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Intimate (and “multiform”) relationship

between

Particle Physics

(hadronic interactions)

and

“High Energy Astrophysics”

[multi messenger astrophysics]




1. Introduction

2. Dark Matter

3. Antimatter (e and p) in Cosmic Rays.

4. Very High Energy Cosmic Rays

5. Outlook




104 years of

Cosmic Rays
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Discovery of Cosmic Rays e
Ballon flight of

Viktor Hess (1912)
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birth of . :
“High energy astrophysics” % .
and of

Particle Physics



Nobel prize (1936) divided between
Viktor Hess and Carl Anderson (discovery of positron)
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Cosmic Rays and Particle Physics




JULY-OCTOBER, 1939 REVIEWS OF MODERN PHYSICS

Extensive Cosmic-Ray Showers

PIERRE AUGER
In collaboration with
P. EBRENFEST, R. MAzE, J. DAuDIN, RoBLEY, A. FREON
Paris, France
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Three messengers are “inextricably” tied together
[Cosmic Rays, Gamma Rays, High Energy Neutrinos

can really be considered as three probes that study the
same underlying physical phenomena]

Relativistic
charged particles




Fundamental Mechanism:

Acceleration of Charged Particles

to Very High Energy (“non thermal processes”)
in astrophysical objects (or better “events”).

Creation of Gamma Rays and Neutrinos
via the interactions of these relativistic charged particles.

“Hadronic ” “Leptonic ”
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Non accelerator sources

Dark Matter

(in form of WIMP's
self annihilation or decay)

Super Massive Particles
[Very High mass scales]

Production of high energy particles
_|_ _
Ofalltypes 7 7 1/ , € € , p ,
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Gamma Astronomy has revealed a
a very rich, fascinating landscape

B Many sources have been identified
[GeV , TeV ranges]

B Several classes of objects
[SNR, Pulsars, PWN, AGN, GRB, ...]

Probably different acceleration mechanisms.

Still developing an understanding
many questions remain open
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Sources are transients

[with a variety of time scales
from a small fraction of a second to thousands of years]

Associated to Compact Objects

Neutron stars,
Black Holes (stellar and Supermassive)

FORMATION of Compact Objects
(very large acceleration of very large masses)

Natural connection to Gravitational Waves
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GAMMA RAY BURSTS
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Long GRB associated with SuperNova explosions

Images: A 1998 supernova (SN 71998bw, left) and the corresponding gamma-ray
burst on April 25, 1998 (GRB 980425, right). Courtesy of Dr. Kulkarni.
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| Gamma-Ray Bursts (GRBs): The Long and Short of It

Long gamma-ray burst Short gamma-ray burst
(>2 seconds’ duration) (<2 seconds’ duration)

l A red-giant .

star collapses
» . < onto its core.... Stars* in
T a compact
binary system .

begin to spiral
inward....
: -
..becoming so
dense that it
/ expels its outer

ayersina
//supernwa .eventually
_./-e?cplosion. colliding.
N\

LY
\
i

The resulting torus
has at its center
a powerful

\ . black hole.

CEIMINERENE
*Possibly neutron stars.




Crashing neutron stars can make gamma-ray burst jets

Magnetic fields

Neutron stars

Masses: 1.5 suns

Diameters: 17 miles (27 km)
Separation: 11 miles (18 km)

Simulation begins

7.4 milliseconds

13.8 milliseconds

Black hole forms
Mass: 2.9 suns
Horizon diameter: 5.6 miles (9 km)

Jet-like
magnetic field
emerges

15.3 milliseconds

21.2 miilliseconds

26.5 milliseconds

Credit: NASA/AENZIB/M. Koppitz and L. Rezzolla
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Gravitational Waves Studies
Entering a new exciting era with LIGO/VIRGO
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. Dark Matter

e Dynamical Evidence

e The "WIMP” hypothesis
e Three Roads to explore the WIMP hypothesis




DARK MAITER




Dynamical Evidence tor Dark Matter

B Galaxies
Il Clusters of Galaxies

I The entire Universe

The Dark Matter is “non baryonic”
an “exotic” substance

A field thatis not contained
in the Standard Model of Particle Physics [!]




Dark Energy 73%
¥ (Cosmological Constant)

Neutrinos
3 Ordinary Matter 4% H _ - 0.1] 2%
(of this only about -y B Dark Matter - :
10% luminous) 23% - % i
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(), = 0.0458 £ 0.0016

Qeola = 0.229 £ 0.015

0y = 0.725 £0.016

Qk =1 Qtotal — 2C 5
HO RO

—0.0133 < ;. <0.0084

Ro| > 37 Gpc
The Universe is FLAT




COMA Galaxy Cluster

Optical X-ray
Fritz Zwicky 1933 [hot gas confined by

First argument for Dark Matter deep gravitational well]
Virial theorem




Galaxy Dark Matter Halos

-
150

Spiral galaxy NGC 3198
overlaid with hydrogen
column density [21 cm]
[Ap] 295 (1905) 305

