlarge the fourfold coverage to TAx4
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H. Sagawa ICRC2015

SREEEEEE TR
——

— e

2 cluster (MC)

;. 3 |
e &
e
2 )
“
1
.
N
{
) L
1 A
S I~
5 i ®-f
™~ —
. 4 SRS
L | ° ° °
b ‘o o ® o o o o
“ 1 ™ .
‘e o ® e o o : o
e o o ° . ° o ©
e o o e o o e
e o o e @ o o ‘e
o ofe e © & © o o o
3 | T
) e ¢ 0 06 0 0o o 9
1 - t o 4* 4
e o ® 6 o 0 o 0o @
® ¢ ¢ o @ ©-9 © o o
{ -
© ® © o o ¢ o0 0o o
¥ e © ¢ o & 5. © ©° & o
£ ® ¢ 0 0 © ® o o o'
] @ o @ o © o o o 0o o
g ® © 0 o o o o o o
- ) : / 4
! \ e e e o @
+ d 3

m.. e M £ ) 7 ¢ ot~ ; ¥
S s o SRR e 9‘]0&"%0.#b0
Wraiitag CistTe fmd . ®e o8 00“.06'0
SN a0 Al lie* sy A, 3 . 3 3t ¥ Wy
ST TS - Ao ) e’ Vi TR 3T L & &
PR } M 22 ) e
- ‘ CHRE IS R S0 L0 PG,
. g o )
£l f ...’, 5
b R0
Sy 1 - - - L | Al
y . . - = 5
YL TP AR N RN

.a i .:.l_ by | NM.N_ *
® L. b ]
a5 by kgl S, 1 P LA Tt mw. N
[ a0 - b ¢
Jogte e A sle o NGRS 8 I AN
amn.wo.mv © ofe o & o ©o o 0o o 0 o o o
mo_wr.nml ‘e “ o8 6 60 0 000 00
3 MoW&uW. ° @ ®o ® 0o 0o 6 ° 0 0 8 o 0 @
Y |5 b ¥ A .. ] Y 4
_ “olle Vs o ' 8.9 @ 0 0 8 0 0 0 0 0 @
N T 5 & - i, RN
e mbu.. O.MQ.,O @ e o ® o 0 0 0 o o
‘, _ g e © 0o 06 060600000 00
° : Tb.md ® o 00 00 0.0 0 0 o0
e o e 0 0 00 0000 0 00
* e o [ ek ~eH : 2 © o o o 6 0 0 008 0 0 o
e o 0o o - ] oﬁ%.o.@.@u“o...oo e o o o ‘e ® ® © o o © o o
bl B & cedoectonccee 000 — &
ve. ora ° ®oceoe Soococccvose ® °Q ° e ® e o o o o
cesvecvsnense . _ N .
R ®00conevs0000s ° o %r =50
; 000y 00000000 OLOO o
° ° : ° ° °
A5 e®p000e 4 °oo0e aJ
e o o R L E TR . L] °
#seocovoccovogoe i
e o o ol 8000000000000 - oy
®000vccovnccoooosn0t000 0 - .
9 e 0c0eveodoceaNvonee
e o o
Aode )@

. s
B
P
o
A — I
540 2N
i o
) 3 | ¥
7 o | s
e i
Pl s
:
% IR AN f
RS |
5 il
- {
+ J s

SD part was
funded in
Japan, 2015.



8.6 QGSJet 11.04
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AugerPrime

€Primary comic ray identification for next 10 years.

&€The key 1s enhancement electromagnetic/muon
separation of SD to measure the mass composition.

¢Boost 1n statistics by a factor of ~ 10.

¢Sensitive to a proton contribution as low as 10%.

Install 4 m* Scintillator to measure the mass composition by SD.

Fibers routing

I I
Proton QGSjet
Iron QGSJet

PMT/SiPM 60 -
"R Iron

40
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Extended FD Operation
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10x reduced PMT gain by
reducing supplied HV.
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done last year.
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Reuse CDF PMTs for Auger

€ 1900 CDF PMTs are available for AugerPrime. Muon —C

)
!

