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Richard Feynman, https://www.feynmanlectures.caltech.edu/I_52.html






Instruction for Abel Tasman, explorer of Australia (1642): P0G

“Since many rich mines and other treasures have been found in countries
north of the equator between 15° and 40¢° latitude,

there is no doubt that countries alike exist south of
the equator




Instruction for Abel Tasman, explorer of Australia (1642):| .

“Since many rich mines and other treasures have been found in countries
north of the equator between 15° and 40° latitude,

there is no doubt that countries alike exist south of
the equator

(The provinces in Peru and Chili rich of gold and silver, all positioned
south of the equator, are revealing proofs hereof.)”

(And off you go to Australia......)




| law can also be symmetrical
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— Groningen

we cannot test the laws of physics in every point in the universe, can we?!
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EMMY NOETHER (1921)

Mathematical genius




Emmy Noether (1918)

Invariante Variationsprobleme.

(F. Klein zum fiinfzigjdhrigen Doktorjubilium.)
Von
Emmy Noether in Gbdttingen.
Vorgelegt-von F. Klein in der Sitzung vom 26. Juli 1918?).

Es handelt sich um Variationsprobleme, die eine kontinuier-
liche Gruppe (im Lieschen Sinne) gestatten; die daraus sich er-
gebenden Folgerungen fiir die zugehdrigen Differentialgleichungen
finden ihren allgemeinsten Ausdruck in den in § 1 formulierten,
in den folgenden Paragraphen bewiesenen Sitzen. Uber diese aus
Variationsproblemen entspringenden Differentialgleichungen lassen
sich viel prézisere Aussagen machen als iiber beliebige, eine Grappe
gestattende Differentialgleichungen, die den Gegenstand der Lieschen
Untersuchungen bilden. Das folgende beruht also auf einer Verbin-
dung der Methoden der formalen Variationsrechnung mit denen der
Lieschen Gruppentheorie. Fiir spezielle Gruppen und Variations-
probleme ist diese Verbindung der Methoden nicht nem; ich er-
wiihne Hamel und Herglotz fiir spezielle endliche, Loremtz und
geine Sokifiler (z. B.-Fokker), Weyl und Klein fiir spezielle unend-
liche Gruppen?®). Insbesondere sind die zweite Kleinsche Note und
die vorliegenden Ausfilhrungen gegenseitig durch einander beein-




“For each symmetry of the Lagrangian, there is a
conserved quantity”

Noether Theorem

oL d(oL
0q dt\aq

4 %

If Lagrangian does not depend on q ... then time derivative is zero (ie. conserved)

Euler-Lagrange equation
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Symmetries

Transformations

Unobservables

Conservation laws
and selection rules

Translation in space
r—r+ A

Absolute position in space

Momentum




Symmetries

Transformations

Unobservables

Conservation laws
and selection rules

Translation in space
r—r+ A

Absolute position in space

Momentum

Translation in time
t—t+ 7T

Absolute time

Energy

Rotation

!/
r—r

Absolute direction in space

Angular momentum

It almost feels as if everything is symmetric?!




Scale: not a symmetry!




Scale up?

> Collapse...

Absolute scale?
> Yes! Atom

AMATCH MADE IN HEAVEN

Single again... man who’s spent 6 years building hisown = * .
Salisbury Cathedral and only needs another 9 tofinish! =+ =~

j ==

Sticking to the task: Model statues
and, above, the real ones in stone

By David Wilkes

ONE day back in 2013, Barry King set
himself quite a challenge - to
create the world’s biggest matchstick
model.

Six very fiddly years, 750,000 matches,
40 litres of glue, around £6,000 and one
relationship later, his replica of Salis-
bury Cathedral is really taking shape.

He has finished the west front,
including details such as the niches
containing statues of priests and wor-
thies connected with the 13th century
cathedral.

He has also painstakingly recreated
the central gable with its four lancet
windows and two quatrefoil windows.

The maintenance man, 49, estimates
he will complete his task sometime in
2028, by when he will have used six
million matchsticks.

That would make him a Guinness
world record holder, taking him past
David Reynolds of Southampton, who

And lo! Barry did a

mighty cathedral build:
Mr King and his matchstick >

model of the Salisbury building

finished his replica of a North Sea oil rig
in 2009 after 15 years and 4.75million
matchsticks.

