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What is antimatter?

Lecture on Antimatter C. Malbrunot/CERN

Quote from Angel & Demons (Dan Brown) : “Antimatter creates no pollution or radiation 
… is highly unstable [and] ignites when it comes in contact with absolutely anything”
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What is antimatter?
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What is antimatter?
E = mc2
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What is antimatter?

and then you can ANTIMATTER!

E = mc2

e- e+
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The “BIG” questions

 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 ?

 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 ?

 …  

Excerpt of the list containing the open questions in particle physics: 
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Matter - Antimatter asymmetry
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Matter - Antimatter asymmetry
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Frontiers of  Particle Physics
courtesy: Fermilab 
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Some Bits of  History
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
1928 : The Dirac equation (Nobel Prize in 1933)

Antimatter (1) - Summer Students 2009

Interlude: playing with equations (best guesses ...)
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Some Bits of  History
1955 : Discovery of the antiproton (Nobel Prize to Chamberlain & Segré in 1959)

Discovery at the Bevatron 

Identified 60 events

Delta m/m ~ 5%

Annihilation of an antiproton 
detected in a emulsion a year later : 
first p̄-N annihilation observed 
35 events
—> proof of antimatter character

Discrimination against other 
negatively charged particles
via  momentum & velocity 
selection
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Some Highlights on a Timeline
Discovery of positron

Discovery of antiproton

Discovery of positronium

Discovery of antineutron

Discovery of antideuteron

Discovery of anti- 3He

Discovery of anti-tritium

1932

1948

1955
1956

1965

1970

1978

First creation of relativistic antihydrogen 
atoms1996
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Discovery of antineutron

Discovery of antideuteron

Discovery of anti- 3He

Discovery of anti-tritium

1932

1948

1955
1956

1965

1970

1978

First creation of relativistic antihydrogen 
atoms1996

1964First measurement of a difference 
between matter & antimatter
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Discrete Symmetries

spinning Co  
nuclei

e- emission

magnetic field

P : Parity transformation. Invert every spatial coordinates 

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

Wu’s experiment: recorded the direction of 
the emitted electron from a 60Co β-decay 
when the nuclear spin was aligned up and 
down 
 
The electron was emitted in the same 
direction independently of the spin.

P symmetry is MAXIMALLY violated in weak decays
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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
C |p> = |p̄>
Limited use because few 
particles are C-eigenstates

is allowed under CC

is not allowed under CC

C is conserved in strong and EM 
interactions

< 3.1 x 10-8
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Discrete Symmetries

Production through ∆S=0  
Decay through ∆S=+/- 1

Start with a pure K0 beam 

CP Violation in Neutral Kaons: 
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Discrete Symmetries

Production through ∆S=0  
Decay through ∆S=+/- 1

Start with a pure K0 beam 

CP Violation in Neutral Kaons: 

CP Eigenstates : 
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Discrete Symmetries
Measured quantity : 

Interferences
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Discrete Symmetries
T : Time Reversal 

t  = -t 

EDM :

 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)
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Discrete Symmetries

Interactions

Strong EM Weak

P yes yes no

C yes yes no

CP (or T) yes yes

~10^-3 
1964 : K0 decay  

2001: B decay (BELLE, BaBar)  
2012: Direct T Violation

CPT

Summary: 
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Interactions

Strong EM Weak

P yes yes no

C yes yes no

CP (or T) yes yes

~10^-3 
1964 : K0 decay  

2001: B decay (BELLE, BaBar)  
2012: Direct T Violation

CPT yes yes yes

Summary: 
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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 :  

J. Schwinger, Phys. Rev.82, 914 (1951);
G. Lüders, Kgl. Danske Vidensk. Selskab. Mat.-Fys. Medd.28, 5 (1954);
G. Lüders, 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).