-
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€ Check the performance of 20 years-old PMT. Tomography
at KIT
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JEM-EUSO

Extreme Universe Space Observatory onboard Japanese Experiment Module
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International Space Station (155)
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Extensive Air Shower (EAS)
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i*"lu cence det Arr of Single-pixel Telescopes

22" Physics Goal and Future Perspectives

Origin and Nature of Ultra-high Energy Cosmic Rays (UHECRs) and I
Particle Interactions at the Highest Energies

space and sizable increase of exposure

Detector (FD)

5 - 10 years 1
Exposure and Full Skv Coverage Detector R&D | |“Precision” Measurements
TAx4 + Auger i Radio, SiPM, AugerPrime
: : Low-cost Low energy enhancement
JEM-EUSQO : pioneer detection from Fluorescence (Auger infill+ HEAT + AMIGA,

TALE+TA-muon+NICHE)

\ 10 - 20 years 1

Next Generation Observatories

In space (100xexposure): Super-EUSO
Ground (10xexposure with high quality events): =——-_

il

14




RV —

HoERD v

m fast project

IANT

e Y —_A

#) 593,000,000 4 (0.46 #)

FAST Project(FASTRER) FHIBRERZ BT S5 R8 °
www.fast-project.org/ v

"BEIXRILF—FHBR NERLTVWAZLIEBESMCBDXUED. COER!
DFERNEITEDLSKMES N, FHZEZBZEELU. UL THIRICBIEKT 57
ho BROMREDENEZOFHETE>EH®EL ...

FAST Project FASTSER | FAST Project

www.fast-project.org/fast/ v
FAST ProjectFAST3EE%. Fluorescence detector Array of Single-pixel Telescopes (FA
RO ETOBEIRILF—FHREAGE T, BEIX/ILF—FHROBRED;

M OTHAZSNTVWERAVWESIXILF—D ...

& & & &

& @ &

ex

& L
2 &

N

@

: P4 QF @
http://www.last-project.org £~ —- FAST
T e singlepinelTelescopes | F A S T| |[F A S T | ruocsomcecsteciorns oo poi toescores | 2D



http://www.fast-project.org
http://www.fast-project.org

£ Fluorescence detector Array of Single-pixel Telescopes

Fluorescence detector Array of Single-pixel Telescopes

+ Target : > 1017 eV, ultra-high energy cosmic rays (UHECR) and neutral particles

+ Huge target volume = Fluorescence detector array

Fine pixelated camera Too expensive to cover a huge area
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+ Each telescope: 4 PMTs, 30°x30°
field of view (FoV).

4+ Reference design: 1 m? aperture,

15°x15° FoV per PMT

+ Each station: 12 telescopes, 48 PMTs,
50°x360° FoV.

e
o o | 1 S - : : : :
of g + Deploy on a triangle grid with 20 km
o JE £ ot spacing, like “Surface Detector
: T Array”
O 0 ‘_\ 1V 2% :_ lllllllllllllllllllll y ’
E R N | |
: i 2 + If 500 stations are installed, a ground
3 & ol . coverage 1s ~ 150,000 km?.
e g EW } ﬁ h + Geometry: Radio, SD, coincidence of
""""""""" - three stations being investigated.
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4+ Conventional operation of FD

under 10~15% duty cycle

\
".\ll‘

AN
..

Iy

1.E+7
+ Target: >10199 eV

—  1E+6 JEM-EUSO 4+ Observation in moon night to

> tilt .

4 achieve 30% duty cycle,

z JEM-EUS

-)C;\l nadir C/

g 1EW A 4+ Target: >10"7% eV = Super

] Y 4 GZK events

g 1.E+4 2 :

z + Test operation by Auger FD
Q.

X .

L 4 Ground area of 150,000 km? with

1.E+3
30% duty cycle = 45,000 km?