Mr King, from Amesbury, Wiltshire,
said: ‘I started in earnest six years ago
and progress was good to start with.

‘But when | got into a relationship |
found | wasn’t able to devote a lot of
time to it. Since the relationship ended,
| can now spend my weekends and a
few hours every evening on it.”

He uses tweezers and a craft knife to
whittle the matchsticks to the right size

and shape them as he replicates the
cathedral’s intricate details.

The actual cathedral took slightly
longer to build, its main body being
completed in 38 years from 1220 to 1258
- 23 years longer than Mr King hopes
his model will take.

The model, which will measure 15ft by
9ft when complete, is on show at the
Salisbury Guildhall later this monthina
charity fundraiser.

‘It’'s always been something | want to
be known for doing,’ Mr King said.

Inspiring: The real cathedral

https://www.pressreader.com/uk/scottish-daily-mail/20190801/282222307368402
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Left — right asymmetry?

The Countries With The Most
Left-Handed People

Rate of left-handedness in selected countries”

Netherlands @ D 13.23%
United States £&& 13.10%
Canada (+) I 12.80%
United Kingdom & [ 12.24%
France () [ 11.15%
Germany @ [ 9.83%
Spain & I 9.63%
Indiag 0 ]5.20%
Japan ‘@ [N 4.70%

Q
China @ I 3.50% D®

2

* Data comes from numerous studies over several years
compiled by leftyfretz - e.g. European data is from 2009.
Source: Leftyfretz.com

©@®O statista %a

» The asymmetry is not even (translation) invariant




What is left?




Phone a friendly Martian.

Explain what humans are. Scale is easy to explain.
- me: “Heart is on the left.”

- ET: “Left ?”

19




> Would it work?

» What if it is nuclear powered...?

20




Left — right symmetric?




Left — right symmetric?

€ WeaK nuciear 1orce
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= Antimatter




See talk by Nichol F@[ﬁ@y



Force = interaction = exchange of a particle

strong nuclear

electromagnetic weak nuclear

Graviton? Photon WorZ gluon
apples atoms radioactive nuclei
planets +/- decay

dark matter magnetism neutrino’s

van der Waals

springs A
muscles

25
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Chien-Shiung Wu (1956)

VACUUM
CONNECTION

INDUCTANCE
coiL

Why ?I

» Weak interaction purely
couples to left-handed
neutrino’s
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» Right-handed neutrino’s do
not exist
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Svymmetries

Transformations

Unobservables

Conservation laws
and selection rules

Translation in space
r—r+ A

Absolute position in space

Momentum

Translation in time
=t 471

Absolute time

Energy

Rotation
r—r’
Space inversion
r— —7r
1me reversa

t— — 1

Absolute direction in space
Absolute left or right

A bsolute sign ol time

Angular momentum
Parity

Kramers degeneracy

Sign reversion of charge

= —C

Absolute sign of electric charge

Charge conjugation
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Transformations

Unobservables

Conservation laws
and selection rules

Translation in space
r—r+ A

Absolute position in space

Momentum

Translation in time
=t 471

Absolute time

Energy

Rotation

/
r—

Absolute direction in space

Angular momentum

Space inversion
r— —7T

Absolute left or right

Parity

Time reversal
t— — 1

Absolute sign of time

Kramers degeneracy

Sign reversion of charge
e— —e

Absolute sign of electric charge

Charge conjugation

Particle substitution

P(x) = ¢(2) = ey (a)

Distinguishibility of
identical particles

Absolute phase

Bose or Fermi
statistics

Charge (electric)

—_—  —

O -~

Y— = exp(z‘

Absolute phase

Charge (weak 1sospin)

Absolute phase

Charge (color)




we can tell a Martian where to put the heart: we say,

“Listen, build yourself a magnet, and put the coils in, and
put the current on, and then take some cobalt and
lower the temperature. Arrange the experiment so the
electrons go from the foot to the head, then the
direction in which the current goes through the coils is

the direction that goes in on what we call the right and
comes out on the left.”

30




People believe in symmetry!