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

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

CERN  
(ALICE)

10�21 10�18 10�15 10�12 10�9 10�6 10�3 100

relative precision

H̄ GS HFS

H̄ 1S/2S

antiproton g

antiproton q/m

muon g

positron g

kaon �m

antihelium m/q

antideuteron m/q

CERN  
(AD)
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Tests of  CPT Symmetry
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µD⌫) = 0

Standard Model  
Extension

Planned 
Recent  
Past

CERN  
(ALICE)

10�21 10�18 10�15 10�12 10�9 10�6 10�3 100

relative precision

H̄ GS HFS

H̄ 1S/2S

antiproton g

antiproton q/m

muon g

positron g

kaon �m

antihelium m/q

antideuteron m/q

CERN  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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

M.L Ambriola et al./Nuclear Physics B (Proc. Suppl.) 78 (1999) 32-37 33 

were substituted with a transition radiation de- 

tector (TRD) and a silicon-tungsten electromag- 

netic calorimeter respectively. TS93 was aimed at 

the measurement of positron and electron spec- 

tra in the energy range 5-50 GeV[3]. The first 

CAPRICE flight was performed in 1994. The 

TRD was replaced by a solid radiator ring imag- 

ing Cherenkov (RICH) detector and the calorime- 

ter was upgraded to a total depth of 7 radia- 

tion lengths. The primary science objective was 

to measure antiprotons in the region from 0.5 

to 3.5 GeV[4]. Along with antimatter measure- 

ments, all the above mentioned flights were able 

to measure absolute fluxes of primary and sec- 

ondary cosmic rays near the top of the atmo- 

sphere as well as at different atmospheric depths. 

In addition to the balloon activities, the WiZ- 

ard collaboration, operates a satellite borne sili- 

con detector NINA[5], and is pursuing the objec- 

tives of measuring antimatter in the high energy 

range with the satellite borne PAMELA instru- 

ment[6]. 

CAPRICE98 is the evolution of the 1994 detec- 

tor. The RICH was replaced by a gas radiator one 

and the tracking system was updated by adding 

a new drift chamber. In this configuration the 

CAPRICE98 detector has the capability to iden- 

tify mass resolved antiprotons with energy over 

17 GeV. The CAPRICE98 primary science goals 

were to measure the absolute spectra of positrons 

and antiprotons up to 50 GeV along with muon 

spectra in the atmosphere. 

A large part of positrons and antiprotons im- 

pinging on Earth are produced in high-energy in- 

teractions between cosmic rays nuclei with the 

interstellar medium. Their spectra can provide 

an insight on the origin, production and propa- 

gation of cosmic rays in our galaxy. Any observed 

flux larger than that predicted by the Leaky Box 

Model (LBM), the "standard" model of cosmic 

ray propagation, could indicate exotic sources of 

antimatter. The predictions of the propagation 

models are different above 10 GeV where more 

refined measurements are needed. 

Muon energy spectra at different atmospheric 

depths are considered extremely important in 

the context of the atmospheric neutrino anomaly 

since they can help normalize the Monte Carlo 

predictions of neutrino fluxes. Recently the im- 

portance of the primary spectra, used as an input 

for this calculations, have been pointed out[7]; 

therefore it is important to measure together pri- 

mary and secondary spectra with the same detec- 

tor, in the same day, in order to reduce systematic 

errors. 

J HETEI~ 

Gas RICH 

lily A TOF 

I '~ . . . . .  ~ " ~ Ib 

I 

Figure 1. The CAPRICE98 apparatus. 

2 .  T H E  C A P R I C E 9 8  A P P A R A T U S  

Measuring antimatter is a difficult task requir- 

ing very good particle identification capabilities 

due to the presence of a large background. The 

ratio of protons to positrons is about 103 requir- 

ing a proton rejection factor greater than 104. 

With the presence of both the RICH and the 

calorimeter we estimate that CAPRICE98 will be 

able to achieve a proton rejection factor greater 

than 106 for energies less than 20 GeV, and still 

of the order of 105 above 30 GeV. 

