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Matter, anti-
matter & the 
SM
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https://en.wikipedia.org/wiki/Girl_before_a_Mirror

Experimental aspects covered by Andrii Usachov



Innovation:  today I will start with a question

Most particle physics lectures 
start with the Standard Model
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Do we actually know what the universe is made of?
The origin of matter
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Do we actually know what the universe is made of?
The origin of matter
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http://abyss.uoregon.edu/~js/cosmo/lectures/lec22.html

"The Essential Cosmic Perspective", by Bennett et al.

Disclaimer: I’m not a cosmologist



The origin of matter
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"The Essential Cosmic Perspective", by Bennett et al.

Disclaimer: I’m not a cosmologist

How??

Do we actually know what the universe is made of?how ?
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the follow up question is

Can particle physics provide an answer?

Ok, I was bluffing!  
          Of course I start with the standard model



elementary particles and their masses
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Flavour structure: three generations
Elementary particles: what are they?

Matter particles: three copies 
with same quantum numbers


(three generations)
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Matter particles: three copies 
with same quantum numbers


(three generations)

— different  flavours —


the “copies” :

utterly different masses


identical in almost 
everything else

Flavour structure: three generations
Elementary particles: what are they?

“Up-type” quark       


“Down-type” quark    


➠

➠
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Second and third generation decay

Tau 290x10-15 
Muon 2.197x10-6 
Electron > 6.6 1028 

elementary matter particles of higher 
generations “disintegrate” instantly


e.g. lepton lifetimes: 

(electrons stable!)

Elementary particles: what are they?
Flavour structure: three generations
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Only first generation is stable :


only “good material” to form 
atoms and all visible matter!

https://particleadventure.org/
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Only first generation is stable :


only “good material” to form 
atoms and all visible matter!

https://particleadventure.org/

If only one generation is needed to form matter 

why do we have 3?


are there “new generations” to be discovered?

?

A fascinating mystery of the Standard Model

Elementary particles: what are they?
Flavour structure: three generations



elementary particles and  
their interactions
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elementary particles and  
their interactions
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electroweak



Flavour structure and quarks
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a  quark  “born”  of a given flavour 


can “die” a different flavour

Neutron β-decay

via interaction



Flavour structure and quarks
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a  quark  “born”  of a given flavour 


can “die” a different flavour

Neutron β-decay

via interaction

e = 2/3

e = -1

e = -1/3

electrical charge

conserved in the transition



Mass versus interaction eigenstates
Flavour structure and quarks
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a  quark  “born”  of a given flavour 


can “die” a different flavour

mass eigenstate

interaction eigenstate

via interaction

≠

Neutron β-decay

electrical charge

conserved in the transition

e = 2/3

e = -1

e = -1/3



“Interaction strength”
{Parenthesis for jargon clarification}
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Neutron β-decay

We call “interaction strength”

the probability that      occurs

This probability is key input 

to calculations 


e.g. how often a process like


   n→p e ν

occurs



History of quark mixing
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some history



History of quark mixing
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same electroweak interaction via W boson exchange

some history



History of quark mixing
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• d and s are two “copies” of the same ‘object’ (“down-type” quarks)


• interaction strength :        the same (right?)

some history



History of quark mixing
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• d and s are two “copies” of the same ‘object’ (“down-type” quarks)


• interaction strength :        the same (right?)NOT

20x more likely than

some history

Ahn?!



• Interacting quarks  = superposition of ‘mass quarks’ quantum states
History of quark mixing
Cabibbo’s idea   (1963)
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some history



• Interacting quarks  = superposition of ‘mass quarks’ quantum states
History of quark mixing
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some history

https://twitter.com/flippyfeets/status/988771139517231105

why 
not?!

Cabibbo’s idea   (1963)

like cats when they 
enter in a box



• Interacting quarks  = superposition of ‘mass quarks’ quantum states
History of quark mixing
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some history

Mass eigenstates

Cabibbo’s idea   (1963)



• Interacting quarks  = superposition of ‘mass quarks’ quantum states
History of quark mixing
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some history

Mass eigenstates

Interaction eigensta
tes

when interacting

via W,  Quantum 


states                become         

Cabibbo’s idea   (1963)



• Interaction states instead of mass states: 
“Corrected” interaction strengths
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some history

Cabibbo’s idea   (1963)



• Interaction states instead of mass states: 
“Corrected” interaction strengths
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some history

becomes

Cabibbo’s idea   (1963)



• Interaction states instead of mass states: 
“Corrected” interaction strengths
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some history

becomes

becomes

Cabibbo’s idea   (1963)



• Interaction states instead of mass states: 
“Corrected” interaction strengths
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some history

becomes

becomes

with θc = 13.1


cos2θc /sin2θc  ≅ 20 

Experimental mystery solved!    
this +many other ‘puzzles’ solved, 1 example for sake of time 

Cabibbo’s idea   (1963)



Brilliant idea - but no Nobel prize
https://physicsworld.com/a/overlooked-for-the-nobel-nicola-cabibbo/
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Kobayashi and Maskawa got it instead
Brilliant idea - but no Nobel prize

https://physicsworld.com/a/overlooked-for-the-nobel-nicola-cabibbo/
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Cabibbo, Kobayashi, Maskawa
… for the CKM matrix: whole picture
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what does it have to do with 
the initial matter-antimatter issue?
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A few possible mixings

What does it have to do with anti-matter?

