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What 1s antimatter?

E = mc?
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What 1s antimatter?
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What 1s antimatter?

YOU MATTER

@ =
| . " o
Until you multiply <\

yourself by the 5peed.‘/~~‘ e
of light squared... (_~*

THEN YOU ENERGY
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What 1s antimatter?

YOU MATTER
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THEN YOU ENERGY

 and Thaw you can ANTITTATTER!
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Matter - Antimatter asymmetry
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Matter - Antimatter asymmetry
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Matter - Antimatter asymmetry

Dark Energy
Accelerated Expansion
Afterglow Light
Pattern Dark Ages Development of
380,000 yrs. Galaxies, Planets, etc.
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about 400 million yrs.

Big Bang Expansion

13.7 billion years
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Matter - Antimatter asymmetry

Dark Energy
Accelerated Expansion
Afterglow Light
Pattern Dark Ages Development of
380,000 yrs. Galaxies, Planets, etc.

Sakharov, 1967:

® “Baryon number violation”, i.e. ng -ns is not constant

® “C and CP violation” : if CP is conserved for a reaction which generates a net number of baryons over
anti-baryons there would be a CP conjugate reaction generating a net number of anti-baryons.

® “Departure from thermal equilibrium” : in thermal equilibrium any baryon number violating process
will be balanced by the inverse reaction

1st Stars
about 400 million yrs.

Big Bang Expansion

13.7 billion years
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The “BIG” questions

Excerpt of the list containing the open questions in particle physics:

# Why is the Higgs boson so light (so-called “naturalness” or “hierarchy” problem) ?

# What is the origin of the matter-antimatter asymmetry in the Universe ?

# Why 3 fermion families ? Why do neutral leptons, charged leptons and quarks behave

differently ?

=5

# What is the origin of neutrino masses and oscillations ?
# What is the composition of dark matter (23% of the Universe) ?

# What is the cause of the Universe’s accelerated expansion (today: dark energy ? primordial:
inflation ?)

4

5

Why is Gravity so weak ?
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Frontiers of Particle Physics

Origin of Mass

% Neutrino Physics

"
L
@ Proton Decay
2
7

Frontier The C©7
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The first antimatter discovery

1932 : Discovery of the positron (Nobel Prize shared with V. Hess in 1936

C. Anderson

In Cosmic Rays using a Cloud Chamber
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Some Bits of History : the Dirac eq.

1928 : The Dirac equation (Nobel Prize in 1933)

p2 0') hz Eeih%
E = > i—p =—— V* — —ihV
2m &tw 2m v
Hiy = (a- P+ pm)y
0')2
E2 = p2+m2% —hzﬁ =—h2 V2w+m2q)
l
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Some Bits of History : the Dirac eq.

1928 : The Dirac equation (Nobel Prize in 1933)
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E2 =p2+l’l’12e —hzﬁ =—h2V2?jJ+m2w
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Some Bits of History : the Dirac eq.

1928 : The Dirac equation (Nobel Prize in 1933)

p2 0’) hz E—Wéh%
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Some Bits of History

1955 : Discovery of the antiproton (Nobel Prize to Chamberlain & Segré in 1959)

T T T T T T T
. ~— POSITIVE PROTON CURVE
Dlscovery at the Bevatron ‘ IN ARBITRARY SCALE . .. . .
NO. OF ANTIPROTONS Discrimination against other
2.5+ PER 10° T~ -
W negatively charged particles
Identified 60 events sl | ) 5 y 5C P ,
| via momentum & velocity
LS - selection
Delta m/m ~ 5% . |
.0 -1
0.5 { -
0 /& ! L ] n\rx 1
0.85 I 095 1,00 1,05 LIO 1.20
RATIO OF MASS TO PROTON MASS L

Annihilation of an antiproton
detected in a emulsion a year later :
first p-N annihilation observed

35 events

—> proof of antimatter character
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more antimatter ...

2 Discovery of positron

Discovery of positronium

Discovery of antiproton
Discovery of antineutron

Discovery of antideuteron

Discovery of anti- 3He

Discovery of anti-tritium

First creation of relativistic antihydrogen
atoms
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more antimatter ...