Because of the paucity of antimatter candidates 

redundancy is paramount. While measuring ab- 

solute fluxes, it is extremely important to deter- 

mine the efficiency of each detector reliably using 
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Balloon experiments
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Balloon experiments
Results from CAPRICE/BESS

http://prl.aps.org/pdf/PRL/v84/i6/p1078_1
PRL 84 (2000) 1078

VOLUME 84, NUMBER 6 P HY S I CA L R EV I EW LE T T ER S 7 FEBRUARY 2000

in the drift chamber gas is obtained as a truncated mean

of the integrated charges of the hit pulses. For the 1997

flight, the hodoscopes were placed at the outermost radii,

and the timing resolution of each counter was improved

to 50 psec rms, resulting in b21 resolution of 0.008,

where b is defined as particle velocity [13] divided by the

speed of light. Furthermore, a Cherenkov counter with a

silica-aerogel (n ! 1.032) radiator was newly installed
[14], in order to veto e2!m2 backgrounds which gave

large Cherenkov light outputs corresponding to 14.7 mean

photoelectrons when crossing the aerogel.

The 1997 BESS balloon flight was carried out on July

27, from Lynn Lake, Canada. The scientific data were

taken for 57 032 sec of live time at altitudes ranging from

38–35 km (an average residual air of 5.3 g!cm2) and cut-

off rigidity ranging from 0.3–0.5 GV!c. The first-level
trigger was provided by a coincidence between the top and

the bottom scintillators, with the threshold set at 1!3 of
the pulse height from minimum ionizing particles. The

second-level trigger, which utilized the hit patterns of the

hodoscopes and the inner drift chambers, first rejected un-

ambiguous null and multitrack events and made a rough

rigidity determination to select negatively charged particles

predominantly. In addition, one of every 60 first-level trig-

gers was recorded, in order to build a sample of unbiased

triggers.

The off-line analysis [10] selects events with a single

track fully contained in the fiducial region of the tracking

volume with acceptable track qualities [10]. The three

dE!dx measurements are loosely required as a function
of R to be compatible with proton or p̄. The combined
efficiency of these off-line selections is 83%–88% for R
from 0.5–4 GV!c. These simple and highly efficient se-
lections are sufficient for a very clean detection of p̄’s
in the low-velocity (b , 0.9) region. At higher veloci-
ties, the e2!m2 background starts to contaminate the p̄
band, where we require the Cherenkov veto, i.e., (1) the

particle trajectory to cross the fiducial volume of the

aerogel, and (2) the Cherenkov output to be less than

0.09 of the mean output from e2. This cut reduces the

acceptance by 20%, but rejects e2!m2 backgrounds by

a factor of 6000, while keeping 93% efficiency for pro-

tons and p̄’s which cross the aerogel with rigidity be-
low the threshold (3.8 GV!c). Figure 2 shows the b21

versus R plot for the surviving events. We see a clean

narrow band of 415 p̄’s at the exact mirror position of
the protons. The p̄ sample is thus mass identified and

essentially background-free, as the neatness of the band

demonstrates and various background studies show. In

particular, backgrounds of albedo and of mismeasured

positive-rigidity particles are totally excluded by the ex-

cellent b21 and R21 resolutions. To check against the

“reentrant albedo” background, we confirmed that the

trajectories of all p̄’s can be traced numerically through
the Earth’s geomagnetic field back to the outside of the

geomagnetic sphere.

FIG. 2. The identification of p̄ events. The solid lines define
the p̄ mass band used for the spectrum measurement.

We obtain the p̄ fluxes at the top of the atmosphere

(TOA) in the following way: The geometrical acceptance

of the spectrometer is calculated both analytically and by

the Monte Carlo method. The live data-taking time was

directly measured in two independent ways by means of

scaler systems gated by the “ready” gate which controls

the first-level trigger. The efficiencies of the second-level

trigger and of the off-line selections are determined by us-

ing the unbiased trigger samples. The TOA energy of each

event is calculated by tracing the particle back through the

detector material and the air. The interaction loss of the p̄’s
is evaluated by applying the same selections to the Monte

Carlo events generated by GEANT/GHEISHA, which incor-

porates [15] detailed material distribution and correct p̄-
nuclei cross sections. We subtract the expected number

[16] of atmospheric p̄’s, produced by the collisions of cos-
mic rays in the air. The subtraction amounts to "9 6 2#%,
"15 6 3#%, and "19 6 5#%, at 0.25, 0.7, and 2 GeV, re-
spectively, where the errors correspond to the maximum

difference among three recent calculations [16–18] which

agree with each other.

