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What 1s antimatter?

QOuote from Angel & Demons (Dan Brown) : “Antimatter creates no pollution or radiation

© ... 1s highly unstable [and] ignites when it comes in contact with absolutely anything”

Lecture on Antimatter C. Malbrunot/CERN



«-.e @0 @ @@

What 1s antimatter?

QOuote from Angel & Demons (Dan Brown) : “A ajer creates no pollution or radiation
@@ ... 1s highly unstable [and] ignites when it comesgn gontact with absolutely anything”
i
©
O
®.
L
s
®

Lecture on Antimatter C. Malbrunot/CERN



What 1s antimatter?

Quote from Angel & Demons (Dan Brown) : “A

ager creates no pollution or radiation
@O ... 1s highly unstable [and] ignites when it comesgn gontact with absolutely anything”

E Close

Lecture on Antimatter C. Malbrunot/CERN



What 1s antimatter?

Quote from Angel & Demons (Dan Brown) : “A

ager creates no pollution or radiation
@O ... 1s highly unstable [and] ignites when it comesgn gontact with absolutely anything”

E Close

Lecture on Antimatter C. Malbrunot/CERN



What 1s antimatter?
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What 1s antimatter?

o E = mc2
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The “BIG” questions

0 Excerpt of the list containing the open questions in particle physics:
o0
\ # Why is the Higgs boson so light (so-called “naturalness” or “hierarchy” problem) ?
O,
R # What is the origin of the matter-antimatter asymmetry in the Universe ?
9@1; # Why 3 fermion families ? Why do neutral leptons, charged leptons and quarks
O behave differently ?
it
X # 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 ?)

# Why is Gravity so weak ?

W
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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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1st Stars
about 400 million yrs.

Big Bang Expansion

13.7 billion years
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Frontiers of Particle Physics

Origin of Mass

Origin of Universe

Unification of Forces

New Physics
Beyond the Standard Model
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Some Bits of History

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

O C. Anderson

In Cosmic Rays using a Cloud Chamber
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Some Bits of History

1928 : The Dirac equation (Nobel Prize in 1933)

G) > 9 E — ih%
., 0 h
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Some Bits of History

1928 : The Dirac equation (Nobel Prize in 1933)

© "y
()\\ p2 h 0’) hZ Vz B —ihg
\ E = > h— - —_— p — —thV
@@ 2m dtw 2m v
2
C:)Q E2 =p2+l’l’12e —hzy =—h2 V2w+m2q)
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Some Bits of History

1928 : The Dirac equation (Nobel Prize in 1933)

o@ ) 2 Eeih%
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@@ 2m dtw 2m v
) 9’
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Some Bits of History

1928 : The Dirac equation (Nobel Prize in 1933)
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Some Bits of History

1928 : The Dirac equation (Nobel Prize in 1933)

o) 0 y E %ih%
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Some Bits of History

1928 : The Dirac equation (Nobel Prize in 1933)
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Some Bits of History

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

G) T T T T T Io T c
o\ N ~— POSITIVE PROTON CURV
Discovery at the Bevatron | IN ARBITRARY SCALE
\ NO. OF ANTIPROTONS
@ 2.5+ PER 10° T~ -
© Identified 60 events 20l \ ]
LS5k 1 -

@Q Delta m/m ~ 5%

1.0

® asy { -
@ 0 /& 1 ] 1 |\r* 1
0,85 0,95 .00 1.05 .10 1.20
3 RATIO OF MASS TO PROTON MASS .L

Discrimination against other
negatively charged particles
via momentum & velocity
selection

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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Some Highlights on a Timeline

2 Discovery of positron

%
0) Discovery of positronium
Q%
¢ Discovery of antiproton
®® Discovery of antineutron
©
,(D Discovery of antideuteron

)

Discovery of anti- 3He

Discovery of anti-tritium

First creation of relativistic antihydrogen
atoms

-
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Some Highlights on a Timeline

2 Discovery of positron

ON
0) Discovery of positronium
o8
¢ Discovery of antiproton
®® Discovery of antineutron
@ ° )
o First measurement of a difference
I between matter & antimatter Discovery of antideuteron