First measurement of a difference
between matter & antimatter
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Discovery of positron

Discovery of positronium

Discovery of antiproton
Discovery of antineutron

Discovery of antideuteron

Discovery of anti- 3He

Discovery of anti-tritium

First creation of relativistic antihydrogen

atoms
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Discrete Symmetries

P : Parity transformation. Invert every spatial coordinates

P r)=P(t-r)

fermions and anti-fermions have opposite parity
1956 : Yang and Lee realized that parity invariance had never been tested

experimentally for weak interactions magnetic field
A/
e- emission
Wu'’s experiment: recorded the direction of | /‘:
the emitted electron from a ¢0Co p-decay . / e 5
when the nuclear spin was aligned up and
down
- N
!
spinning Co
nuclei N
P symmetry is MAXIMALLY violated in weak decays

r
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Discrete Symmetries

C: Charge Conjugaison. C reverses every internal additive quantum number
(e.g. charge, baryon/lepton number, strangeness, etc.). Exchange of particle and antiparticle

Oz

C lp>=Ip> — [ |—"
Oz p C V
few particles are C-eigenstates «— 7 —
V . .
LH anti-neutrino
NOT observed
C is conserved in strong and EM LH neutrino e
interactions observed
_ n P
Clny) = (=1)" |7) cr
C=(—1)"*s
0 — 0 Oz _
C |7r > = |7r > SUE o I
w0 — 27 is allowed under CC P
) — 37 is not allowed under CC RH anti-neutrino
<3.1x 108 observed
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Discrete Symmetries

CP Violation in Neutral Kaons:

K 0 , (dg ) S — —I_ ]- Production through AS=0

KO : (Sd) S — 1 Decay through AS=+/-1

Start with a pure K° beam

K(t) = a(t) |K°) + B(t) |K°)

CERN SUMMER STUDENT LECTURE - 2018 - C. Malbrunot 15 I



Discrete Symmetries

CP Violation in Neutral Kaons:

K 0 , (dg ) S — —I_ ]- Production through AS=0

KO : (SCZ) S — 1 Decay through AS=+/-1

Start with a pure K° beam

K(t)) = a(t)|K°) + B(t) | K°)
CP Eigenstates :
Ks) = o (|K°) +|K®)) CP=+1
Kr) = 5 (|K°) - K%) CP=-1

|Kg) — 2w, CP=+1, 7~0.9x10"s
CERN SUMMER STUDENT LECTURE - ‘KL> — 3, CP=-1, 7~0.5X 10~ "s



Discrete Symmetries

Measured quantity :

__ amplitude(Kpontn™) —3
|77+_| — amplitude(Kg—ntn—) 2.3 x 10

Interferences : observed in modulation of the 2 pion signal
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Discrete Symmetries

Measured quantity :

__ amplitude(Kpontn™) —3
|77+_| — amplitude(Kg—ntn—) 2.3 x 10

Interferences : observed in modulation of the 2 pion signal

Semi-leptonic mode :

K; — et 4+ Ve + T~ Discrimination criteria between

K . — e + 17, ’/T+ matter and antimatter :
e

A — rate( K7, —et+ve+m~)—rate(Kp—e ™ +ve+n™)
- rate(Kp—et+ve+n— )+trate( K —e  +ve+7mT)

A~ 0.3x 102
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Discrete Symmetries

T : Time Reversal @ CPLEAR

204

ol +
g #%ﬁ#{f ++ +

~no L 1 1 B | 1 1 1 1
2 B 6 8 s g 0716 i 18 hd
NEUTRAL-KAON DECAY TIME 7 (A;)

L

ASYMMETRY

TIME-REVERSAL ASYMMETRY A, the observed difference
between the rates for K- — K° and K°— K", divided by
their sum, is plotted here as a function of the proper
time interval 7 between the creation of the neutral kaon
in the CPLEAR facility at CERN and 1ts subsequent
decay from a state of opposite strangeness. The time 1s
given in units of As = 89.3 ps, the shorter of the two
neutral-kaon lifetimes. The red line is the fitted average
measured asymmetry, (6.6 + 1.6) x 107, in good
agreement with the theoretical expectation. (Adapted
from ref. 2.

