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THE UNIVERSE AS A LABORATORY

' FOR ASTROPHYSICS ' FOR PARTICLE PHYSICS |
Violent,non thermal phenomena Cosmological relics
Relativistic objects (topological defects,
Cosmic accelerators SUSY dark matter)
Antimatter

NEW LARGE EXPERIMENTS

In space ground-based

USING THE TECHNIQUES
OF PARTICLE PHYSICS
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AN OLD ENIGMA : The origin of Cosmic Rays
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Cosmic-Ray Intensity x E*7 vs. E

e No directional information for charged cosmic rays:
(irregular ~ pG galactic magnetic fields)

e Structures in the spectrum (Knee, Ankle) not understood
e Direct measurements from satellites up to ~ 100 TeV

e Extensive air shower arrays above ~ 100 TeV

ICHEP 2000 - Osaka - July-August 2000




Experimental Particle Astrophysics
High Energy Particles from the Universe

No directional information for charged cosmic rays

(irregular ~ G galactic magnetic fields)

DETECT MINORITY but MEANINGFUL PARTICLES

e Neutral and stable particles :
~v-rays and neutrinos (v, /)

e Protons and nuclei for E > 10'? eV (UHE Cosmic Rays)
(Larmor radius > 10 kpc ~ dimensions of Galaxy)

e Antiprotons, anti-nuclei

'PLAN OF THE TALK |

I. Charged cosmic rays and antimatter

2. Cosmic-ray sources revealed by ~y-ray astronomy
3. Gamma-ray astronomy : present & future

4. The birth of neutrino astronomy

5. Exploring the UHE energy domain
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ANTIMATTER IN COSMIC RAYS

Magnetic spectrometer — Rigidity £-
dE /dx and time of flight — velocity and electric charge
Cherenkov counter — additional discrimination

e Are all p’s due to interactions in the interstellar medium ?

Most recent results (BESS 98)
~ 400 p’s (0.2 GeV - 3 GeV)
compatible with secondary origin
but significant amount of “exotic” p's
(e.g. from WIMP’s annihilation)

not excluded

e Are there anti-nuclei ? Possible primordial antimatter ?
Most recent results on anti-helium

BESS AMS-01
1993-1998 1998 flight
Altt. 37 km Altit. 400 km
Balloon Space shuttle
0.085 m* x sr 0.30 m? x sr
He/He < 0.74 x 107% | He/He < 1.1 x 107°

V.houtkeo PA.03
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FUTURE C.R. EXPERIMENTS IN SPACE

Larger areas. Rigidity measurements up to TV.
Better particle identification (TRD, RICH)

e PAMELA : launch in 2002 ; polar orbit
In 3 years : p spectrum 100 MeV - 150 GeV
He/He at the 1077 level

e AMS-02 on International Space Station in 2003
In 3 years : 10° p with E > 5 GeV
He/He at the 1078 level
High accuracy measurements of CR spectra for various
nuclei up to TeV
(isotopic composition up to A ~ 25)

e ACCESS on International Space Station 2006 or 2007 ?
Ultra-heavy nuclei up to > 100 TeV (study stage)

A sketch of AMS-02
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High Energy Paticles from the Universe

High Energy Particles
from the Universe

COSMIC RAYS SOURCES
REVEALED BY ~-RAY ASTRONOMY

2.a The Compton GRO Mission
2.b Possible sources and processes

ICHEP 2000, Osaka
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The Compton Gamma-Ray Observatory

(1991 - Tune 379 2000)

Third EGRET Cotulog
C> b MeV
s
s e a_.t™% .. EGRET (Spark Chamber + Calor.)
e T8 ,“_;x. "; b g 100 MeV - 30 GeV
aa : “ At ~ 300 sources
S -
Al Cadaons Nuin w P
w Unldernified BHMET Sowsmes LA
® Ml Fliore

e Diffuse y-ray flux : (CR + Interstellar Medium — ~)

e Galactic sources : pulsars, supernova remnants, unidentified

» Extragalactic sources : blazar class of active galactic nucie:
Relativistic plasma jets with I' (Lorentz) ~ 10

directed towards the observer

BATSE + X-ray satellites
(Beppo-SAX)
+ optical telescopes

e Isotropic distribution

e Up to 10°3 erg in low-energy ~y-rays in ~ 1 s

* Some gamma-ray bursts have large redshifts
Cosmological distances

e Relativistic motion (Jets 7) with I (Lorentz) ~ 100
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High Energy Particles from the Universe

High Energy Particles
from the Universe

GAMMA-RAY ASTRONOMY
PRESENT AND FUTURE

3.a Beyond 30 GeV : the instruments
3.b Beyond 30 GeV : results
3.c Forthcoming experiments