Extra “invisible” component

Expected from luminous
Matter in the disk




MILKY WAY DM Halo
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The DARK MATTER is “Non Baryonic”

Nucleosynthesis

Structure Formation



Abundances

BigBang
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Robert W. Wilson Arno.A. Penzias

Discovery of the 2.7 Kelvin
Cosmic Microwave Background Radiation
By Penzias and Wilson (1965), [Nobel 1978]







Angular power spectrum, C;

The “Rosetta stone”

/ \ of the Early Universe
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Flat Universe from CMBR Angular Fluctuations

Spergel et al. (WMAP Collaboration) Triangulation with acoustic peak
astro-ph/0302209
Angular Scale

Specirum " flat (Euclidean) [

\/\ﬂ negative curvature . —

L~

R T T
Multipole moc:Ient (n
P positive curvature

max = 200//Qqot
Known physical Measured

size of acoustic peak angular size
Qe = 1.02 £ 0.02 at decoupling (z~1100)  today (z=0)

Escuela Avanzada de Verano, 7-11 July 2008, Cinvestay, Meatdco-Cit
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Georg Raffelt, Max-Planck-Institut flir Physik, Minchen, German



MEAN SQUARE TEMPERATURE FLUCTUATION
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Power-law index (tilt)
n=1.0, 1.1, 1.2

Hubble constant
Ho = 50, 60, 70

Total density
Q.. = 1.0, 0.5, 0.3

AV VAV AN

Baryon density
Qp =5, 7.5, 10x10°3

Physics Today 1997:11, 32




GRAVITATIONAL INSTABILITY

Structured




BiG BANG PLus TINIEST
FRACTION OF A SECOND

(10°%)

15 BILLION YEARS




Distribution of Galaxies in the SKY (XMASS)




Current power spectrum P(k) [(h-' Mpc)3]
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DARK MATTER: we know alot:

It (very likely) exists
(“modified gravity” models strongly disfavored)

Good estimate of the cosmological average (~23%)
Reasonably good estimate of “local” density
Most of it is non baryonic

Most of it is “cold”

It cannot be explained by the Standard Model
in Particle Physics !!




DARK MATTER: we know alot:

It (very likely) exists
(“modified gravity” models strongly disfavored)

Good estimate of the cosmological average (~23%)
Reasonably good estimate of “local” density
Most of it is non baryonic  but we

o do NOT what it
Most of it is “cold”

is made of ....

It cannot be explained by the Standard Model
in Particle Physics !!




Artists
and
Dark Matter

Cold D Cornelia
(Tate Gallery. London) Parker






What is the Dark Matter ?

Possible theoretical ideas

Thermal Relic (“WIMP” hypothesis)

Axion

Super-massive particles

WIMP = “Weakly Interacting Massive particle”
Perhaps the most natural idea.
Offers good possibility to be tested experimentally.



Early Hot Universe

Particles in
Thermal equilibrium

a+b—c+d

“COSMIC SOUP”

-»
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00 ~ 0.3 '3 x107% cmds 1

: (0 v)

The “relic density” of a particle
is determined by its annihilation cross section

(several complications are possible)

o(xx — anything) ~ 107°° cm?

9 Weak interaction mass scale

Y
o4 (RO”ar © 900 GeV



the WIMP's

“miracle”

Unbelievable! Tt looks like they've
both been killed by the same stone...

“Killing two birds
with a single stone”

“Dark Matter Particle”

Direct observational puzzle

New particles are predicted in
“beyond the Standard Model”
theories, (in particular Supersymmetry)
that have the DM particle properties.

Theoretical motivations (hierarchy problem)



Supersymmetry

Fermionic degrees Bosonic degrees
of freedom Of freedom

All “internal quantum numbers”
(charge, color,...) must be identical

q (g squark

VN selectron



Standard Model fields Super-symmetric extension

k
| quarks Squarks New
fermions leptons Sleptons | bosons
. : (scalar)
neutrimos Sneutrinos spin 0
S.
photon photino
bosons W Wino N
VA Zino oW,
fermions
gluons gluinos spin 1/2
: L -1no
2 Higgs Higgs I—IjggSl’Vno
- H h H h
Weak 1 stable

(~100 GeV)  New Particl . . g .
Mass scale ? (R_gxty iﬁs(la?veed) X) =1 |¥) +c2 |Z2) +c3 |H) +cq |h)




Three roads to study of the “WIMP hypothesis”

Efficient production now
(Particle colliders)

q q
e —

(uonoejep 10811pu|)
MOU uone|iyiuue usioyg

Efficient scattering now
(Direct detection)




“Three Roads to the Study of the “WIMP hypothesis”

XtX—74q+(q

qd+4q—X*+X

XTq¢—=>XT(q

Annihilation

[estimated from
Cosmology]

Creation

Time reversal

Elastic

Crossing
symmetry




1 Road to DARK Matter

[in the form of “WIMPs”]

Production
in accelerators




ATLAS detector at LHC

25m

Tile clorime’rers
LAr hadronic end-cap and
forward calorimeters

Pixel detector

LAr electromagnetic calorimeters

Toroid magnets
Muon chambers Solenoid magnet | Transition radiation fracker
Semiconductor tracker

| How do you see a Dark Matter (therefore invisible) particle ?|




ATLAS Atlantis  Event

Lowest mass,
Stable,
(super-symmetric)
Particle [LSP]

This particle interacts WEAKLY
therefore (in practice always) it will
traverse the detector invisibly.