A — rate(Ko— Ko)—rate(Ko—Ko)
rate( Ko— Ko)+rate(Ko—Kp)
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Discrete Symmetries

T : Time Reversal

SReEY =
e ":_‘5—
z w o -
S oo1f T g
= +
= X # .+| '
>
=
< =001p
Y.l ] ] M | 1 ! 1 ]

18 20

2 4 6 8 Ll 7 AR b AR [
NEUTRAL-KAON DECAY TIME = (A;)

TIME-REVERSAL ASYMMETRY A, the observed difference
between the rates for K — K° and K°—~ K", divided by
their sum, is plotted here as a function of the proper
time interval 7 between the creation of the neutral kaon
in the CPLEAR facility at CERN and 1ts subsequent
decay from a state of opposite strangeness. The time 1s
given in units of As = 89.3 ps, the shorter of the two
neutral-kaon lifetimes. The red line is the fitted average
measured asymmetry, (6.6 £ 1.6) x 107,
agreement with the theoretical expectation. (Adapted
from ref. 2.)

" B
1n (&_,(,)( Jd

rate( Ko— Kq)—rate(Ko— Ko)

A= rate( Ko— Kq)+rate(Ko— Ko)
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@ CPLEAR

clectrons
positrons
protons
antiprotons
Pb 10ons

CERN PS complex 1996

to SPS

. East Area

LPI

e

EpA LIL
/.':)
- _ South Area

LEP: Large Electron Positron collider

SPS: Super Proton Synchrotron

AAC: Antiproton Accumulator Complex
[SOLDE: Isotope Separator OnLine DEvice
PS: Proton Synchrotron

LEAR: Low Energy Antiproton Ring

1982-1996 : AAC
3 separate rings
AC, AA, LEAR

17 |
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Discrete Symmetries

T : Time Reversal @ CPLEAR
0.04F CERN PS complex 1996

L

+ 5y \ toSPS
2

-~ 0.02
ez ‘
HET - + t Are:
S ool 4h 44 ¢++‘ + + | ., EastArea
g +* . + — , STt :
-~ Ng /
* : : ¥ _
< -001f N\~

00 R g oy S VT Rl ' 4

2 - 6 8 O g 07167 - 18, 10

NEUTRAL-KAON DECAY TIME 7 (A;)

TIME-REVERSAL ASYMMETRY A, the observed difference S
between the rates for K- — K° and K°— K", divided by N,
their sum, 1s plotted here as a function of the proper H N
time interval 7 between the creation of the neutral kaon P

in the CPLEAR facility at CERN and its subsequent

< South Area

LEP: Large Electron Positron collider

decay from a state of opposite strangeness. The time 1s et
o e 1 o . vt SPS: Super Proton Synchrotron

given 1n units of Ac=89.3 ps, the shorter of the two — POSITONS AAC: Antiproton Accumulator Complex

k , | TSN R e v gt « protons e . 2 ; 20}
neutral l‘(jaon lifetimes. The red line Al\tlht' fitted average P iprotons | 1SOLDE: Isotope Separator OnLine DEvice
measured asymmetry, (6-6i' 1.6) X 107, 1n good Pb ions PS: Proton Synchrotron
agreement with the theoretical expectation. (Adapted LEAR: Low Eneray Anfiproten Ring

% (=2 o

from ref. 2))

A — rate(lgoﬁKO)—rate(KO—)KO) 1982-1996 : AAC Since 2000 :
rate(Ko— Ko)+rate(Ko—Ko) 3 separate rings all-in-one machine : AD
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Discrete Symmetries

Summary:

Interactions

no

~107-3
1964 : KO decay
1999 (2012) : Direct T Violation
yes yes 2001: B decay (BELLE, BaBar)
2013 : strange B decay (LHCb)
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Discrete Symmetries

Summary:

Interactions

no

~107-3
1964 : KO decay
1999 (2012) : Direct T Violation
yes yes 2001: B decay (BELLE, BaBar)
2013 : strange B decay (LHCb)

yes yes yes
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Discrete Symmetries

Observation of C, P, T, CP violation, what about CPT?
In the SM, CPT is conserved. So, if T is violated, CP is violated & vice-versa

CPT Theorem :

A local, Lorenz invariant theory with canonical spin-statistics relation must
be invariant with respect to CPT-transformation

J. Schwinger, Phys. Rev.82, 914 (1951);

G. Liiders, Kgl. Danske Vidensk. Selskab. Mat.-Fys. Medd.28, 5 (1954);
G. Liiders, Ann. Phys.2, 1 (1957);

W. Pauli, Nuovo Cimento,6, 204 (1957);

R. Jost, Helv. Phys. Acta30, 409 (1957);

F.J. Dyson, Phys. Rev.110, 579 (1958).

