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Particle Physics
Begins with

1897 Discovery of the electron | ”’ Ef.ﬁ )

J. J. Thompson et al.,
Crookes’ cathode ray tube

Standard particles

In 2013,
The Standard Model
is complete!!

Precise description of
nature up fo ~10 TeV
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Particle Astrophysics
or Astroparticle Physics

Begins in 1912
"

Great progress,
but many open questions
no standard model yet

Victor Hess establishes the
cosmic nature of

ionizing radiation




Joint Development of
Particle Physics & Particle Astrophysics

Hafio Contivmnn (408 MHz) Bowen, fodrell Bawk,
arad Farles

1932 Positron
1936 Muon
1947 Pions :n % n*, m-
1949 Kaons (K)

1949 Lambda (A)

1952 Xi (E)

1953 Sigma ()



Joining forces again
Particle Physics & AstroParticle Physics

Raalro Contintrem (08 MHz) Bonn, fodrell Banlk,
areead Poarlben

astroparticle physics !

Cosmic particles (CRs, v’s, y's)
with E > LHC

Neutrino Properties: masses,
symmetries,..., (e.g. Cosmic
Microwave Background, CMB)

Dark Matter: WIMPS, axions,
SHDM....

Dark Energy: 77?7?

Inflation and GUT scale physics
(e.g., CMB polarization)

Gravitational Waves

Other Early Universe Relics...




Joining forces again
Particle Physics & AstroParticle Physics

Raalro Contintrem (08 MHz) Bonn, fodrell Banlk,
arrsad Pharle

* 2 Cosmic particles (CRs, Vv’s, y’s)
8% 5§ . _ . with E> LHC

Neutrino Properties: masses,
symmetries,...,

astroparticle physics

Dark Matter:
SHDM,...
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Other Early Universe Relics...
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1937: Pierre Auger
~10% eV






Astronomers view of energy scales

Photon “energy range” W
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High Energy Particles

~ double the energy range for Astrophysics

Neutrinos




Cosmic Ray Spectrum
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Fluxes of Cosmic Rays
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Fluxes of Cosmic Rays

Space
Experiments




Voyager 1
reached 'the magnetic highway’ in 2012
on its way fo interstellar space

Voyager 1 Low-Energy Charged Particle Instrumeni /
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uxes of Cosmic Rays

Space Missions$'
July 2015

Free Flyers
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Cosmological Surprises:

26.8% Dark
Matter

68.3% Dark
Energy

;]
Matte rl.'I
II

Planck mission

Standard Model explains ¥5% of the universe, 27%
Dark Matter, & 68% named Dark Energy!



Alpha Magnetic Spectrometer

et

AMS on the ISS




Alpha Magnetic Spectrometer

Positron Fraction

Positron fraction
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Alpha Magnetic Spectrometer

Anti-Proton Fraction

No clear Dark Matter
smoking gun yet

AMS—02 pip data

B/C best fit in sample
=== [p best fit in sample

propagation uncertainties

nuclear uncertainties
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uxes of Cosmic Rays

Space Missions$'
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uxes of Cosmic Rays

Space Missions$'

- PN Now Free Flyers
ACE/CRIS e | 1SS
—1 "CI'
10 — .
B PAMELA
L — | Balloon
10 ' |- AMS &
- ~'.-":¢_.G
soF CALET
= CALorimetric Electron R ™
10 T Telescope ot | | |
= » HEAT
i ISS on Aug 24, 2015 E,=20TeV, t=5x10yr - BETS
n; D=2x10""(cm®s™') » PPB-BETS
uper- ® - AMS
IGER a Distant componant (SM/30yr) = ATIC-2
T o ECC
6P - | k. 10° | excluding T<1x10%yr and r<ikpc = Fermi-LAT
' & HE.E-E
= o : & PAMELA
o E i e .0l o ® CALET (5yr)
10 e = e W Vela
— Emﬂ " LR IVRS & 'i 3
= 2 & 4 SRR " LRI SR N
— 25 B |4 o g \
10 =t T 4 L ...:l.-_ » f L
B o no
et Monogem mmmmal T I;_ iy l‘lﬂjl'gl'll.lﬂ
—2af 2 et Al : iLoop
10 — 10 - ,1 g - L .-* 1 :
] 10 11 12 10 10 10 10° 10 10