3 ICHEP 2000, Osaka
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Gamma-Ray Astronomy

beyond 30 GeV

A.KoRnle 7A -0

Present ground-based experiments
Experimental challenges

e Typical flux sensitivity ~ 1072 cm™2 57!  at 1TV
(1/10 Crab nebula)
— Large effective detection area (~ 3 x 10* m®)
e Select ~-ray showers among cosmic-ray showers
The needle in a hay-stack !

e Atmospheric Cherenkov techniques provide :

o Efficient background rejection
o Good angular resolution ~ 0.2 ° per ~
o Improving energy thresholds
(500 GeV — 250 GeV — 50 GeV)
BUT
o low duty cycle (moonless clear nights)
o limited field of view (3°-5°)
Typically ~ 5 o x \/W for the Crab nebula
e Extensive air shower arrays
o High duty cycle, large field of view
o Mostly above ~ 1 TeV
o Poor hadronic rejection
e.g. Tibet array 5 ¢ in 502 days for the Crab nebula
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Solar Farm Atmospheric Cherenkov Facilities (I)

Exploit the large mirror area of solar farm facilities to

achieve a low energy threshold

Secondary optics in the tower : One Photomultiplier per
heliostat

200GV (H=12km)
Gamma-ray

Top of e Towear

F‘H associated v a
smqu haliostat

e

s

Light pool
Diamatar 260 m
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The Sky in the light of >300 GeV photons
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Y- RaY AsTRoONOMY | RESULTS
SUPERNOVA REMNANTS

0 "FILLED ~FTPE " SNRS (OR PLERIONS )
SHock WAVE INDUCED BY PULSAR LWIND IN NEBULA
e.q. Crmb nefula , PSR 170644
UNPULSED ¥ -RAY SIGNALS
2 BUMP MULTI WAVELENSTH SPESTRUM
Syne ROTRON + INVERSE comMPTOoN
0 (Leﬁmr ~ 20 %V) (—» ‘R.'ﬂk-tueraa ¥y )
Sase En;* mgﬁfobi o ko 40‘5.&1?’
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NEW !
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Crab nebula spectrum

Spectral energy distribution E- d®/dE
New measurement from CELESTE at 50 GeV
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BLAZARS
T?Am'u- wep  Aerive Gacsene Nucce

WITH PLASHMA JETS TFoiNTING TOWARDEL US

® [CGRET BLAZARS AJs. TeV BLAZARS
SPtcbrhe Emga olig tri Gutiom El"f?&g
extulit a TWD-BUMP STRUCTURE
g o,
SJnd..rabvm éu.mp Y- rouy @:.;.mp
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Time Variability of TeV Blazars (II)

Mkn 421: shortest doubling time 15-30 minutes
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places severe constraints on the size of the emitting volume:

R< 8cAt=10" (3/10) (At/1h) cm
region optically thin to TeV gamma-rays
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TeV Blazars : Spectra

Spectral energy distribution E* d®/dE

CAT (Mkn501 & Mkn 421)

HEGRA (Mkn 501)

"

_"
s

s 7

gl L L g g gl

1 o
Eneggy [ TeV ]

[F. Aharonian et al, A&A J499,11.1999)

1998 - 19«
Spectrum smeepened by 0.44 +0.] compared with 1997

B dNAE [ 10  egem s ')

8

]

5']]

2
4

vF(v) (erg cm

1w

E (TeV)

i 16

~ Markarian 501

}aa?

E

E*dN/E (TeV em™ s ™)

coal
=

e 10

Evidence for spectral variability

HEGRA (Mkn 501)

1997 vs. 1998-99

CAT (Mkn501)

450-900 GV

Flun(>250 GeV)

Hardness ratio 1997

ICHEP 2000 - Osaka - July-August 2000




TeV Blazars : ~-rays vs. X-rays

Mkn 501 : correlation between ~-rays (HEGRA, CAT)
and X-rays (Rossi-XTE, Beppo-SAX)

TeV/ X-ray integral flux vs. time:
Tight correlation of the X-ray flux with the
TeV flux
:;m HEGRA, ¢ 2 TeV
la
E’Eﬂ ¥ 5 .
] = «=h B
h 100 L §
i - e
é ] | art"-"ll . | ik v o |
g RXTE ) 10 keV
m L |= “.‘
' i - Gy "
200F v s M -
a i TN Rt i JNAY VR TR ) S I TR Fuy S Y T |
550 560 50 580

Date [MID - 500007

X-ray variations sinultaneous with TeV
variations (4me lag < 15 h)