Detection via 4-momentum conservation
[“Missing energy and
(transverse) momentum”]
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Searches for SuperSymmetry at LHC

ATLAS SUSY Searches* - 95% CL Lower Limits

Siatus: August 2016
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2% Road to DARK Matter

[in the form of “WIMPs”]

Direct
searches




“Direct” Search
for Dark Matter

)\
tnergy
Crystal deposition

Elastic scattering

Yx+A—-xy+ A

Nucleus A
at rest

Non relativistic WIMP \

1
~ M Vi 2 , . X
EWlmp T X —|_ 5 X v Enucleus = MA i (1 M ?)ﬂ 4MA MY (1 cos0



Predicted velocity distribution of DM particles
in the “Halo Frame”.

Approximately Maxwellian form (Vwimp) = 250 km/sec
5[ | | | J
- Vogelsberger et al. 2008 Ag-A-1 -
it :
= = ~ ~ |
31 r
2L -
i -
) i Numerical
0L " Simulation
0 150 300 450 600

v [km s™']



V% ~ 200 Km/sec

rotation

/
K

} W (t) >~ we + siny oyt cos|w(t — to)]

Wg (t) = W + Uorbit (1)

250 -

“Halo rest frame”

240

Velocity of Earth in the LI
Halo rest frame :

220

[Co-rotation ?]

210_ L L L 1 L L L 1 L L L ! i L L L L L L
0.0 0.2 0.4 0.6 0.8 1.0




Velocity distribution
of DM particles in the Earth Frame

0.004

2™ june
2" december

0.003 -
Z 0.002
el L

0.001 +

0.000 — ' !
0 200 400 600 800

Scattering Rate:

dN/ dEre coil

A =127 (lodium)
M = 50 GeV

wimp




DAMA-LIBRA (Gran Sasso underground Laboratory)

250 Kg Nal scintillator.

Observation
of sinusoidal
time-modulation of the
Energy Deposition Rate

(controversial)

claim of evidence

of detection of
Galactic Dark Matter

1.17 ton X yr




Residuals (cpd/kg/keV)

Residuals (cpd/kg/keV)

2-4 keV

A

A 4

DAMA/LIBRA ~250 kg (0.87 tonxyr)

Time (day)

2-6 keV

A

A 4

DAMA/LIBRA = 250 kg (0.87 tonxyr)

Time (day)



240

20 contours
220

200 6-14 keV

180

"g; 160 2-6 keV
Z
* 140

120
100

80 |

0.04 003 -002 -001 0 001 002 0.03 0.04
Y (cpd/kg/keV)

Period one year.
(... well obvious...)

“Phase”
Is centered
At the “right” wvalue (!)

Maximum
The 2" june

day:

(146 =

- 7)

Fundamental discovery ?!

Unknown background
(with coincident phase) ?




e /y: electronic recoil




CRESST detector (Gran Sasso): Phonons + Light

SHe/*He
dilution
refrigerator

LL-
4= RAP

2 Detector
Carrousel

=

“Coldfinger” |.

W-TES:
Light detector

Cawo,
absarber
300g



The XENON two-phase TPC

WIMPs/Neutrons __Jep R ey

il ™

(

nuclear recoi

Gammas

Gammsa

(S2/S1)

wimp SS (52‘f81)gamma

, Bottom PMT Array
electron recoil

» Single electron and single photon measurement sensitivity

» >99.5% ER rejection via lonization/Scintillation ratio (52/51)



WIMP—nucleon cross section [cm?]

10—39

10—40 i

10—45 i
10—46 |
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X \ 107>
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Neutrinos

Neutrinos

(Green ovals) Asymmetric DM
(Violet oval) Magnetic DM
(Blue oval) Extra dimensions
(Red circle) SUSY MSSM

A MSSM: Pure Higgsino

® MSSM: A funnel

@ MSSM: Bino-stop coannihilation
* IVISSIM: Bino-squark coannihilatifjn

1 10 100 1000
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3" Road to DARK Matter

Indirect

searches
in Cosmic Rays

[in the form of “WIMPs”]




In the “WIMP paradigm”
Dark Matter is NOT really dark

Point in the Milky Way halo.

n ( f) _ Px (I) Number density
X m, of Dark Matter particles
X
dNXX_}X _ l 7’2,2 ( f) ( o ”U> Number of annihilations
d3 7 dt o 9 X er unit time and unit volume
2 —
dLpy () = p~ () (0 v) Luminosity

d?) T m)( per unit volume




What is the energy output of the Milky Way
in DM annihilations?

