AStropa rticle physies:
cowwectuwg Lnwiner space § outer space

Sublr Sarkar

university of Oxford

Niels Bohr Institute, Copenhagen

» XL

it is likely that further research into "showers” and
"bursts" of the cosmic rays may poss[béy lead to the
disooverg of still more eleventary particles, neutrinos
and wnegative protons, of which the existence has been
postulated by some theoretical phgslo[sts in recemnt years.
Victor Hess (1936)

ASPERA ad futurum, Brussels, 30 November 2012



Per Carlson (Physics Today, Feb 2012)

1912: Victor Hess discovers cosmic rays (named
so in 1927 by Millikan) — Nobel Prize 1936

33" Gramber 2 %w [1928: Paul Dirac predicts the existence of
. 2 anti-particles — Nobel Prize 1933]
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1932: Carl Anderson discovers the positron in
cosmic rays - Nobel Prize 1936 (cloud chamber

ALTITUDE () o invented by CTR Wilson - Nobel Prize 1927)
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Kalmorster ™ cl(:::;t Of g, V€ an g'gers ,,,:’3; higj, [1935: Hideki Yukawa predicts the existence
Vesse). ONizay * S]], ~Mos .
Sel b tp Mo o 'Progy,e.  Of mesons — Nobel Prize 1949]
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- 1937: Seth Neddermeyer & Carl Anderson
discover the muon in cosmic rays

1947: Cecil Powell discovers the pion in
cosmic rays — Nobel Prize 1950

1947: George Rochester & Clifford Butler
discover the kaon

Figure 4. A historic doud-chamber photograph aken by Gl Ander- (P rtrick Maynard Stuart Blackett awarded Nobel Prize
e i iy e e e “ ; ;
e o e e e e 1948 “for his development of the Wilson cloud

plate, the track is much too long for a proton of that curvature. Also,

the weak ionization density along the track indicated a particle much chamber method and his discoveries therewith in

lighter than the proton. This was the first sighting of the positron pro-

posed by PaulDirac i 1928, (Adapted fom ref.10) the fields of nuclear physics & cosmic radiation”)



So there were tndeed wmore fundamental discoveries tn cosmic rays ... until accelerators fook
over the show in the '60s - but what have cosmic rays done for high energy physics stingejtiien?
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Abstract '\ N
The safety of coll'gibh's at the Large Hadron Collider (LHC) was studied in 2003
by the LHC Seﬁﬂy Study Group, who concluded that they presented no danger.
Here we w their 2003 analysis in light of additional experimental results
and tl'ﬁ‘ ical understanding, which enable us to confirm, update and extend
thqﬂgnclusions of the LHC Safety Study Group. The LHC reproduces in the
" \leboratory, under controlled conditions, collisions at centre-of-mass energies,
\‘\\’ less than those reached in the atmosphere by some of the cosmic rays that
\):(' have been bombarding the Earth for billions of years. We recall the rates for
0 the collisions of cosmic rays with the Earth, Sun, neutron stars, white dwarfs

RN
\I,]\tc and other astronomical bodies at energies higher than the LHC. The stability
of astronomical bodies indicates that such collisions cannot be dangerous.
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... and without the LHC
we could not have made
further progress in
particle physics
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The standard su(s), x SuU(R)_x t(1L), Model provides an exact description of
all microphysics (upto some cut-off M, when viewed as aw effective field theory)

cosmological constant i = h? /Mz . 2 o
_I_@ _I_ 1672 J, 1672 ,

Higgs mass divergence SM.‘PCY-VCWOYMQLLSRch

Log=F*+0DU40TD + (D(I))2 1 P2 renormalisable

| @ | \TJ\IJ\TJ\IJ | non-renormalisable
T TSz T

NeULtrLno MLASS proton deca Y

New ph 35&05 begowd the SM = non-renormalisable operators suppressed bg M
which ‘decouple’ as M — M, (so neutrino mass is small, proton. decay s slow ...)