Mrk 500 April 97

w* w”' : e o™ . w*

Simultaneous data April 16** and April 7*" 1997

b2
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Future Gamma-Ray Observatories in Space

Energies > 20 MeV

e AGILE (ASI]) launch in 2002
Sensitivity comparable to EGRET

e AMS-02 on International Space Station in 2003
with a light (e.g. 0.3 X() converter
Sensitivity comparable to EGRET,
but non-pointable instrument

e GLAST (NASA) launch in 2005
Large gain in flux sensitivity : x 25 better than EGRET
Large gain in angular resolution
Significant statistics up to ~ 300 GeV
Angular resolution per 10 GeV ~-ray : 0.15°

The GLAST detectors

ICHEP 2000 - Ozaka - July-August 2000)




NEW PROJECTS !
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The Future of TeV Gamma-ray Astronomy
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New imaging telescopes

MAGIC on the HEGRA site (La Palma)

F.xtensive Air Shower Arrays for gamma-ray astronom)

e TIBET (4300 m a.s.1.)
185 scintill. detectors over 36900 m?
High density array : 109 scintill. det. over 5175 m?
Threshold : ~ 3 TeV

e MILAGRO (Los Alamos) (2650 m a.s.1.)
80 m x 60 m water pool, 8 m deep
Water Cherenkov technique : two layers of PMT's
450 PMT's (top layer) + 273 PMT’s (bottom layer)
Threshold : ~ 3 TeV

e ARGO (Tibet, 4300 m a.s.1.)
5800 m? of resistive plate chambers in 2001-2003

ICHEP 2000 - Osaka - July-August 2000




High Energy Particles from the Universe

High Energy Particles
from the Universe

THE BIRTH OF
NEUTRINO ASTRONOMY

4.a Experimental challenges
4.b Present and forthcoming experiments
4.c The stakes of neutrino astronomy

4 ICHEP 2000, Osaka
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High Energy Purticles from the Universe

High Energy Particles
from the Universe

EXPLORING THE ULTRA-HIGH-ENERGY
DOMAIN

5.a The techmques
5.b Present results

5.c Forthcoming experiments

ICHEF 2000, Osaka



The detection of UHE Cosmic Rays

1 event per km? per year at 10'? eV
1 event per km? per century at 10°° eV

Detect charged particles .
P seCP Detect fluorescence light
on the ground
g e produced by the shower
(Scintillators, Water Cherenkov) : e
| (isotropic light)
3 % 10" ~.e® . ™=, E > 200 keV
4 photons per ¢ at 1 Atm.
at 10" eV

Munsisentation schomatigue de b débeciion d'une gesbe sTmosphémigue par un
ibitecrur hybride. Reproduat aves ja permisson di 1 Zie. o opmite im artiks dass
L Rarvinti Frapuifionka e Finnce.
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Recent data on UHE Cosmic Rays

Former results from : Volcano Ranch, Haverah Park, Yakutsk, Fly’s Eye

Experiment Technique AE/E | A#
(site)
AGASA EAS array 3°

(Japan) 111 scintillators 2.2 m*) | 30% | ao®ew
since 1990 | deployed over 100 kmn?

HI - RES Fluorescence detector
(Utah, USA) (2"‘“i detector in 2000 10 % 0.4°

since 1997 binocular fly’s eye)

Both experiments have similar sensitivities above 10 eV :
~ 1000 km* x sr x yr.
Both have 7 events with E > 10°Y eV
BEYOND THE GREISEN-ZATSEPIN-KUZMIN cutoff.
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NEW EXPERIMENTS onN UHE.
cosMice RAYS

@ /WeER (_EA.S Atroy  + FEorescenca d.d?)
3000 Ram (ﬁ'\aewtm)

@ TELESCOPE ARRAY : New fﬂ.a.omum debecks
’Prbl-oia_lu in. Akero (Jn.pww)
Sike in UtaR (USA)
@ FURTHER STLDIES FR DETECTING-
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The AUGER Observatory Project
M. K&tiksts PA -0%

Provide much larger statistics :

~ 500 events/year with E > 4 x 10" eV | . 2 cires
~ 60 events/year with E > 10%° eV }

by deploying detectors over 3000 km?

Use both techniques : EAS array and fluorescence
detectors

Combine high duty cycle (array)

and angular resolution + energy resolution (fluorescence)
Af ~ 0.20° - 0.35° ; AE/E ~ 10% — 20% in hybrid mode

Array of 1600 water Cherenkov detectors over 3000 km?
Good separation of u’s from e, y's
Good sensitivity to large zenith angle (UHE v’s)

Fluorescence detectors : 30 electronic telescopes with
13000 pixels

Site in Southern Hemisphere : El Nihuil, Argentina

First test of “engineering array” (40 water Cherenkov detectors
+ one fluorescence telescope over 40 km” in summer 2001)
Building phase till 2004, but some data expected in 2002.