~ » We know
(more or less)

from cosmology

Astrophysical observations

(rotation velocity)

+ Modeling of galaxy formation
for the central part of the Galaxy




Power injection from Dark Matter annihilation
=\ 2
p(Z)
L(f ) — 9
M,

(o v) M,

Injection of energy because of DM annihilation

Lpm =~ 3 X 1027 Crg S_l [ <GV> :| [100 Gev

3x 107%° (cm?s)~! My

|

For comparison, I~ 104 erg
for Cosmic Ray protons p q




What is the final state of DM annihilations ?

... well we do not know, we have to build a model
(for example supersymmetry).

But it is plausible that the Dark Matter particle
will (or could) produce all particles (and anti-particles)
that we know.

Most promising for detection:

photons = Charged Neutrinos

(anti)particles




50 100
Oc (degrees)

arXiv:0908.0195



Galaxy Clusters
e.g. Coma
T e Dwarf Spheroidal Galaxies
' e.g. Segue 1

Isotropic Diffuse
(dominated by Galactic subhalos)

" e.g. M31 o b Spéctral Lines
+ Unidentified LAT Sources (??)

Credit: NASA/DOE/Fermi/LAT Collaboration

Trade-off between signal strength versus astrophysical background



+ St +

sources galactlc diffuse isotropic

==

dark matter??



Charged particles: Trapped by the

positrons and Galactic magnetic field
anti-protons
Extra contribution to
the cosmic ray fluxes

10 ¢

0.04 |
RTYYT P 0.03fF o, ! * {
o’ Spectra with ¢“'-4- E R + l . e
. Dark Matter i B4 8 * ¢ Spectra with
2 Ll 2 4 0.02 L - . Dark Matter
s00°° .,/ =50 !
10 ¢ -4 4 o[ Normalspectra
- o’ Tk +{ a-4-n+
. : e*/(e~+e?)
- Normal spectra for ,
.°  anti-proton/proton 100
Energy (GeV)
10‘5 : 1 e S 1 R S |
1 10 100

Kinetic Energy (GeV)



3. Antimatter (e™ and p) in Cosmic Rays.

e Sccondary production of e and p
e Formation of the CR spectra

e Production of anti-deuterium.

e (Nuclear Fragmentation Cross sections)

e (7 ray production in CR sources)




Formation of the
Cosmic Ray Spectra

Cosmic Ray Density

at the Sun position

“Release”

in Interstellar
Medium

[Injection]

oy

Propagation
from source to Sun




Extragalactic

contribution
MILKY WAY
- // “Bubble” of cosmic rays
\" generated in the Milky Way
¥ LARGE MAGELLANIC CLOUD and contained by the

Galaxy magnetic field

Space extension and
properties of this “CR bubble”

&
‘- remain very uncertain
SMALL MAGELLANIC CLOUD



Formation of the
(proton) Cosmic Ray Spectrum

np(Ea f@a tnow) —

Instellar Injection
(or “release”) function

/t:jwdt /d% /dEZ- qp(E;, T, 1) X

Pp(Eana tnow E‘L fa t)

Propagation effects

[General, explicit (but “formal”) expression]




Galactic Cosmic Rays

N,(E) = Q;(E) x Ty(E)

Different particles

. Injection Containment
p, nuclei(Z, A) of cosmic rays time

N;(F) = fd?’:); n;(E, )

0,(E) = 7= n,(E)




Prima I'y particles:

(protons, electrons, Helium nuclei, ....)

Accelerated in Astrophysical Sources

“Release” =

Injection in the
acceleration process

&

Acceleration

X

Source Ejection
(escape from accelerator)




Secondary particles:

positrons, antiprotons

[in the “conventional picture” :
no DM, no antimatter accelerators)]

Rare Nuclei (Li, Be, B, ....)

“born relativistic”

“Release” =

Creation in the interaction
of a higher energy particle




“Conventional mechanism”
for the production of positrons and antiprotons:

Creation of secondaries in the inelastic hadronic interactions
of cosmic rays in the interstellar medium

PP — P+ ...

Injections of positrons
and anti-protons are
intimately connected

pp—>7r++...
_I_
lﬁu - Uy

‘%eJr—l—ue—%ﬁu




Dominant source of positrons:
T %M_I_—FVM% [e+ Ve Uyl + vy

Additional sources [kaon decay]

K, -1 +et 41,

+ + °
KT —el +ve+m Kp—=7m +ut+v,—1 +leve v, +v,
K+%u++1/u—>[e+z/evu]—|—z/u Kp—=at+7m°4+7° et +...
K—i_%ﬂ—i_"—l/‘u‘kﬂ'o_)[6+Vevu]+yu+wo 06

e” spectra

Kr—aa471°=>vy,—e’ i

04 -

KT sat+7°+7° >e +...