¢)

Discovery of anti- 3He

Discovery of anti-tritium

First creation of relativistic antihydrogen
atoms

-



Discrete Symmetries

P : Parity transformation. Invert every spatial coordinates

down

The electron was emitted in the same

direction independently of the spin.
S

spinning Co
nuclei

P symmetry is MAXIMALLY violated in weak decays

P (t, x) =P (t,-x)
© Particles and antiparticles have opposite parity
P 1956 Yang and Lee realized that parity invariance had never been tested

O experimentally for weak interactions
ol magnetic field
: A

©) P . . . . /
ol Wu's e>.<per1ment. recorded the directionof | . .
_ the emitted electron from a *Co B-decay "

®  when the nuclear spin was aligned up and : / e

¢

N
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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

ol | p>= | p>
©)
Limited use because few

Q particles are C-eigenstates
@M

) Cis conserved in strong and EM
@ interactions

" [Omy) = (~1)" )
C:(—l)l+s

i) = 1)

70 — 2+ is allowed under CC

0 — 37 is not allowed under CC
<3.1x108



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
Clp>=Ip>
Limited use because few

©) particles are C-eigenstates

) Cis conserved in strong and EM
“ interactions

Clny) = (=1)"|7)
C:(_l)l+s

Cla®) = |°)

¥ — 2+ is allowed under CC

™ — 3 is not allowed under CC

<3.1x108

Y

LH neutrino
observed

RH neutrino
NOT observed

T

RH antineutrino
observed
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Discrete Symmetries

C:D CP Violation in Neutral Kaons:

o) K . : (dg ) S — —I_ ]- Production through AS=0

© KO : (Sd) S — Decay through AS=+/-1

Start with a pure K° beam

K (t)) = a(t) |K°) + B(t) |[K°)
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Discrete Symmetries

é CP Violation in Neutral Kaons:

o) K . : (d§ ) S — —I_ 1 Production through AS=0

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

OQ Start with a pure K° beam
el
; K(t) = a(t) [K°) + B(t) |K°)
CP Eigenstates :
Ks) = 25 (|K%) + If”}) CP = +1
Kp) = %( KY) — |K%)) CP=-1

|Kg) — 2w, CP=+1, 7~0.9x10"s
Ky —3rm, CP=-1, 7~05x%x10""s
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Discrete Symmetries

O Measured quantity :

5 |77+_| — amplitude(Kg—mtn—)

© Interferences
ol CEE |
o wl

ANres maptmerc e

@ ‘rr B . B T " o ) |

Wi

L] S
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Discrete Symmetries

O Measured quantity :

5 |77+—| — amplitude(Kg—ntn—)
0 Interferences
- Leptonic mode: —
® (a) |
o |
) o b
~“®
- Noes rptmerc e
&) ;rr - - A At eeeC
!

Wi

L] S
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Discrete Symmetries

O Measured quantity :

amplitude(Kr—nm~) 923 % 10-3

o) |77+_| — amplitude( Kg—mtm7—)
© Interferences
O Leptonic mode : | | 1
@©) . ‘a) :
| KL s et +ve+m
© _ — ‘o
”Q(D KL % e -1 Ve -1 7T+ ( *
Nes rptmerv e
® \rr - N At eaC |
]
Wi
|
L = |
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Discrete Symmetries

O Measured quantity :

@ K
__ amplitude(Ky—nTn ™) _3
O |77+_| — amplitude(Kg—ntn—) ~ 2.3 X 10
i Interferences
é@ Leptonic mode : — 1‘
K ety +71
0) B B N
i KL _> e -T- I/e — 7T+ o -
’1 NS rptemerce
® wi - WSt s |
i

A — rate( Ky, —et+ve+m~)—rate(Kp—e™ +ve+m™)
- rate(Kp—et+ve+n— )+trate(Kp—e  +ve+7T)

L] S

L——--._—A— —rh !
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Discrete Symmetries

O Measured quantity :

@ K
__ amplitude(Ky—nTn ™) _3
O |77+_| — amplitude(Kg—ntn—) ~ 2.3 X 10
i Interferences
é@ Leptonic mode : — 1‘
K ety +71
0) B B N
i KL _> e -T- I/e — 7T+ o -
’1 NS rptemerce
® wi - WSt s |
i