Chen Ning Yang Tsung-Dao (T.D.) Lee
Prize share: 1/2 Prize share: 1/2

Vit was assumed almost tacitly, that elementary particle reactions are
symmetric with respect to right and left”

"In fact, most of us were inclined to regard the symmetry of
elementary particles with respect to right and left as a necessary
consequence of the general principle of right-left symmetry of Nature”

"...only Lee and Yang ... asked themselves what kind of experimental
support there was for the assumption that all elementary particle
processes are symmetric with respect to right and left"




» But what if it is nuclear powered...? It would not work

32




CP symmetry?




1) Swap left — right
2) And swap particle — antiparticle!

CP appears to
be preserved
in weak
interaction!

34




CP symmetry -




CP symmetry
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From: https://youtu.be/EIt0Gt9Cb6Q?feature=shared
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Antimatter?




er.around us? A
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Daily business at accelerators

S

NS
S

N O




“"While we speak”
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(a few anti-muons per sec




In your neighbourhood




Antimatter in hospitals
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leptons
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Where did the antimatter go?

10,000,000,001 10,000,000,000
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300,000 year after the BigBang,
the Universe became transparent



After annihilation: 10,000,000 photons & 1 matter particle
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Matter Antimatter

10,000,000,000




Current Research at the Antimatter Factory

Neutral
Xenon Antihydrogen
jet (v~ 0.9¢)
B

ENdjn, A
& Detection
e

Antiproton _,Eg > L T B
Beam (1.9 GeV/c) ——@ :

m

Low Energy Antiproton Ring
pfrom Target
p gef

Experimental area

4 .
/. Electron cooling
’
K —
| S—




AD

p- Production (GeV)
Deceleration (MeV)

Trapping (keV)

Cooling (meV)

p~and e* in mixing trap (cooling)

Antihydrogen formation

Detection of annihilation

Na-22
e* Production (MeV)

Moderation

Accumulation (eV)
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Antimatter cannister




ATRAP, ATHENA
2002:
Production

BASE-STEP (transport)
2023+:
Magnetic moment

AEQIS,
2013:
Gravity

GBAR | Y=,

ALPHA
2011:
Spectroscopy

\ LA %

v 9 W PUMA (transport)
: | B 2023+
g Exotic nuclei

\ &

" ASACUSA
2011:
Anti-protonic He
Mass
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23 sep 2010 19:49:24
Run 79646 Event 143858637




1) Quantify differences between matter and antimatter
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Quark koppelingen:
d s b
r
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Matrix Is unitary:

V*ud V*ca’ V*td
V+V = V*us V*c’s V*ts
’ * *tb

77

I/l us I/ub
Vcd cs Vcb =
V V;\' I/th \

td

U
N

~
~
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Vz;) I/ud I/tb th
VetV ea Vv,




Current Research at LHCb experiment
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Intermezzo: Higgs & gquark interactions?

Yukawa Couplings

Couplings




Intermezzo: How about the leptons?

085 053 0 0.07428 0.2253  0.00347
Uvnvep & | —037 060 071 Verar = | 02252 0.97345 00410

—0.37 0.60 -0.71 0.00862 0.0403  0.999152




the equivalent of the CKM matrix

— Pontecorvo-Maki-Nakagawa-Sakata matrix

— — — — — —

Ve et Uea Ues| [ d'} Ve Vs Vi
Vol = {-*'T,u. | {_»'rp_‘}_' I.--'rp_;?. 15 vs 5 "* = 1;01 1; 3 1;15
i /T I_' .T -1 {_ |.’ -9 I_ _‘."T 9 i /3 b’r .} 1; J 1; . ";b

a completely different hierarchy!

See eq. R. de Adelhart Toorop



http://www.nikhef.nl/pub/services/newbiblio/theses.php

deVoll(sl(rant

Moeder aller deeltjes: de
zoektocht naar de leptoquark

Is het fundamenteelste deeltje in het universum altijd
over het hoofd gezien? Komende week kan de wereld
opgeschud worden, als natuurkundigen in Seoul hun
resultaten bekendmaken. Leptoquark, onthoud dat
woord.

Martijn van Calmthout 29 juni 2018, 11:25

Maar de LHCb-metingen geven al jaren kleine hints dat er iets mis
is met deze keurige lepton-universaliteit. En dat elektronen en
muonen ergens diep van binnen toch net iets anders met quarks
omgaan.

29 Jun 2018

04




KIJK magazine, https://www.kijkmagazine.nl/nieuws/muon-gedraagt-zich-toch-best-normaal-of-is-er-meer-aan-de-han

Muon gedraagt zich toch best

normaal — of is er meer aan
de hand?