But as Mis raised, the effects of the super-renormalisable operators are exacerbated
owne solution for Higgs mass divergence = ‘softly broken’ supersymmetry at M ~ 1 Tev

This provides possibilities for to baryogenesis as well as a candidate for dark
matter — the Lightest supersymmetric particle (typically the neutralino X ),
Lf protected against decay by a conserved R-parity

(But if the Higgs is composwce as in technicolour models of SU(R), x lA(:L) breaking
thew there s no need for supersymmetry ... and the lightest TC state can be olarle matter)

But the biggest “fine tuning’ problem arises when the SM is coupled to (classieal) gravity
.. because thew the vacuum (dark) energy would be 10%° times bigger thaw Ls acceptable!



The world is indeed a strange place!

Baryons (but no

Maintg geometrical evidence: antibaryons) ...

A~ O(Hy?), Hy~ 10 GeV

.. dark energy s inferred

from the ‘cosmic sum rule”:

Q +Q, +Q, =1 " \ Both geometrical
| and dynamical

evidence (if gR Ls

S valid on all scales)

o
_

k® P(k)/2m?

0.01E {1

Both the baryon asymmetry and dark matter
require new physies beyond the standard
SUQ3) xSU2) xU(1)y Model of particle physics e
.. dark energy is even more mysterious (but as = EE——-
yet Lacks compelling dynamical evidence) —

0.001 =

k (h Mpc!)




ls dark wmatter really ~non-interacting?

The Bullet Cluster’ Ls often quoted
as strong evidence for collistonless
dark wmatter - in fact it sets a rather
weak Limit on self-itnteractions:

O < 2x10=2* em2/GeV

56

57

... Moreover it poses a challenge for /\CPM
cosmology: why is the peculiar velocity so
high (~3000 kw/s on a scale of ~5 Mpe)?

Nine other such colliding clusters have
been found ... what are the odds of that?

6"58M428 365 308 245 18%

(n Abell 520, the dark core Ls
cotnctdent with the X-ray emitting
gas implying that DM interacts with
ttself: O= (Fx2) x 102* em?>/GeV

This result is contested ... the implications
for structure formation are currently under
study through both galactic dynamics
studies and computer simulations




what should the world be made of?

Mass scale Particle Symmetry/ | Stability Production Abundance
Quantum #
Noor Nucleons Baryon | T>10%° | freeze-out from | e~ 207
number yr thermeal ef. observed
equilibrivim 2, ~0.05

we have a oood theory — @CD - for whu baruowns are mwassive and stable
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we understand the ohd namtes ... and we can caleulate the mass spectrum




But we get the expected relic abundawnce of baryons very wrong!
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However the observed ratio ts 109 timees bigger for bargows and there are no
awtubargows, so we must Lnvoke an tnitial asgmmetrg. "B —MB 10—




Although vastly overabundant compared to the natural expectation,
bargjov\,s canwnot close the universe (BBN = CMEB concordance)
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.. the dark matter must therefore be mainly non-baryonic



To make the baryon asymmetry requires a Lot of new phystes:
>  B-number violation
> CP violation
> Departure for thermal equilibrivum

The SM does allow B-number violation (through non-perturbative -
sphaleron-mediated — processes) ... but CP-violation is too weak and

SU(R) x U(L), breaking ts not out-of-equilibrivm

Hewnce the generation of the observed matter-antimatter asymmetry
requires new BSM phystes - caw be related to the observed neutrino
masses Lf these arise from Lepton number violation => Leptogenesis
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AsY mmetrie ba ry onle matter
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Awny primordial lepton asymmetry (e.g. from out-of-equilibrivum
decays of the right-hawnded N) would be redistributea bg B+L
violating processes (which conserve B-L) amongst all fermions — in
particular baryowns - which couple to the electroweak anomaly

Awn essential requirement for all this to work Ls that neutrino
mass must be Majorawa L nature (not Dlrac) ... can test
experimentally by Looking for neutrinoless double beta decay
along with absolute neutrino mass scale measurement

.. ln any case we accept that the only kind of matter which we are
certain exists, originated non-thermally L the early UnLVverse



what should the world be made of ?