A — rate( Ky, —et+ve+m~)—rate(Kp—e™ +ve+m™)
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L] S

Discrimination criteria between
matter and antimatter : I == . .
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Discrete Symmetries

Measured quantity :

@ K
__ amplitude(Ky—nTn ™) _3
O |77+_| — amplitude(Kg—ntn—) ~ 2.3 X 10
i Interferences
é@ Leptonic mode : — 1‘
K ety +71
0) B B N
i KL _> e -T- I/e — 7T+ o -
’1 NS rptemerce
® wi - WSt s |
i

A — rate( Ky, —et+ve+m~)—rate(Kp—e™ +ve+m™)
- rate(Kp—et+ve+n— )+trate(Kp—e  +ve+7T)

L] S

Discrimination criteria between
matter and antimatter : I == . .

A~ 0.3x 1072




Discrete Symmetries

EDM :
Entangled state
Y(4\S) T I

+
d ﬂ L P ¢

EO T . ta Jy . \ d

—lagging \ ltis NOT 3 |

Ks | the exchange + |

B T +

J. P. Lees et al. (The BABAR Collaboration) Phys. Rev. Lett. 109, 211801 (2012) arXiv:1207.5832 [hep-ex]
B meson oscillations J. Bernabeu (Valencia)




Discrete Symmetries

| Summary:
0! B
®©. :
“ Interactions
s
©
©
@,.
L
®
5 ~107-3
- - 1964 : KO decay
y y 2001: B decay (BELLE, BaBar)

2012: Direct T Violation




Discrete Symmetries

| Summary:
0! B
®©. :
“ Interactions
s
©
©
@,.
L
®
5 ~107-3
- - 1964 : KO decay
y y 2001: B decay (BELLE, BaBar)

2012: Direct T Violation

yes yes yes




Discrete Symmetries

é Observation of C, P, T, CP violation, what about CPT?
© ' Inthe SM, CPT is conserved. So, if T is violated, CP is violated & vice-versa

it

©
CPT Theorem :
o(@ A local, Lorenz invariant theory with canonical spin-statistics relation must
) be invariant with respect to CPT-transformation
it
& 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

é Planned antideuteibron m/q CERN
(H)\\ Past an:tihelium m/q (ALICE)

@[ kaon Am

© o TR
positron g
@ muon g
© | ; i ' .
T antiproton q/m
@ I I

e antiproton g CERN
X H 15/3S (AD)

H GS HFS
| : : | : : | : : | : : | : : |

10-21 10-18 10-15 10-12 10-9 10~ 03 10

relative precision
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Tests of CPT Symmetry

0) . Planned : antideutéron m/q CERN
N | Past | | | antihelium m/q' (ALICE)
@' kaon Am
© : :
positron g
é . muon g
@ : i i ' R
‘, antiproton q/m
b e e s '
e - antiproton g CERN
- i [ 1S/28 (AD)
H GS HFS
i i i i i i i i i i i i i i i i i i i i
1072 IOt 1071 1012 1079 1079 103 10°

relative precision

Standard Model
Extension R




Search for Primordial Antimatter

» IS THERE ANTIMATTER LEFT IN THE UNIVERSE?



Search for Primordial Antimatter

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

cosmic rays

© i‘ A large part of posu:rons and a.ntlprotons im-§
pmgmg on Earth are produced in high-energy in- | |
iteractions between cosmic rays nuclei with the |
- [(interstellar medium. Their spectra can provide |
. fan insight on the origin, production and propa- | ~
0, ’ ga.tlon of cosmic rays in our galaxy. Any observed | ‘
(v [flux larger than that predicted by the Leaky Box o
IModel (LBM), the “standard” model of cosmic |
ray propagation, could indicate exotic sources of |
antlrnatter The predictions of the propagation } r2f
models are different above 10 GeV where more );
reﬁned measurements are needed |