35

W

bt

d     s     b
u    

c

t

Vtb
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A few possible mixings

What does it have to do with anti-matter?
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A few possible mixings

What does it have to do with anti-matter?
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In the Standard Model , particles are transformed

What does it have to do with anti-matter?
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into anti-particles via mixing!

d
_

particle anti-particle

B0d
__

B0d B0d
__

**



Meson Bs turns into its anti-particle via mixing

What does it have to do with anti-matter?
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particle
anti-particle

*

 



Meson Bs turns into its anti-particle via mixing

What does it have to do with anti-matter?
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particle
anti-particle

The LHCb experiment is specialised in transforming  
matter in antimatter (via mixing) in a controlled way



Quantum mechanics in action, see with bare eyes
LHCb measurement
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Nikhef/VU PhD thesis: Michele Veronesi 
https://cds.cern.ch/record/2790773?ln=en



what else can mixing or, the SM  
say about matter-antimatter?
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Quark-antiquark transition probabilities
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Quark-antiquark transition probabilities
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Excellent starting point to understand why 
amounts of matter-antimatter differ in nature

complex matrix!!!

q→q  ≠  q→q — —

“CP-violation”!



llllllllooooops
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probe higher masses
Loops: quantum fluctuations
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A d quark

“giving birth” to 


a top quark?

**



probe higher masses
Loops: quantum fluctuations
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A d quark

“giving birth” to 


a top quark?

**

Orders of 
magnitude 

difference

Mass of elementary particles : 
(log scale)



probe higher masses
Loops: quantum fluctuations
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A d quark

“giving birth” to 


a top quark?
Mother

Son
**



probe higher masses
Loops: quantum fluctuations
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A d quark

“giving birth” to 


a top quark?
Mother

Son
**

Possible, as long


as “elephant” =


quantum fluctuation 


not on its mass shell



probe higher masses: Bs→μμ example
Loops: quantum fluctuations
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• Interaction strength: each vertex


• Extremely low-probability decay


• 1 time every 10-9 of all Bs


• No “direct decay” possible


•  must involve a loop



probe higher masses: Bs→μμ example
Loops: quantum fluctuations
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• Interaction strength: each vertex


• Extremely low-probability decay


• 1 time every 10-9 of all Bs


• No “direct decay” possible


•  must involve a loop

Excellent testing ground for new physics

Look carefully: loop may be hiding a heavy new physics particle



Bs→μμ example
Decay rates involving loop
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Summary  
Matter, anti-matter & the SM
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https://en.wikipedia.org/wiki/Girl_before_a_Mirror

• An obvious, fundamental question begging for an answer

• Observations from particle accelerator vs cosmology are complementary


• Our contribution : controlled production of anti-matter in the laboratory

• LHCb experiment an excellent testing ground for matter-antimatter studies


• Extremely heavy particles can be produced via quantum fluctuation in  loops

• LHCb experiment an excellent testing ground for detecting new physics



Extra slides
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C P T 

the three 
symmetries
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https://en.wikipedia.org/wiki/Girl_before_a_Mirror



How was that again?
Charge conjugation, Parity, Time reversal
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Charge conjugation:  
transforms a particle and it’s anti-particle

Parity transformation:  
transforms a right-handed 
particle into left-handed

more than electrical charge flip

more than simple mirror image

Time reversal:  
changes e.g. the particle’s

direction of motion



Conserved or not conserved?!
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β decay of polarized 60-Cobalt nuclei
The Wu experiment
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• Cobalt : spin 5


• Nickel : spin 4


• electron: spin 1/2


• anti-neutrino: spin 1/2

A left-handed neutrino

In case of parity-conserving decay:

same amounts of left- and right-


handed particles is produced


Check the direction of the electron!!

A right-handed neutrino



Particle fields : “spinors”
Charge conjugation operator
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Charge conjugation operator is defined as

Completing the table: 
C, P, T



Recall Particle Physics I — check lecture notes
Charge conjugation
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For mesons what are their own antiparticles (qqbar):  C = (-1) L+S where L = angular momentum, S=spin eigenvalues


Example: π0 has spin 0 :  C |π0> = +1


From symmetry of electromagnetic fields: photon has C = -1

 C |π+> = C |ud> = |ud>   ➨   q’q  not eigenstates of C
__ _



Parity of fermions Pf = +1                     Parity of bosons = Parity of anti-bosons         

Parity of antifermions Pf ̄ = −1

• Parity is a multiplicative quantum number for composites
• For composite AB the parity is P(A)*P(B), Thus: 
• Baryons have P=1*1*1=1, anti-baryons have P=-1*-1*-1=-1
• (Anti-)mesons have P=1*-1 = -1

• Excited states (with orbital angular momentum)
• Get an extra factor  (-1) l where l is the orbital L quantum number
• Note that parity formalism is parallel to total angular momentum J=L+S formalism, it has an intrinsic component and 

an orbital component

• Photon (spin-1, see table 2 pages before) : intrinsic P of -1

and intrinsic parity
How to compute P eigenstates
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