03+

dN./dLog[y]

KT sar4nt 41 et +... i

0.1

0.0_ T N . 1 . P Il B —
0.02 0.05 0.10 0.20 0.50 1.00



Calculation of the “Local injection”

of secondaries by the “conventional mechanism”

qll—joc(E) — Cbp(E) X nism(f(a) & Uhadronic[pp — D+ .. ]

qgf(E) = ¢p(E) @ Nism(Te) ® Ohadronic PP — e+ .. ]

Step 1: Measure the spectra of CR near the Earth.

Step 2: Correct for Solar Modulation effects
to obtain the spectra in interstellar space

Step 4: Model the interaction to compute
injection spectra of positrons + anti-protons. \

() = i (o) fy [ dBo n(Bo) (50

+ (p+He) + (He +p) + (He + He) +. ..




Nucleon Fluxes

Pamela, AMS02, CREAM
HEAQO (for nuclei)

20000 F
15000 ¢

10000 |

7000
5000

[GeV' /(m?® s sr)]

3000

2000
1500 |

E 27 ¢nu::leun(E)

1000 *

10 100

1000 104 10° 106
Enucleon (GEV)




Nucleon Fluxes  Pamela, AMS02, CREAM

“unfold” HEAO (for nuclei)

Solar Modulation
effeCtS — ——— ——

20000 F _
15000 ¢ '

10000 |

7000
5000

[GeV' /(m?® s sr)]

3000

2000
1500 _
(“Discrepant hardening”| |, = -
(Rigidity dependent) 10 10 10
of CREAM + Pamela

Enucleon (T€EV)

E o ¢nu::lenn (E)

1000




Particle production in hadronic collisions

+ +
pp—7", KT, D,
Ey = 10* GeV

[ oo o ;,K+,— | Ey=10* GeV |
pp—>7, K% p 0 Y] Example of a Montecarlo

calculation with Pythia

dN/dLog[E]

0.1 1 10 100 1000 10%

1.000 -
0.500 |-

E (GeV)

0.100
0.050 -

dN/dLog[E]

0.010
0.005

- Eg= 10* GeV
ppon,K',p
Pythia

0.001 ' ' ‘
500 1000 2000 5000 1x10*

E (GeV)



0.12

0.10

0.08

dN/dLog[E]

0.04 -
0.02

0.00 -

dN/dLog[E]

0.06

T

I D _ 103 104 105 106 1
- pPP—Pp Ep=10%,104,10°,10° GeV -

0.1

10 1000 10°

0.12
0.10 -
0.08 -
0.06
004+

002

0.00 -
1076

103 104 0.001 0.01 0.1
E/E,

Pythia Montecarlo

PP — D+ ...

0.10 ‘
[ pp—>p

0.08 |~ Pythia
_ Eo=103,10*,10°,10° GeV |
B 006 ]
cn L
[«
—
E L
Z 004

002}

0.00 | | | | -

0.01 0.02 0.05 0.10 0.20 0.50 1.00
E/E,

Note: approximate
“scaling” of cross section

Power Law for projectiles

Power law for secondaries




Response function for anti-proton production.
|[Primary particle energy that contributes

to the flux at energy E]

(ism)

15

dQ(E)/dLog| Ey]

0.6

00"

OA—j

d
(B, &t) =" / dEo ns(Eo, Z,t) nism(T) Be
A

0.5
0.4
0.3
0.2

0.1F

P

E=10",10,10* GeV ]

p——

100

500 1000

db

(E:EU)



dN/Log| Exin |

0.07
0.06 |
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0.01F

0.00 -
0.1

10%



Production of different particles

105 j T T T T T T T T T
- Ey=10" GeV
15
m |
&
S 01y
— -
Z.
=
0.01 |
0.001

0.1
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Data on Positrons

TTTTI I T T TTTTI T T TTTTT
/e+e
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10 100
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HESS 2008

100
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M. Cirelli - compilation ICRC 2




Data on Positrons

AMS-02 2014
MAGIC 2011
PAMELA 2008 FERMI 2010 LE

PAMELA 2010 FERMI 2010 HE
FERMI 2011 HESS 2009

HESS 2008

AMS=-02 2014
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p/p ratio

10°°

AMS p/p results and modeling

' 3

t

IIIIIIIII|IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII]lIIII

o AMS-02 |

Dark Matter

Secondary production

Donato et al., PRL 102, 071301 (2009); my = 1 TeV

100 200 300 400 500
Kinetic Energy [GeV]



F. Donato, D. Maurin, P. Brun, T. Delahaye & P. Salati (2008)

10-2 E | LA I I IIIIII| I | I|IIII| I | I|IIII| | é
- 1 TeV WIMP -
| " BESS 98 isothermal halo profile -

10-3 | ® BESS 02 B
| @ PAMELA 2008 4 |

5107 F _ﬁﬁ E

C: Mﬁ ; :

o . ; i

& B _fi/% SECONDARY SPECTRUM

”10-5 fa PROPAGATION UNCERTAINTY BAND :
— :
- X X->WrW- :