Identical setup planned in Northern Hemisphere (Utah,
USA)

ICHEP 2000 - Osaka - July-August 2000
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HioH ENERLY RSTROPHYEICS : A RELD (N RAPD
DEVELOPMENT .
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ALL TOPICS ARE INTERCONNECTED AND
CONNECTED To MAINSTREAM ASTROPHYHICS.




AN OLD ENIGMA : The origin of Cosmic Rays
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Depth of Shower Maximum vs. Energy . fom 1 Gaisen

e Chemical composition (p, He, heavier nuclei):
Only indirect and partial information above 100 TeV

e Air shower development:
Uncertainties in particle and nuclear physics
for energies above those covered by accelerators
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RELATIVISTIC RBULE ™MOTIonS
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@ ARE SUPERNOVA REMNANTS (sais)

THE ACCELE mATORS OF GALACTIC cosMie RAYS ¢
-

“.N mu,sf.' B: mrr&tol,

on oter Eo macabtain e cosmic-roy Flux
L our G’n.ta.ua 3 (c.amfe.n.sa..b-— far- energy
Losses omd escaping Fm&::&.a)a

‘s ~ 10 oF THE MECHAMEAL POWER

™IS |
PRODUCED BY SUPERNOVA EXPLOSIONS

(1SN /3ndtn.r: /8:1&.!3)
SNA = .fb.mud condidakbe s »ﬁar‘ me.ﬁ:mhhcg
%n.l.nc..t:.f:. o.e —> {100 TeV

@ ARE GAMMA - RAY BuRrsTS Sourceés ofF
DLTRA-HIGH - ENERGY COSMic RAYS 4
wWER oF UHE cosMic RAYS

THE InNJEcTIiON PO
1 5

(E > & x 10 QV ) (S compaRABLE TO

DED BY GCAMMA-RAY BURSTS

THAT PROVI
-2ATSEPIN ~KUZHIN

(s-ﬁeﬁ,) WITHIN THE GREISEN

CuTOFF RADIVSE .

I-F EBes (murt. c.aul:f”mml.&ﬂ_) n.ss:.!mrt:on

is brue | CAMMA-RAY BURETS SHOULD 8E
y,v SouvRCES .







IS A S Y s ol

F w 3 --w-_v.,uﬁ. v _L-.---ﬁ_- ........

Jir-T1 13 0SS 0as15 DesLs DEGLS 0a5is
LU 3 R M 1 9@h¢vqwﬂc .H_..“

P
o Nﬂ_ +

0007 Lrenigaj—Arenuef m ETCEREGR S ;
Iy UBLERRN sseuy sounay smAuer aiquieasg . w
. = ALSATAD ¥ LV U99MIg

UONR[LI00 JOJ 0UIPIAT [

+ TTH ji " (qerd X 7) sanoy ¢ ur o 7°g
LY
6661 21quadeg
"1Th URLRIR N | 001 0007 Areniqaj/Aenue( ul
SUONNQLISIC] ADNTUY (LVD 01 3u1pi0ooe) 219V [

66 12quida( ul 1PINQ

( [2P UBLENIEIN ]



The Shell-type Supernova Remant Cassiopeia A

HEGRA:

232h,49¢c

Flux F(E > 1TeV) =
(5.8+41.2+2.0) x 10-13ph /cm?s
(33 milli-Crab)
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Dark Matter Search with TeV Astronomy

Radiation from wimp annihilation or relic particle decay
from the Galactic halo or other close galaxies (M87, local
dwarf galaxies) could lead to a detectable TeV signal for
next-generation IACTs

Sensitivity to some regions parameter space
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High Energy Particles from the Universe

High Energy Particles
from the Universe

CHARGED COSMIC RAYS

l.a A brief outlook
1.b Antimatter in cosmic rays

| ICHEP 2000), Osuka
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Deployment:
Drilling

D. Cowen/Penn



WIMPs from Earth

Optimize for vertical neutrinos.
AMANDA limits are competitive.
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Muon flux from the Earth (km'z yr'l)

3 2 £ BAKSAN 1997 1
Il XA+ ++ +-1-++ 3 1,
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[ Bl fiHe v, MACRO 1999 1
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2 3 4
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*Unofficial, added for completeness
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Relativistic Monopole
Search
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