10 10 10 10 10

Electron Energy (GaV)




]U4' 7 TTTT] T TTT T LURRRRL| TTT T TTTT TTTT

[ 0000 mem.
L H ‘“*\ _
P - 3
I.[]I-E ,;__:l;-ﬂ:.'_-:.__ %‘ {—ﬁ 2.5
[ Hex107 \a%"*- T
E_ - . I w F:
1074k 4 Mﬁ{ . e
8 Cx10 %0000, % 15
i :"_ n—-h l:;lr':"’:'lzl s e v . I&E 1
o~ —H:'_ Ox] “W‘% 9 o "o i
= 10 0, 8 b _ 3 3 0.5
o ._ 2 o, = o a i Rigidity [GV]
O F NeX 107 oqp, - %o ™ L
:l: ;:_ %ﬂ 8 ! - ﬁ = [s] -I,ui
Z02f  Mgx107" ""-'ia-%%q M ., W ]
- = - T o 1
E E 5 ﬂ‘n -‘t""" S B =
= L Six 1077  amagg, " P, R U ]
.y | & - - .
]fJ_'h'rr:- 14 %““a J%‘:u Tag & -
= ; S % 107" oy - w3, B ]
= 8 o S - il - ]
L] o . T g =
< F —16 o - - L
e . __mF Arx 10 ':In:t,.n By e cu' *F
Em E ~1% %oy ¥~ e ‘.“ £ T
: :_ Cax 107" " “‘n,,di - 2. V3 -
= 2 nﬂ'-"n . ., 1w 1 .
q L i L&} e ~ -
% 10k Fe x 1072 Ih-":’ﬂn \a‘”u Iﬁﬁm “'.'._ .
| Pa o £ -
I o .. ‘-\.‘ . E
- o AMS o HEAO-3 e N R E
sgF © BESS e CRN my e 5
107" e CAPRICE = CREAM ®oe - E
F e JACEE * TRACER e i
F » HESS "~ E
jo-2[ ¢ ATIC e
[ = RUNJOB 2
: 1 L LELL 1 L1l 1 Ll I|| 11 L LLLEL L1 II-
0.1 1.0 10.0 100. 103 104 105 100

Kinetic enerey per particle (nucleus) [GeV]



Space Missions

: °

AMS

»
PAMELA ‘ e

Future

L
X
2

CALET

2016

ISS-CREAM

IE I'| I-l IE 1| II 1| Il || 1| ||' :l |!

E

Fluxes of Cosmic Rays

Free Flyers

IS5

|
| SmEx
|

Balloon

‘EUSD—SPB\

LY |
E]
LY 3
-
B,
w
;

ML EVA_




/

4

Fluxes of Cosmic Rays
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Scaled flux E2% J(E) (m2s'sr'ev'?)
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Scaled flux E2% J(E) (m2s'sr'ev'?)
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Scaled flux E*°J(E) (m?s'sr'eVv'™)
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Equivalent c.m. energy Vs, (GeV)
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Scaled flux E2°J(E) (m2s'sr'eVv'?)
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Scaled flux E*°J(E) (m?s'sr'eVv'™)
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Large Hadron Collider

reaches 14 TeV
1.4 1013 eV

8.36 Tesla magnets
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Challenging Accelerators

to reach 1020 eV

with LHC magnetic field,
radius ~ 107 km (Sun - Merc

or 10 GT magnets!