10-6 = =
E Modulation with ¢, = 500 MV E
n Scan with B/C compatible data i

10—7 | 1 lIIIIII | 1 IIIIIII | | IIIIIII | | IIIIIII | |

0.1 1 10 100 1000

TIoA  [GeV]



p/p ratio

10°°

AMS p/p results and modeling

' 3

t

IIIIIIIII|IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII]lIIII

o AMS-02 |

Dark Matter

Secondary production

Donato et al., PRL 102, 071301 (2009); my = 1 TeV

100 200 300 400 500
Kinetic Energy [GeV]



@5/ Py

103

o

107 °F

106

¢ PAMELA 2012

¢  AMS-02 2015

o Uncertainty from:

— Fiducial
Cross-sections
Propagation

B Primary slopes
Solar modulation

10

50 100

Kinetic energy T [GeV]

Giesen, Boudaud,
Genolini, Poulin,

Cirelli, Salati,
Serpico
1504.04276



New precision measurements (by AMS02) €‘|‘ m
of anti-matter Cosmic Rays. p

AMSO02 +PAMELA data

10.0 TR
| P,
*'|'

=
o
—

5.0

3.0

[GeVl‘T/(mzs sr)]

2.0
1.5}

(,?)(E) E2.7

10}

500 1000




New precision measurements (by AMS02) €‘|‘ m
of anti-matter Cosmic Rays. p

Approximately constant value for the ratio
positron/anti-proton for E > 30 GeV

BERELITH

Simple power law
Eits (for E > 30 GeV)

Vot = 2.77 4 0.02

%j — 2.78 T 0.04 |
€+

— ~ 2.04 £+ 0.04 |
p —
¢e+(E)

> 0.01540.045
~ 2.04 T 0.04
( ) > (50 Gev>

¢p(E) E€[30,400] GeV



E G10c (E)

1000 — — .
N J+ Local Injection | IIlJ ection
ol
Al
01
! s 10 0 100 500

Eyin (GeV)

10F

ObSGI‘VGd_ F]_uxes _ 4 Particle Fluxes _

.
EE 0.1F

5
001F

I'{ . . J) )
Striking $ o]

similarity

1 5 10 50 100 500
Ekin (GGV)



E 9loc (E)

1000

100 F

10 F

0.1F

Local Injection IIljeCtiOIl of
positrons and antiprotons

At high energy
approximately constant ratio
(consequence of scaling)

Eyi, (GeV)

100 500 - 180 1 05

E
be+ (E) ~ 2.04 + 0.04

ptp—=ptpt+tp+p

Ei,threshold =7 my

Ef,threshold = 2 my

¢p(E) E€[30,350] GeV

Low energy:
kinematical suppression of
antiproton production




Production of anti-deuteron
and anti-helium in Dark Matter annihilation

Background suppressed for
kinematical reasons

p+p—p+p+A+A

2m; +2m, £ 2 2 (A+1)]* m;

EMA) = 2(A+1)2—1] m,

E@A) = (A2 + A)m,



0.

LSP (SUSY)
m, = 30 GeV

_____ LZP (UED)
m, o= 40 GeV

BESS limit
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Event in STAR detector at RHIC
(200 GeV Gold - Gold collisions)
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The SuperNova “Paradigm” for CR acceleration

= . - CAS A
nergetics, i
J - (1667)

' Dynamics




f “Fireball” of an
Supernova explosion

7, e

\‘ Interstellar
- \ Gas
P \
] |
P g Ve .
- ’\
Strong Shock

A

Fermi 1° order (o
acceleration q(E) < E 2 te)




Milky Way _ Kmet1c
L SN kinetic — f SN

3

Milky Way _ o1
LSN kinetic — [1 6 x 10 erg]
M — 5 M@
v =~ 5000 Km /s

century .

Milky Way __ 12 18
LigN Kinetic =~ 1.5 X 10 "

Power Provided by SN is sufficient
with a conversion efficiency of 15-20 %

in relativistic particles




25-35 Kpc

(Baw) =~ 3 pGauss

rrL

~ 1.08 Kpc E pGauss
- Z 1018 eV B

rf (100 GeV) ~ 3.6 x 107° Kpc

Tﬁarmor(lOQO eV) ~ 36 Kpc

= Diffusion approximation

® Maximum energy . 20
for containment oo (1077 eV) >~ 1.4 Kpc
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Reconstruction of the Proton population
Inside the two SuperNova shells
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Nuclear Fragmentation
(collisions with the Inter Stellar Medium)
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with a solar-like source, E
with secondary nuclei... ER€]0431

I
On -

V 1o% T
. v

Z. (charge number)

]
O T NG IR THNRY VI TN G UONNNY RN THNRI VO W TNY a e a J L L 4.1 |
1= a 10 2 1 L= B 20 22 24 26 28

NUCLEAR CHARGE NUMBER sram

{
i
|o‘r
proton Q
at rest 2
.
T " |
c
g - |
O .
©
2 !
V _% n"E ; _1
g ® o :
o \/ Solar
m{ ) system