Table I contains the resultant BESS 1997 p̄ fluxes at

TOA. The first and the second errors represent the statisti-

cal [19] and systematic errors, respectively. We checked

that the central values of the fluxes are stable against

various trial changes of the selection criteria, including

uniform application of the Cherenkov veto to the low b
region. The dominant systematic errors at high and low

energies, respectively, are uncertainties in the atmospheric

1079
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TABLE I. Antiproton fluxes (in 1022 m22 s21 sr21 GeV21) and p̄!p ratios (in 1025) at TOA. T (in GeV) defines the kinetic
energy bins. Np̄ and Tp̄ are the number of observed antiprotons and their mean kinetic energy in each bin, respectively. The eighth
bin of BESS 1995 flux actually covers from 1.28–1.40 GeV.

BESS 1997 BESS 1995 BESS 1997 1 1995
T (GeV) Np̄ Tp̄ p̄ flux p̄!p ratio Np̄ Tp̄ p̄ flux Tp̄ p̄ flux p̄!p ratio

0.18–0.28 4 0.21 0.7410.5810.12
20.3420.12 0.4410.3410.08

20.2020.08 3 0.24 1.7511.4110.37
21.1320.37 0.22 1.0010.5110.18

20.4220.18 0.5110.3110.08
20.1920.08

0.28–0.40 9 0.35 1.0510.5110.12
20.3620.12 0.5210.2510.08

20.1820.08 3 0.34 1.0010.8610.14
20.6620.14 0.35 1.0410.4310.12

20.3120.12 0.5210.2210.06
20.1620.06

0.40–0.56 16 0.49 1.2310.4510.13
20.3420.13 0.6710.2410.10

20.1820.10 6 0.49 1.4010.8710.17
20.5820.17 0.49 1.2710.3710.14

20.3220.14 0.7010.2210.08
20.1620.08

0.56–0.78 31 0.66 1.6310.4110.16
20.3720.16 1.0110.2610.14

20.2320.14 8 0.67 1.2910.6610.14
20.5420.14 0.66 1.5410.3310.16

20.3020.14 0.9710.2210.10
20.1920.10

0.78–0.92 19 0.85 1.4110.4810.14
20.4220.14 1.1110.3810.16

20.3320.16 6 0.83 1.5711.0710.17
20.7120.17 0.85 1.4410.4410.15

20.3620.15 1.1510.3510.12
20.2920.12

0.92–1.08 16 1.01 0.8310.4210.10
20.3220.10 0.7810.3910.12

20.3020.12 5 0.99 1.0510.8410.12
20.6520.12 1.01 0.8710.3610.10

20.3220.10 0.8210.3510.09
20.2720.09

1.08–1.28 32 1.19 1.6810.4610.15
20.4120.15 1.8610.5010.25

20.4620.25 7 1.18 1.6010.9910.16
20.8220.16 1.19 1.6510.4010.15

20.3620.15 1.8510.4610.18
20.4120.18

1.28–1.52 43 1.40 2.1810.4910.19
20.4420.19 2.8910.6510.38

20.5920.38 5 1.33 1.8711.3510.18
21.0820.18 1.39 2.1310.4320.19

20.3920.18 2.8210.6110.25
20.5420.25

1.52–1.80 51 1.65 2.4510.4810.24
20.4420.24 4.2210.8310.59

20.7620.59 · · · · · · · · · 1.65 2.4510.4810.24
20.4420.24 4.2210.8310.59

20.7620.59
1.80–2.12 51 1.96 2.2710.4510.24

20.4220.24 4.9010.9810.71
20.9020.71 · · · · · · · · · 1.96 2.2710.4510.24

20.4220.24 4.9010.9810.71
20.9020.71

2.12–2.52 64 2.31 2.4010.4210.21
20.3720.21 6.7411.1910.89

21.0320.89 · · · · · · · · · 2.31 2.4010.4210.21
20.3720.21 6.7411.1910.89

21.0320.89
2.52–3.00 56 2.72 2.0210.4010.18

20.3520.18 6.8911.3610.92
21.1920.92 · · · · · · · · · 2.72 2.0210.4010.18

20.3520.18 6.8911.3610.92
21.1920.92

3.00–3.56 23 3.25 1.6510.5610.20
20.4420.20 7.6312.5911.19

22.0421.19 · · · · · · · · · 3.25 1.6510.5610.20
20.4420.20 7.6312.5911.19

22.0421.19

p̄ calculations and in the p̄ interaction losses to which we
attribute 615% relative error. As shown in Table I, the

BESS 1997 fluxes are consistent with the 1995 fluxes in

the overlapping low-energy range (0.2–1.4 GeV). The so-

lar activities at the time of the two flights were both close to

the minimum as shown by world neutron monitors. Vari-

ation in the p̄ flux during the solar minimum period is

expected to be very small [20].

FIG. 3. BESS 1995 1 1997 (solar minimum) antiproton
fluxes at the top of the atmosphere together with previous data.