8.4 Tesla



Hillas Plot: E_, required
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AGN jets
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Newborn Pulsars




Gamma-ray Bursts
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(massive star)
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Hillas Plot: E__ required
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Scaled flux E*°J(E) (m?s'sr'eVv'™)
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Leading Observatories of
Ultrahigh Energy Cosmic Rays

Telescope Array

Utah, USA

(5 country )

collaboration) 2 g

700 km?* array ut" 5 Ve 4% Pierre Auger

3 fluorescence E P " Observatory

telescopes | . Mendoza, Argentina
ey (19 country

. collaboration)
@ 3000 km?array

4 fluorescence telescopes



Pierre Auger Observatory

3,000 km? water cherenkov detectors array

4 fluorescence Telescopes, Malargue, Argentina

~ 500 Scientists, 19 Countries
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UHECR 2014 Working Group - Joint Spectrum
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Scaled flux E2% J(E) (m2s'sr'ev'?)
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"Cosmologically Meaningful
Termination”

GZK Cutoff
Greisen, Zatsepin, Kuzmin 1966



Greisen-Zatsepin-Kuzmin effect
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Propaqgation of UHE
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To fit the spectrum, need:

10®F Tt Tt Tt  SOURCE MODEL:

+ TA (x0.8) injection spectrum: E=, E
® Auger

F =max

injection composition
Trans Gal/Extragal model
Source evolution:

FRII, SFR, uniform

PROPAGATION

-1::}24 e,

dip proton, SFR evol., s .
Galactic mix, SFR evol., s=2.1
———— pure iron, SFR evol., s=2.0 L I
‘|D23 i i j i l i i i i l i i j i | i L ] i | i i i
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log E [eV]

Kotera, AD ‘11



Modern Propagation Codes

Public:
CRPropa
1.0 Armengaud et al ‘06
2.0 Kampert et al. "12
3.0 Alvez Batista et al ‘14
SimProp
Aloisio et al 12
v2r2: Aloisio et al "15
Private:
Allard et al ‘04
Taylor '07
Ahlers ‘10
others...




Source Model:
injection spectrum: E*
injected composition
redshift distribution

—

| Prqgagaﬁon Codes
<

Interaction Cross Sections, z evolution,
Intergal B fields, CMB, UV/Opt/IR
background, Primary, Secondary nuclei,
nucleons, e+e-, gamma-rays, neutrinos,...

Spectrum
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UHECRS Current Status

Leading Observatories: Auger & Telescope
Array agree on the shape of the spectrum

Energy scale: ~10% difference; TA
enhanced at Extreme Energies (>60 EeV)

Composition?
Anisotropies?
Multi-messengers?
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UHECRS Current Status

Leading Observatories: Auger & Telescope
Array agree on the shape of the spectrum

Composition: transition to mixed (heavier)
at highest energies (TA still unclear)
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Birth of ultrafast spinning
Pulsars
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Galactic Newborn Pulsars

Auger—uniform case
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Multimessenqger Predictions

18 19 20

13 14 15 16 1Fi
log E, [eV]

Obgervable with [ceCube in
2~-3 years!

Fang, Kotera, Murase, AVQO ‘13 ”



UHECRS Current Status

Leading Observatories: Auger & Telescope
Array agree on the shape of the spectrum

Composition: transition to mixed at highest
energies

Anisotropies?

76



“Known unknown”

Cosmic Magnetic Fields

R = kpc Z-' (E/EeV) (B/ uG)"
L= kpe 27 ) (B/uG) 1 EeV = 1018 eV

R, = Mpc Z*' (E/ EeV) (B / nG)"

Extra-galactic B?
B<nG weak deflection

E > 10%V

Galactic B deflection
<< 10° Z (40 EeV/E)
anisotropic in sky



E>20 EeV Cosmic Rays are EXTRAGALACTIC

No Galactic Plane Anisotropy

Auger Anisotropy limits: rule out Galactic protons to CNO as
dominant CR component E > 1 EeV and Fe above 20 EeV
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Greisen-Zatsepin-Kuzmin effect
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Greisen-Zatsepin-Kuzmin effect
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Recent Auger Results

At small/intermediate scales: no evidence of anisofropy

Data set: 602 events with E > 40 EeV, 3 < 80° (66450 km? sr y) Covered FOV in declination: -90° - +45°
Anisotropy tests over a wide range of angles: 1' - 30°; at different energy thresholds: 40 - 80 EeV