Implication : properties of matter & antimatter particles should be the same
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Tests of CPT Symmetry

antideuteéron m/q CERN
an:rtihelium m/q (ALICE)
kaon Am
positron g
muon g
antiprot(i)n q/m
antiproton g
: : ' CERN
Measurement on H : . '
: H 1S/2|38 (AD)
Past | . H GS HFS
} } i } } i } } i } } i } } i } } i } }
10-% 1018 1079 1012 107Y 1076 1073 10°

relative precision
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Tests of CPT Symmetry

antideuteéron m/q CERN
an:rtihelium m/q (ALICE)
kaon Am
positron g
muon g
antiprot(i)n q/m
antiproton g
: ' CERN
Measurement on H . '
H 1S/2|38 (AD)
Past H GS HFS
} } i } } i } } i } } i } } i } } i } }
10-% 1018 1079 1012 107Y 1076 1073 10°

relative precision

Standard Model ( .
Extension B

o™’ +ic, MDY +id;

e
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Search for Primordial Antimatter

IS THERE ANTIMATTER LEFT IN THE UNIVERSE?
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Search for Primordial Antimatter

- DIRECT SEARCHES IN COSMIC RAYS
Creation of Secondaries in IGM : Test source and propagation models for
cosmic rays

l

|
—y |
(

A large pt of posu',rons and antlprotons im- |

| Cosmic Ray Flux Vs. Energy

pinging on Earth are produced in high-energy in- |}
iteractions between cosmic rays nuclei with the |
linterstellar medium. Their spectra can provide |
lan insight on the origin, production and propa- |
gation of cosmic rays in our galaxy. Any observed | o
flux larger than that predicted by the Leaky Box |

Model (LBM), the “standard” model of cosmic 14 | g

iray propagation, could indicate exotic sources of |
|a.nt',lrna.tter The predictions of the propagation ‘
imodels are different above 10 GeV where more 1] | s
reﬁned measurements are needed |

e ee—— c— —

—
o
S I N N N O L U L L L U L L U U U U U U UL DN D DR BN D DN D B B )

- - o ,— |
1o 10 4™ 10'F 10" 10™ 0™ 16" 1077 16" 10™ 0% 1¢*' |
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Balloon experiments

Results from CAPRICE /BESS
height of flight = 38 km (top of atmosphere)

Cosmic Ray P

B BESS(95+97)
¢ BESS(93)

A IMAX

O CAPRICE

[
=

—_
iy
>
3
&)
0y
3
o
7]
i
.
wn
S

p flux (m

415 Antiprotons

1 — Bottino 9=370MV N
2 - Bergstrom $=500MV
---------- Bieber 10° +
4 —— Mitsui AM(R,B) 9=550MV

----- Mitsui A(R)  ¢=550MV

1 | L1 1 11 I | 1 | 11 1
1
Kinetic Energy (GeV)

PRL 84 (2000) 1078
http://prl.aps.org/pdf/PRL/v84/i6/p1078_|

http://arxiv.org/abs/astro-ph/980910]|
subsidiary result (data+propagation model) = ©(p) > 1.7 Myr
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Space experiments

PAMELA (satellite), AMS (space station)

- SEARCH FOR PRIMARY ANTIMATTER

e+, p, anti-alpha

Note : positrons are difficult to measure/interpret:

- radiative losses close to sources

- possibility of primary positron cosmic rays

Electron Spectrum
E’ Flux [GeV*/(s sr m* GeV)]
o
o

50

[ 16,500,000 J os |
= electrons ’ = \‘
N it 1T : |
— {f* H*ﬂﬂ Lot 2o g
i f x } i 2|

f [/1] °

i f T | @
- * it 15 o]
! X . ‘?’ﬁ****m 1 5§
- sk PRI B B |
- : 4" 1,080,000 Ll —{10 S |
B f g* positrons | R o [
= é é : |
i " |
- ; —I5 }
i e* energy [GeV] i ]'
., il Ll 1 |
- e —— —— [
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Space experiments

PAMELA (satellite), AMS (space station)

- SEARCH FOR PRIMARY ANTIMATTER

e+, p, anti-alpha

Note : positrons are difficult to measure/interpret:
- radiative losses close to sources
- possibility of primary positron cosmic rays

- __ ——

it ‘Postron Spectrum

250 |- 16,500,000
25 AMS 2016 ‘ : electrons
= [ . |
£ - R _
5 & 200 ,#* *’*ﬁg —20 E
i oy - r 1
g = - t - =
% g— . +} ] % ] g.
c> 150 — it —15 |
S | ﬁ ..,.a-é’?*’*%*++++ 1 5
8% it HHH . 1 =
i e - ¢ é?” ! o 0
@ 100 |- 3" 1,080,000 1 —110 ©
- = t ﬁ? positrons ! ‘ 1 a
— i +
Energy [GeV] - e* energy [GeV]
2aal . 2 aaal | 1 [ S N 1

1 10 107
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Space experiments

Other sources :
- Modified Propagation of Cosmic Rays, Supernova Remnants, Pulsars

. L ——————— ———

Positron Fraction
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Cosmological Models

Distortions in the CMB:

- CMB would have been affected by late annihilations (if antimatter would
have survived longer than expected) & photons from the annihilation would
contribute to the diffuse gamma rays

If we accept the view of complete symmetry between positive and negative electric charge so far as concerns the fundamental laws of
Nature, we must regard it rather as an accident that the Earth (and presumably the whole solar system), contains a preponderance of
negative electrons and positive protons. It is quite possible that for some of the stars it is the other way about, these stars being built

up mainly of positrons and negative protons. In fact, there may be half the stars of each kind. The two kinds of stars would both show
exactly the same spectra, and there would be no way of distinguishing them by present astronomical methods.
et —— R

Dirac Nobel lecture 1933

- B=0 universe is mostly excluded by standard cosmology scenarios based on
CMB observation (annihilation at boundaries, at least for domains which are
smaller than the size of the visible universe)
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Cosmological Models

Big Bang Nucleosynthesis

Existence of antimatter during nucleosynthesis would have affected the
formation of nuclei (annihilation, formation of pp etc.., annihilation gamma
rays would photodesintegrate etc)

Estimate the baryon density from SBBN and CMB

Photons are final products of annihilation processes

Np—Nz
n = (%_f)T=3K n= (=, 2)r=3k

USBB'N = (5.80 £ 0.27) x 1010

nemp = 6.16010 128 x 10710
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INITIAL POSTULATION OF ANTIMATTER THROUGH THE DIRAC EQUATION

EXPERIMENTAL CONFIRMATION IN COSMIC RAYS
PUZZLE OF MATTER -ANTIMATTER ASYMMETRY IN THE UNIVERSE

TRIGGERS PRECISE COMPARISON OF MATTER & ANTIMATTER
PROPERTIES

THROUGH TEST OF DISCRETE SYMMETRIES IN THE LAB

AND SEARCH OF PRIMORDIAL ANTIMATTER IN OUTER SPACE
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INITIAL POSTULATION OF ANTIMATTER THROUGH THE DIRAC EQUATION

EXPERIMENTAL CONFIRMATION IN COSMIC RAYS
PUZZLE OF MATTER -ANTIMATTER ASYMMETRY IN THE UNIVERSE

TRIGGERS PRECISE COMPARISON OF MATTER & ANTIMATTER
PROPERTIES

THROUGH TEST OF DISCRETE SYMMETRIES IN THE LAB

AND SEARCH OF PRIMORDIAL ANTIMATTER IN OUTER SPACE

LECTURE # 2 : EXPERIMENTS AND APPLICATIONS OF LOW ENERGY
ANTIMATTER
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