Mass Particle | Symmetry/ Stability Production Abundance
scale Quantum #
N | Nucleons | Baryon T>10% yr free from | Q ~107°
munber thermtl eq rtum of.
Asg mmetr%o observed
baryogenesis
Q. ~o0.05
1A\ o Newtralino? R-parity? Violated? (matter freeze-out’ from | Q .~ 0.25
s parity adequate | thermal equilibrivum
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But why should a thermal relic have an abundance comparable to that of baryons?
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. Force particles

For (softly broken) supersymmetry we have the "WIMP mwacLe :
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X

~ 3 x 107%%cm3s!




Atlantis Event: susyevent
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ATLAS SUSY Searches* - 95% CL Lower Limits (Status: ICHEP 2012)
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*Only a selection of the available mass limits on new states or phenomena shown



what should the world be wade of ?

Mass Particle Symmetry/ Stability Production Abundance
scale Quantum #
N oo Nucleons Baryon T > 103 Yy “Free rom. Q_ ~10%°
number (dim-& OK) thermal equtlblorium ef- observed
Asymmetrie Q. ~o0.05
baryogenesis (how?)
AP Dark baryon U)oy ? Asymmetric (Likethe | Q  ~pos
5N, observed baryons)
AV Neutralino? R-parity? violated? ‘Freeze-out’ from Q o~ 025
G2 thermal equilibrivum
Technibaryon? | (walking) T~10yr | Asymmetric (likethe | o ~ o025
100

A new particle can share in the B/L asymmetry if
Lt Ls somehow Linked with SU(2) gauge symmeetry

... thus linking dark to baryonic matter!

For example a Tev mass teohwibargow can

waturally be the dark wmatter ... another possibility g,
ls @ ~5 Gev wmass ‘dark baryon’” in a hidden sector
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ATLAS Exotics Searches* - 95% CL Lower Limits (Status: March 2012)
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Mass scale | Lightest stable | Symmetry/| Stability Production Abundance
particle uantum #| ensured?
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Detecting dark V\m‘ et

— s

=> Three complementary detection strateges:

— lndirect detectlon

"

— Dlrect detection

— Ccollider experimewts




If dark matter is made of new part’wLes thew these are passing through us now!

Mawy experiments worldwide are Looking for such particles ...




The recoll can be detected
via the tontzation
(charge), scintillation
(light), sound (phonons)
and uLthateLg heat ...

Experiments measure
movre than one channel to
discriminate against the
(much bigger) electron
recoil background

A passing dark wmatter particle orbiting tn
the qalaxy (at ~300 km/s) can scatter off
a nucleus tn an underground detector ...

the rate is very low (<< 1 event/kg/year)

COUPP,
PICASS

CDMS " CRESS|
EDELWEISS % ROSEBUD
DAMA, LIBRA,
S XMASS, CLEAN,
HDMS, DRIFT KIMS
GERDA

RS 0\ XENON,
§ \WARP ADM




Dark matter particles in the Galaxy will
occastonally annihilate, thus generating high

energy Y-rays and small amounts of antimatter ...

Look for this with balloown/satellite-borne
instruments § ground-based telescopes

Low-energy photons
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‘ Medium-energy Electrons
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\/\/! ! I Neutrinos

— °
Leptons%
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Protons

Supersymmetric

neutralinos Bosons

Decay process m—)

cawn also Look for neutrinos
from annthilations of dark
matter n e.g). the sun
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PAMA and CogeNT have reported modulation sig nals consistent

with ~5-10 GeV dark matter particles with O
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CRESST too has reported recoll events consistent with such light dark matter ...
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There are several sources of wncertainty tn the measured recoil rate:

u NucIearphysicS '

Particle physics astrophysics

... S0 can attempt to reconctle the different results by considering whether
dark matter might interact with neutrons and protons differently or have
Lnteractions that are mainly tnelastie/momentum dependent/Leptophilic/
spin-dependent/electromagnetic ... or various combinations of these

= many phenomenological studies over the past few years

Thewn there are experimental uncertainties (effictencies, energy
resolution, backgrounds ...) as well as uncertainties in translating
measured energies tnto recoil energles (channelling, quenching ...)