-

- i il

‘0—5

1
A

nN




B/C

(Sc+Ti+V)/Fe
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Determination of the “confinement time” T(p/ Z)

“Cosmic clock” (Beryllium-10)
Tl/? [10]36} = 1.39 X 106 years

Events per 0.10 u bin
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4. Very High Energy Cosmic Rays

e Extensive Air Showers
e Longitudinal Development

e Muons and Electromagnetic components




Cosmic Ray

Energy Spectrum

Great extension
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Spectrum of high energy Cosmic Rays

“All particle Spectrum”

All particle spectrum
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Spectrum of high energy Cosmic Rays ¢(E) %

All particle spectrum
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Proton laboratory energy Nucleon-nucleon c.m. energy

Ey~3x 10" eV Vs~ 2.37 TeV

Ey ~ 10" eV Vs~ 13.7 TeV
Ey ~ 10'® eV Vs ~ 43.3 TeV
Ey, ~ 10" eV Vs >~ 137 TeV

Ey ~ 10%° eV Vs ~ 433 TeV



Eip, = 10 eV +—» /s = 433 TeV
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— 150 Donnachie
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— 100 1
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Vs [GeV]



Kascade-Grande results
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Kascade-Grande results

dI/dE xE*’ (m'zsr'ls'I eV”)
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Interpretation of the Ankle as the “DIP”
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Interpretation of the Ankle as the “DIP”
D+ Yembr — P+ €€ V.Berezinsky, P. Blasi

“ANKLE models”
Versus 10*
“DIP Models”

Average gal. &--+---
HiRes-MIA ——¢—
Kascade
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sr! GeV' ‘5)
8&)

Different 102
Transition energy =~
o 1
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spectral shape m
= 10°
Diff i E) x E~
ifferent Power o, Geoxtra(F) o
requirement 10~
q 10° 10° 107 10° 10° 10" 10" 10"

: : E (GeV)
Very important constraints for the sources



< the Source

<«+— the Shower

[The estimate of the Energy and Mass
of the shower requires the

detailed modeling of shower
development]

<«—— the Data



Observations of Cosmic Rays at
Very High energy (Extensive Air Showers)

Two techniques:

1. “Surftface Detector”

[A single layer of the shower]

Measure the particles that reach the ground,
separating if possible the difference components
[Muon component + electromagnetic component]

2. Fluorescence Light Telescopes

Measure the
Longitudinal development of an Air shower




| PHYSICAL REVIEW LETTERS ~6O yea]_"s Of UHECR

EXTREMELY ENERGETIC COSMIC-RAY EVENT*
John Linsley, Livio Scarsi,T and Bruno Rossi

Laboratory for Nuclear Science, Massachusetts Institute of Technology, Cambridge, Massachusetts I i I l e I g S 7

(Received April 12, 1981)
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@ SHOWER CORE

} 18 km ——

Hadronic interaction
Modeling

it follows on any
reasonable shower model that the energy of the
primary particle was about 10'® ev. Taking the

usual estimate 3 x107° gauss for the galactic
magnetic field, one finds the radius of curva-
ture of the path of a proton of such energy to be
about 10* light years. Since, according to cur-
rent estimates, the radius of the galactic halo
is only about five times this value, while the
thickness of the galactic disk is about five or
ten times smaller, it seems certain that the
primary particle acquired its energy outside
our galaxy.

An important question is whether the primary
particle was a proton or a heavier nucleus.

Mass A
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Auger - Surface-Detector
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How can one estimate the energy ?
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Artists

The Fly's Eye

Shower plane

Detection concept

Fluorescence Eye

with illuminated phototubes

Cerenkov tanks

1.5 km




The Fly's Eye
Detection concept

Fluorescence light

emitted isotropically by
excited Nitrogen molecules

Yield ~ 4 photons/meter
300-400 nm



Original Fly's Eye detector

(1981 - 1993)
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Artists View of Hybrid Set-Up
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AUGER Energy Spectrum
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The Auger ‘hybrid’ detector
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Calibration of the energy measurement
of the Surface detector

with fluorescence light observations

SD Energy resolution
better than 20%
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Shape of the
Longitudinal development
depends on the particle mass

I I 1 | 1 1 I 1 1 l I 1 I
e Auger event

— Proton

[and on the modeling

of the shower development
i.e. the description of
Hadronic Interactions]
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One Montecarlo Model: [Sibyll 2.1]
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Measurements of Composition evolution.
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Aug €I’ composition study :

Averag € position of
shower Maximum
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ICRC 2015




Model dependence QGS]Jetll-04
[description of Shower development]
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QGSJetll-04 (Mean of In A) QGSJetll-04 (Variance of In A)
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Very light CR population Small dispersion:
for F ~ 1018 eV small range of A

contributing to the
and becoming heavier ! CR population




Possible Interpretation (Auger at ICRC-2015)
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1. Very hard spectra

2. Cutoff is the maximum energy of o
acceleration in the sources EmaX(Z ) =7k




Auger Collaboration PRL 117, 192001 (2016)

week ending
4 NOVEMBER 2016

Testing Hadronic Interactions at Ultrahigh Energies with Air Showers Measured by the
Pierre Auger Observatory
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of the shower



Data systematically higher than the Montecarlo prediction.
[MC showers contain too few muons]
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Study of Composition with muons (inclined showers)

(Ry)/(E/10YeV)
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Study of Composition with muons (inclined showers)
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Why ? What are the implications ?