“INTRINSIC" ANISOTROPY TESTS ASTROPHYSICAL CATALOGS TESTS
Cross-correlation, blind search for excesses ZMRS galaxies, Swift-BAT AGNs, radio galaxies, Cen A

Most significant excess (18° from Cen A): Minimum at = 15" and Em = 58 EeV
Post-trial probability: 69% Post-trial probability: 1.4%

NO STATISTICALLY SIGNIFICANT DEVIATION FROM ISOTROPY IN NONE OF THE TESTS

The most significant deviations from isofropy are at intermediate scales
Ghia for Auger at [CRC15 "



Recent Auger Results
At large scales: indication of a dipole at E>8 EeV

AUGER: Harmonic analysis in right ascension
and azimuth (declination-sensitive)
= 70000 events with E>4 EeV and & < 80°
85% sky coverage. Two energy bins: 4-8 Ee' and > 8 EeV

AUGER and TA: Spherical harmonic analysis
= 17000 Auger events and = 2500 TA events with E>10 EeV

Full sky coverage

Sky map of the CR flux (45° smoothing) Sky map of the CR flux (60° smoothing)

i
#
Fy
7

>8Ee k> 10 ]-*""._,4_-
E> 8 EeV

AL SAMARAI #3772 = 3 DELIGHNY #395

Dipole Amplitude: 7.3 £ 1.5% (p=6.4x105) Dipole Amplitude: 6.5  1.9% (p=5x10-)
Pointing to (a, d) = (95'¢13", -39'£13") Pointing to (a, d) = (93'¢24°, -46°£18")

Indications of large-scale anisofropies of CRs at E > 8-10 EeV
challenging the original expectations of isotropy at these energies

Ghia for Auger at ICRC15



TA RESUH.S [414 - PoS 276] Parallel CRD3

7 Year Excess Map b s kawainon

Dy Kazumasa KAWATA on
60 o g
Dec. (deg) pos "‘
/s

30 Jul 2015 at 15:00
4

K VTRE.

360 180
RA. (deg)

. TAICRC 2015 N
Anisotropy Hints >60 EeV )

Max significance 5.10 (N, = 24, N.=6.88) for 7 years
Centered at R.A=148.4°, Dec.=44.5° (shifted from SGP by 17°)
Global Excess Chance Probability: 3.7x10™* : 3.4c (™~ same as first 5 years)

A, ICRC 2015
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UHECRS Current Status

Leading Observatories: Auger & Telescope
Array agree on the shape of the spectrum

Composition: transition to mixed at highest
energies

Anisotropies: large scale change at 10 EeV,
hints of (TA) hotspot above 60 EeV

Multi-messenger clues?

86



High Energy Particles

neufrinos & gamma-rays

Neutrinos




» Nuclei can be deflected by magnetic
fields

» Gamma rays can be absorbed

are difficult to stop and
travel in straight lines

Astrophysical
beam dump

Kopper ICRC15
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» Nuclei can be deflected by magnetic
fields

» Gamma rays can be absorbed

are difficult to stop and
travel in straight lines

Astrophysical
beam dump

Kopper ICRC15



Highest Energy Neutrino
Observatories

IceCube

AMANDA-I Arpay

’ :



IceCube Lab

iceCube Array

AMANDA Il Array

(precursor o I::n;ef_,utir;.*]

DeepCore

Eittel Tower
‘* J24 m

2450 m

2820 m







time

Neutral Current / L
CC Muon Neutrino CC Tau Neutrino
Electron Neutrino
1 | i ..‘.
*HP# : o “*ﬁ*t
i X ; I 1 |
UI‘+1T"IT+#+X pg‘{‘;'al'lr_}E"{‘X L"T‘|‘1"1lr—}T+..lr
v+ N = i+ X
track (data) cascade (data) “double-bang" (10PeV) and other
factor of = 2 energy resolution = +15% deposited energy resolution folE e
< 1% angular resolution at high = 10° angular resolution (in lceCube)  (not observed yet: T decay length is
energies (at energies z 100 TeV) 50 m/PeV)