It is clear that new experiments (with Low thresholds) are required



we cawn see the oeep universe at energies of up to a few Tev, before photons

get attenuated through yy — e'e own cosmic radiation backgrounds
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Experimental Technigues / Primary (hadrow, gamma)
(E>10Gev)
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How odoes Nature manage to accelerate particles to ~Zev energies?

Hillas plot (1984)
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Because of the GZ K cutoff, the UHECR sources must be withine ~100 Mpe
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The arrival directions do corrvelate with nearbyy AGN (Lmplying p primaries)
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But Auger data on the depth of air shower maximum + fluctuations
indicate in fact increasingly heavier composition at € > 10*% ev

Mass Composition: mean X ., and its RMS

G. Pinto, P.Facal @ ICRC 2011
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6744 hybrid events (Dec 2004 — Sept 2010) E> 108 eV
break of the elongation rate at around 2.4 10" eV (close to the ankle)

Xmax distributions become narrower with energy

- increase of the mean mass with the energy
- interpretation depends on hadronic interaction models

Conflict with results from HiRes/TA which are consistent with protons ... need more data!



The Milky Way in
very high energy gamma rays

27

~ Each object is a cosmic -
‘multi-TeV particle accelerator

Bven closer — within our own Galaxy — are the cosmic ‘pevatrons’




what cawn the Tev y-ray window probe?
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Recent science highlights with Tev y-ray astronomy

M[aroquasars: Science 309, 746 (2005), Science 312, 1771 (2006)
Pulsars: Science 322, 1221 (2008), Science 334, 69, (2011)
Supernova remnants: Nature 432,75 (2004)

The Galactic centre: Nature 439, 695 (2006)

Galactic survey: Science 307, 1839 (2005)
Starbursts: Nature 462, 770 (2009), Science 326,1080 (2009)

A N:Science 314,1424 (2006), Science 325, 444 (2009)

EBL: Nature 440, 1018 (2006), Science 320, 752 (2008)

Dark wmatter: PRL 96, 221102 (2006) , PRL 106, 161301 (2011,
Test of Lorentz invariance: PRL 101, 170402 (2008)
cosmic ray electrons: PRL 101, 261104 (2008)

Results from HESS, MAGIC and VERITAS
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The lceCube physics program

Point source

Search for point-like sources
— galactic (e.g. SNR)
- extragalactic (e.g. AGN)

Transient sources
— GRB, flaring objects

Optical follow-up programs

Dark Matter

Exotic particles

Diffuse/
atmospheric

Search for an extragalactic

neutrino signal

Neutrino oscillations
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Cosmic ray physics
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(Oou.rteseg: Anne Schueraft)



Neutrino astronomy is hotting up ... several (marginal) indications of signals!
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The first Pev (cosmic?) events tn lceCulbe!

= 2 events / 672.7 days
pass all selection criteria

= expected from atm. muon and conv.
neutrino background: 0.14 events

= preliminary p-value: 0.0094 (2.360)

Aug 9" 2011
69.93 10° PE / 354 optical sensors

= cascade-like events:
expected from CC & NC events with
particle showers in the final state

Jan 392012

if lceCube sees high energy cosmic neutrinos 96.28 10° PE / 312 optical sensors

then would strengthen case for KmaNeT ...




Gravitational wave astronomy too may soon open a new window ow the universe

Virgo C7 (Sep 2005)

Virgo WSR1(8 Sep 2006)
LHO 2km (18 Jun 2006)

LHO 4km (13 Mar 2006)

LLO dkm (04 Jun 2006)
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comow with Astrophgsilas Common with Particle Ph 5sics

ASTRONETT - CERN Strategy Group
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Astroparticle physics addresses some of the most
fundamental and interesting questions concerning the
universe ... to find the answers will require a new
generation of ambitious experiments and a effort

“The only true voyage of discovery, the only fountain
of Eternal Youth, would be not to visit strange lands
but to possess other eyes, to behold the universe
through the eyes of another, of a hundred others, to
behold the hundred universes that each of them
beholds, that each of them is.”

Mavrcel Proust (La Prisonniére, A La recherche du temps perdu, 1923)