Planned upgrade of Auger

Scintillator
Detector

Combine:
Tank
Scintillator

to separate
muon / e.m.
components



Above the knee : KASCADE-Grande

2005 m a.sl.[820 gem™]
A ~10° m?
10'°-10'8 eV

—— — -

=> radio signal

=> electrons
=» MUONS (@ 4 threshold energies)
=» hadrons



Shower Components at Ground Level:

Electromagnetic 6::
Component
Muon Component /*[’

(Invisible) Neutrino component

Hadronic component
[small and close to the shower axis]




Iron Shower: Muon rich
N, versus N,
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Data Interpretation
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Kascade Grande “ankle” in the light component.
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Kascade Grande

“ankle” in the light component.
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Kascade Grande “ankle” in the light component.
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The lceCube Neutrino Observatory

New preliminary results
on CR spectrum and composition




Cosmic ray physics with the lceCube Neutrino Observatory

Coincident analysis:

@ IceTop stations detect the electromagnetic
component (and low-energy muons):
sensitive to the energy of the shower.

@ High-energy muon bundles travel down to the
lceCube detector:

» Minimal muon energy:
~ 275 GeV.

» Multiplicity: 1 - 1000s.

» Created high in the
atmosphere.

» Typical radius: ~ 20 —50 m

» lonization + radiative,
stochastic energy loss.

Time scale Bk

N J

early
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Air shower reconstruction with lceTop

Run 118316 Event 58466577 SubEvent 0
2011-06-12 09:43:47.373,967,759,8 UTC
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Results: Individual energy spectra
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Systematics: Individual energy spectra, QGSJET
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Results: Individual energy spectra
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Results is in sharp contrast
with the studies of fluorescence detectors.

Experimental problem ? Model incorrect ?




H. Outlook

Experimental Studies

LHC and lower energy

e [heory




Quantum
Chromo

Dynamics




Hadronic Interactions

Composite (complex) Objects Q‘ D
Multiple interaction structure




Multiple Parton Interactions

(in the same collision)
1s the essential element in the modeling
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LHCf: very forward photon production

The LHCf experimental setup
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[LHCF data

Pseudo-Rapidity
versus angle:
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What are the most significant measurements
(for cosmic ray studies) to be performed at LHC ?

0. c.m. Energy extension (...0bvious)

1. Observed Phase Space extension
(very difficult .. but in my view also very important)

2. Better diffraction cross section determination.

3. Program of proton/light-nucleus observations
3a. Program of nucleus/light-nucleus




Is a p-light nucleus of interest
for the ALICE/Heavy Ions community at CERN ?

. well of course the most fascinating science
i1s in Lead-Lead collisions. This is where
New behaviours (Quark-Gluon-Plasma...)

But (it seems to me) that it is possible to
construct a robust argument that to develop

a full understanding of “normal behavior”

In nucleus-nucleus collisions,

a more full span of Phase Space i1s very important




The interest of the Cosmic Ray community
in the continuation (and development !) of
The “torward Physics”, (Full Phase Space)
Programs at LHC is VERY STRONG !

A full understanding of the
Multi-Parton-Interaction structure

of inelastic collisions requires a

coverage of the entire phase space including the
Very-forward - very/backward
Fragmentation region.

So significant “intrinsic” (Particle Physics) interest
in these programs




More in general:

Uncertainties on soft hadronic interactions remain
a significant source of systematic uncertainties
for many different studies on a broad energy range

|[From very low energy: pp — p p + few pions]
Study of acceleration in SN remnants

Production of neutral pions (that decay into gammas)

|Up to sqrt[s] = 430 TeV



Bridging the Gap

between

Soft and Hard

Hadronic Interactions

Problem of CONFINEMENT



| SOFT QCD studies |

Have NOT only a simple “engineering” interest
as a instrument to reconstruct the primary particle
mass and energy in a shower.

They confront a very significant scientific
open problem for the Standard Model

(In my view) they deserve a strong, broad
Experimental and theoretical program.




PARTICLE PHYSICS

A long history of
Mutual Interactions

COSMIC RAYS ASTROPHYSICS



With UHECR one studies at the same time

“Gigantic Astrophysical Beasts”
Millions of light years away
Length scale  10*** cm

Microscopic
Partonic constituents of matter
Length scale 10" cm

Exciting Difficult



My final message:

The interconnection between

Particle Physics

and

Cosmic Ray science

|[High Energy, multi-messenger-Astrophysics]

has a very long past-history

... and a very promising future.
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