Kopper ICRC15



Neutrino Astronomy Begir.¥®

* PeV neutrinos first observed by IceCube (Apr'13)

lue Aug @ 07:23:18 20N Twe Jon 3 03:34:01 2012

Bert 1.05 PeV Ernie 1,

i o g o T [




54 Events

ISIh:I:nIMéIrs ——
Tracks ¢
IceCube Preliminary
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Declination (degrees)

B
10°
Deposited EM-Equivalent Energy in Detector (TeV)




54 Events

ICECUBE PRELIMINARY

Galactic

0 TS=2log(L/LO) 13.1



Neutrino & UHECR Coincidence
~20

|

5=2ogiLiLs) 128

Fang, Fujii, Linden, AO ‘14
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Cosmogenic (GzK, BZ*)
Neutrinos & Photons
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Neutrino Detectors
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ExaVolt antenna

R Next Gener«:ﬁl’rlorplﬁmm (EVA)
station UHE neu.l-rlnos "nll'tl'allups: successful lﬂﬂ“’mﬂhudd test,

W.A

& Deployed ARA .
Station O O Ant
Planned ARA \

E 051 tion
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South
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Test Bed In;e-EuI:ue 0
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ARIANNA Coll. See arXiv:1207.3



Neutrino Detectors
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Space Missions
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Fluorescence
from SPACE




(EUSO)
in the
Japanese Experiment Module (JEM)

of the International Spacg Station (ISS)
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JEM-EUSO
Telescope




Full Sky Coverage

with nearly uniform exposure
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EUSO Balloon:
1% flight and first light on 24-25.8.2014




Cosmic-Ray
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EUSO-SPB mission @
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Fluorescence from SPACE
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How many UHECRs > 60 EeV?

Auger + TA ~30 events/yr

JEM-EUSO e
~200 events > 60 EeV/y-ai(8) s o\

Earfh& Qace ~ 5 108 km?

~3.4 10% events/yr
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Figure 4-8. The range of dark matter candidates’ masses and interaction cross sections with a nucleus of
Xe (for illustrative purposes) compiled by L. Pearce. Dark matter candidates have an enormous range of

possible masses and interaction cross sections.




Super Heavy Dark Matter

Aloisio, Matarrese, AO ‘15
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Joining forces again
Particle Physics & AstroParticle Physics

Raalro Contintrem (08 MHz) Bonn, fodrell Banlk,
arrsad Pharle

* 2 Cosmic particles (CRs, Vv’s, y’s)
8% 5§ . _ . with E> LHC

Neutrino Properties: masses,
symmetries,...,

astroparticle physics

Dark Matter:
SHDM,...
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Other Early Universe Relics...




Joining forces again
Particle Physics & AstroParticle Physics

Raalro Contintrem (08 MHz) Bonn, fodrell Banlk,
areead Poarlben

astroparticle physics !

Cosmic particles (CRs, v’s, y's)
with E > LHC

Neutrino Properties: masses,
symmetries,..., (e.g. Cosmic
Microwave Background, CMB)

Dark Matter: WIMPS, axions,
SHDM....

Dark Energy: 77?7?

Inflation and GUT scale physics
(e.g., CMB polarization)

Gravitational Waves

Other Early Universe Relics...




TOPICS
COSMIC RAYS
DARK MATTER DETECTION
FARTICLE COSMOLOGY
FARTICLE PHYSICS IN STARS

The long-standing questfor understanding the rig . : Organizers
fundamanial laws of Mature has motivated the . 5 K Rang (U Chidago)

« new field of Astroparticle Physics where " aoghang Li (PEUT. .
chsgrvations & the iniverse are used o p Angela W Ofinta (U Chicago)
probe partice interactions. This small B Mg Su (MIT)
wolkshop will bring ingather, - e g Ranxin Xu (FKLU)
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