The error bars represent the quadratic sums of the statistical
and systematic errors. The curves are recent calculations of the
secondary p̄ spectra for the solar minimum period.

Shown in Fig. 3 is the combined BESS (1995 1 1997)
spectrum, in which we detect for the first time a character-

istic peak at 2 GeV of secondary p̄, which clearly is the
dominant component of the cosmic-ray p̄’s.
The measured secondary p̄ spectrum provides crucial

tests of models of propagation and solar modulation since

one has a priori knowledge of the input source spectrum

for the secondary p̄, which can be calculated by combining
the measured proton and helium spectra with the accelera-

tor data on the p̄ production. The distinct peak structure

of the p̄ spectrum also has clear advantages in these tests

over the monotonic (and unknown) source spectra of other

cosmic rays.

Also shown in Fig. 3 are recent theoretical curves for

the secondary p̄ at the solar minimum (solar modula-

tion parameter f ! 370 550 MV, or current sheet tilt
angle ! 10± and positive solar polarity) calculated in
the diffusion model [21,22] and the leaky box model

[23,24], in which the propagation parameters (diffusion

coefficient or escape length) are deduced by fitting various

data on cosmic-ray nuclei, such as the boron!carbon
ratio, under the assumption that the different cosmic-

ray species (nuclei, proton, and p̄) undergo a universal
propagation process. All these calculations use as es-

sential inputs recently measured proton spectra [27–29],

which are significantly (by a factor of 1.4–1.6) lower

than previous data [30] in the energy range (10–50 GeV)

relevant to the p̄ production.

These calculations reproduce our spectrum at the peak

region remarkably well within their 615% estimated ac-

curacy [24]. This implies that the propagation models are

basically correct and that different cosmic-ray species un-

dergo a universal propagation process.

At low energies, the calculations predict somewhat

diverse spectra reflecting various uncertainties, which

presently make it difficult to draw any conclusion on

1080

height of flight = 38 km  (top of atmosphere)

http://arxiv.org/abs/astro-ph/9809101

subsidiary result (data+propagation model) = 𝛕(p̄) > 1.7 Myr

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

 - SEARCH FOR PRIMARY ANTIMATTER  
e+, p̄, anti-alpha 
Note : positrons are difficult to measure/interpret:  
        - radiative losses close to sources 
        - possibility of primary positron cosmic rays 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Space experiments

Similar findings with antiprotons  -> STAY TUNED!

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

 - 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)  
 

Dirac Nobel lecture 1933 
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Cosmological Models
Big Bang Nucleosynthesis 
Existence of antimatter during nucleosynthesis would have affected the 
formation of nuclei (annihilation, formation of pp̄ etc.., annihilation gamma 
rays would photodesintegrate etc)

 
Estimate the baryon density from SBBN and CMB  
 
 
Photons are final products of annihilation processes
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Summary of  Lecture #1
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



Chloé Malbrunot ISOLDE Seminar June 2017  30

Summary of  Lecture #1
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

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