———— e T T l

Cosmic Ray Flux Vs. Energy

- a A s |
1o 10 4™ 10'F 10" 10™ 0™ 16" 1077 16" 10™ 0% 1¢*' |

Enerqy (¥} B
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Balloon experiments




Balloon experiments
5 Results from CAPRICE/BESS

OR
, height of flight = 38 km (top of atmosphere)
O
® _
Cosmic Ray P
1\ B BESS(95+97)
® A TVAX
©) O CAPRICE
:
o 5,
': 10
& .

p flux (m

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

----- Mitsui A(R)  ¢=550MV

415 Antiprotons

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

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



http://prl.aps.org/pdf/PRL/v84/i6/p1078_1
http://prl.aps.org/pdf/PRL/v84/i6/p1078_1
http://arxiv.org/abs/astro-ph/9809101

Space experiments
5@ PAMELA (satellite), AMS (space station)

O - SEARCH FOR PRIMARY ANTIMATTER
i e+, p, anti-alpha
¢ Note : positrons are difficult to measure/interpret:
O 4
ol - radiative losses close to sources
® - possibility of primary positron cosmic rays
s ° @
‘; 250 |— 16,500,000 | —25 |
’ i electrons I . ] \“
L ezm [ iy nr | | “
| 53200 +*# H***ﬁ HE T 2o g
" "g,' - i f il : §
i £ S 150 A *’*’H 15 o
85 | T 4o £l

| Bhiof [ | e &)
l, i X 1
(“ = b |
f 50— ¢! —1° }
| i ' e* energy [GeV] i )'
1. ot s el el l

-
w

_ ] 1 I [ B [ S

!




Space experiments
5@ PAMELA (satellite), AMS (space station)

O, - SEARCH FOR PRIMARY ANTIMATTER
¥ e+, p, anti-alpha
( Note : positrons are difficult to measure/interpret:
0 e,
ol - radiative losses close to sources
® - possibility of primary positron cosmic rays
|
| 250 |- 16,500,000 —25 |
AMS 2016 | i 1
| ES - #%ﬂﬂx . : |
N S 8200 Ty 20 E|
i > 20 B E - %r %* e . g
| 8 g' = - * sl — 8
< g o | %“% Wt s &
T 5% 50 : A 2
1 -~ = O N } N 4 HH} b | ] |
o7 2y | i L My } 1 =1
E ]} w ..E 100 |- * +§éé,?.1,080,000 " o 6l
?Il.l 10 I - '+§§+ positrons ! | - o Ji
3 | i K 1]
; © 5 ;‘ 50 — t: —5 }
| l ' e* energy [GeV] i “
], (o 2001 N Ll




Space experiments

Other sources :

@@ - Modified Propagation of Cosmic Rays, Supernova Remnants, Pulsars
| - o— —————— ] —
® |
©
W | c
% O
© ‘ gw‘
LN ‘
® =
| O
=
'y )
| o
1 o
|
‘\

[ 102



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
®

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)



Cosmological Models

C:D Big Bang Nucleosynthesis
O Existence of antimatter during nucleosynthesis would have atfected the
i formation of nuclei (annihilation, formation of pp etc.., annihilation gamma
& rays would photodesintegrate etc)
®o
. Estimate the baryon density from SBBN and CMB
©
p
®

Photons are final products of annihilation processes

Ng—N7
n= (%%)TzBK n= (=5 2)r=3K

nSBB'N = (5.80 £ 0.27) x 1010

nemp = 6.160F0 128 x 1071



Summary of Lecture #1

O INITIAL POSTULATION OF ANTIMATTER THROUGH THE DIRAC
&  EQUATION

S EXPERIMENTAL CONFIRMATION IN COSMIC RAYS

Q 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



Summary of Lecture #1

O INITIAL POSTULATION OF ANTIMATTER THROUGH THE DIRAC
&  EQUATION

S EXPERIMENTAL CONFIRMATION IN COSMIC RAYS

Q 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

NEXT LECTURE : ANTIMATTER AS TOOLS FOR DISCOVERY (IN
COLLIDERS & IN LOW ENERGY EXPERIMENTS). TECHNICAL
DEVELOPMENTS ALLOWING SM ESTABLISHMENT AND BSM STUDIES