(156xAuger, cost ~75 Million USD)

Preliminary

1.E+2
1990 2000 2010 2020 2030 2040

Year

+450 events/year a8
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- R&D for the FAST Project

FAST camera

A —

mscenggm:ray of Single-pixel Telescopes
elescope

Telescope Array site Black Rock Mesa station EUSO-TA t

-
\ -
’ § ) L
AL -
3 T TITT T TR YTy R
| — il Iy .
’..f"ﬂ‘-—.

EUSQO prototype
4+ 8 inch PMT

l‘.\ " I \( e B - i
+ Temporally use the EUSO-TA optics at the TA site.
(R5912-03,
+ Two Fresnel lenses (+ 1 UV acrylic plate in front for protection) Hamamtsu)
0 5 N . , 4+ PMT base (E7694-01,
+ 1 m* aperture, 14°x14° FoV = FAST reference design. Hamamatsu, AC
coupling)
+ Install FAST camera and DAQ system at EUSO-TA telescope.
4+ Ultra-violet band pass
+ Milestones: Stable observation under large night sky backgrounds, filter (MUGS6, Schott)
50

UHECR detection with external trigger from TAFD.






2" Laser Signal to Check Pertormance

Directional sensitivity

by Ray'lrace of
EUSO-TA telescope
15
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Time (1 00 ns/ bm) Azimuth angle from center of FOV [deg]

4 Vertical Ultra-Violet laser at 6 km from FAST = ~101°2 eV

160 180 200 220

4+ Expected signal TAFD/FAST: (7 m? aperture x 0.7 shadow
x 0.9 mirror) / (1 m? aperture x 0.43 optics efficiency) ~10

N, /(100 ns)

+ TAFD Peak signal : ~3000 p.e. / 100 ns

+ FAST Peak signal : ~300 p.e. / 100 ns. All shots are
detected significantly.

1 1 i 1 1 1 1
700 800

Time (1009 + Agreement of signal shape with simulation. 52
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_EEE 4. Dlstance vs Energy (from TAFD) for Candidates
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A4S R&D for the FAST Project

+ FAST prototype measurements at Utah

+ Stable operation under high night sky backgrounds.

4+ UHECR detection.
+ Published in Astroparticle Physics 74 (2016) 64-72

+ Next milestones by new full-scale FAST prototype

+ Establish the FAST sensitivity.

EUSO-TA + FAST camera

telescope

|7

lllllllllllllll

FAST meeting in December 2015
(Olomouc, Czech Republic)
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£ Design of Full-scale FAST Prototype

Fluorescence deteblar/lrray of Single-pixel Telescopes

Cca 3500 mm

— : + # Adjustable elevation 15° or 45° to
' enlarge the FoV of the TA FD.

Cca 1000 mm
SIE s+ Robust design for maintenance free
) @ i ° ° and stand-alone observation.
! DUST and STRAY LIGHT protection
UV PMMA ,,window* _
roof ,window" in octagonal aperture cover = black shroud
e . mirrors
aPMTs VA
camera
Lo S 8 inch
¢ ..... o0 000
c UV filter
€  __EEmmsaeaas glass
R/ o
§ cabling
| S
O
closed/ O
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We will install the full-scale FAST prototype at Utah in June/July 2016



o F : Detection Efficiency: FAST PMTs
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22" Possible Application of FAST Prototype

+ Install FAST at Auger and TA for a cross calibration.

R ) T IR IR I :
. . . . :m ~ Preliminary :
+ Profile reconstruction with geometry given by SD (smearing L0 R :
gaussian width of 1° in direction, 100 m 1n core location). T Flree. | ety T + :
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Summary

€ Energy spectrum: Precise observation of the flux suppression

above 101%° eV.

€ Mass composition: Gradually increase heavier composition
above ankle.

€ Arrival direction: Hotspot/Warmspot of UHECRs

€ Flux suppression due to GZK process or maximum energy
of accelerator?

€C

Heavier composition or hadron interaction model? Proton
fraction? Mass composition above 10!°7 eV?

€ Anisotropy as indication of additional light component?

€ Particle physics extrapolation at the highest energies?

Future observatories: TAx4, AugerPrime, JEM-EUSO
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