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Most people have little to no idea, 
how well we understand Nature…
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+

Electron and Positron anomalous magnetic moments

Einstein’s Special Relativity + known forces of Nature:

Gabrielse et al, PRL 130 (2023)

In the smallest…..

Electron is pointlike with size Most precise quantity we can predict and measure.
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All of this is governed by… 

Most universal

Most precise

*
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Requires (min.) 27 parameters
“constants of Nature”

Most successfull model ever
More than two dozens Nobel prices
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Requires (min.) 27 parameters
“constants of Nature”

Most successfull model ever
More than two dozens Nobel prices

Incl.(min.) 1 known parameter for 
Matter-Antimatter Symmetry Violation 

(“CP Violation‘‘)
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22 out of 27 required parameters correspond to couplings of the Higgs field!

Matter particle (Fermion) masses Matter particle (Fermion) “mixings“
including

Quar
ks

Lep
ton

s

known
10 of 10 
parameters 
for Quarks

known
8 of 10..12? 
parameters 
for Leptons
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The Flavor Puzzle
● Why exactly three generations of Fermions (matter)?

● What explains their pattern of hierarchical masses and mixings?
● Understanding = Need fewer parameters ⟹ Testable predictions.

?
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Direct measurement of Higgs coupling 
to t-, b-quark, , , next: c-quark, … τ μ

After Higgs discovery 2012...
...many equally important epochal discoveries!

Experimental progress
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Direct measurement of Higgs coupling 
to t-, b-quark, , , next: c-quark, … τ μ

After Higgs discovery 2012...
...many equally important epochal discoveries!

All consistent with the SM, re-emphasize the flavor puzzle,
...confirming that we actually address the correct puzzle!

Experimental progress
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Experiments have beautifully delivered, for quarks, all data (10/10) is on the table!

At this point, the flavor puzzle is: 
An “open book exam” in pattern recognition!

However, just throwing AI at this may not help.  
What data/models to train the algorithm on?

At the boundary of knowledge, there is no training data!
This one may require real intelligence.

The Flavor Puzzle

Currently, there is no known model of Flavor that does better than the Standard Model.
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Currently there is a whole new frontier opening up:
Rethink Particle Physics using tools of Quantum Information Theory

Turns out:

Quark flavor parameters can be understood as 4 qutrit states:

Bento, Silva, AT JHEP 01 (2024) 024

A route not explored so far: Quantum Information Theory and the Flavor puzzle
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Currently there is a whole new frontier opening up:
Rethink Particle Physics using tools of Quantum Information Theory

Turns out:

Quark flavor parameters can be understood as 4 qutrit states:

In fact, this corresponds to two, 8-dim. real “octet qudits“

Using these, we have formulated the (quark) flavor puzzle in ten
non-perturbative, parametrization independent, orthogonal invariants and measured their correlation.

Bento, Silva, AT JHEP 01 (2024) 024

A route not explored so far: Quantum Information Theory and the Flavor puzzle

Open question: 
What is the relative entropy of the observed state?The a priori independent invariants 

show strong corrleation
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A hint that this might not be an entirely stupid:

For the Higgs mass (another one of the 27 parameters)

one can play the following game: 

All possible two body decays of the Higgs boson

[D. d’Enterria, 1208.1993]
[Alves, Dias, Silva Physica A 420 (2015) & NPB 959 (2020)]
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A hint that this might not be an entirely stupid:

For the Higgs mass (another one of the 27 parameters)

one can play the following game: 

All possible two body decays of the Higgs boson

Define: “Entropy in Higgs decays“,

‚Maximum Entropy principle’:
Latest measurements:

[D. d’Enterria, 1208.1993]
[Alves, Dias, Silva Physica A 420 (2015) & NPB 959 (2020)]

Presently, this is a “curious observation“, 
not clear what it really means.
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- Neutrino masses

- CPV in Leptons

- Nature of neutrinos (Dirac vs. Majorana)

- Cosmic Neutrino Background… 

Future “guaranteed“ awaited measurements/discoveries:

Besides new colliders, “take what Nature gives us“:
Cosmic rays, Cosmology, 

Gravitational waves (BH/NS mergers, phase transitions) 

Open questions awaiting experimental results

And new machines:

By 2040: 40x #of H’s

Note: There will not be a single discovery that 
explains all of our puzzles. 

It will require especially theoretical progress!
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All the knowledge gathered allows us just now to be sure we adress the “real puzzle”

Today again, there might be some double delusion: 
“The more we have measured the more we are done.”

“SM is complete in terms of particle content = bad news?”

In my view (and history tells us), exactly the opposite: 
The better we understand things, the closer we get to a leap in solving the puzzles we are facing!

“[…] the grand underlying principles have been firmly established, 
[…] the future of physical science are to be looked for in the sixth place of decimals.” 

Albert A. Michelson, 1894

Final remarks

 You are welcome to join the effort!

131 years before “100th’s anniversay” 
of Quantum Mechanics `25  
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Thank you!
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