Jean-Paul Keulen  29-12-2022 15:00:00 Deelditartikel: 3 W [@

Vervallend B-deeltje in LHCb. Beeld: LHCb/CERN

Een verrassend resultaat uit de deeltjesfysica lijkt te zijn afgeserveerd. Toch zijn er nog

openstaande vragen.

Het gold als een van de interessantste resultaten binnen de deeltjesfysica sinds de ontdekking van het
higgsdeeltje: het feit dat er bij het verval van bepaalde deeltjes minder vaak muonen ontstaan dan je zou
verwachten. Zou die afwijking van onze huidige deeltjestheorie, blootgelegd met het deeltjesexperiment

LHCb, wijzen op het bestaan van nieuwe deeltjes of nieuwe natuurkrachten?

29 Dec 2022

~

“Toch zijn er nog
openstaande vragen”
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= Symmetry

= Not just beautiful...
= Particle Physics

= [s symmetry more than a tool?
= Antimatter

= The absence is a big existential question...

+ why are right-handed couplings absent in the weak interaction?

+ why does only the weak interaction violate P and CP ?

+ why are there precisely 3 generations ?

+ why is electric charge of a down quark precisely 1/3 of the electron charge ?
+ ...

66
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Symmetry and Harmony!
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Backup slides...



Symmetry and particle physics

Complex
Plane 2D~




Symmetric to a change of “phase”?

Yes!

Remember quantum mechanics:
Wave function: Y(x, t) = pltkx—lwt

+00
Expectation value: (0Q) = j Y*(x, t)@lp(x, t)dx
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Symmetry and particle physics

S o e

1. Internal phase angle of a field at different points

Vi JL IR

2.Variation of internal phase angle of a field at different points.

® & - [

3.Variation of internal phase angle of a field at different points is
compensated by gauge field (represented by wavy arrows).

Local Gauge Invariance

4. The original field configuration is restored

https://web2.ph.utexas.edu/~coker2/index.files/gaugef.htm




M POSING
Local Gauge Invariance
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May The Force
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Transformations Unobservables Conservation laws
and selection rules

Translation in space Absolute position in space Momentum

r—r+ A

Translation in time Absolute time Energy

t—=t 4T

Rotation Absolute direction in space Angular momentum

r—r’

Space inversion Absolute left or right Parity

r— —r

Time reversal Absolute sign of time Kramers degeneracy

o e

Sign reversion of charge | Absolute sign of electric charge | Charge conjugation

e— —e

Particle substitution Distinguishibility of Bose or Fermi

identical particles statistics

U(z) — ¢ (x) = e “y(x) || Absolute phase Charge (electric)
Y=y = exp(i Géa ) || Absolute phase Charge (weak isospin)
vy = exp[a;é 0, (x)ﬂaJ v || Absolute phase Charge (color)




» Describes the behaviour of particles



Photons F,,

(Maxwell equations!
E-field, B-field,
electro-magnetic waves,

Particles

(“normal” matter,,
quarks, ...)

-

Interaction s D

(how the partiles %
eachother)

wyeo Mass

(for “normal” particles)




Antimaterie

= Wat is het probleem

= Deel 2: Wat nu?

= Uit de ruimte

= Antiwaterstof

= Antimaterie verschillen




Relativiteitstheorie
van
Einstein

“Relativistisch”

(T
1
N

mc

~ 1920

Quar!tu mmeth;

“Gewoon”
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Relativiteitstheorie
van
Einstein

“Relativistisch”

(T
1
N

mc

~ 1920

“Avaes &
e, s N #F
chrogifger

Quar!tu mmeEHEnit

“GeWOOn "

E—1 2
—va
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Relativiteitstheorie
van
Einstein

“Relativistisch”

E = mc?

(r=0)

~ 1920

<:|Anders! |:>

ChrO lf‘[(:‘gf? A

“Gewoon”
. 1
— —mv
2
a v?
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1928 !

(@

P

+ Bm) ¥

Einstein: :

Antimaterie!

afiy

'Z
Y2
Y3
Va

1

(cipi + 3 'm)2 W

a;
—~
=1

with: 2=1.,2,3

p; + (aicy + ajay) pip; + (i + Bai) pim + \/;31772.2

) -

wl

N

=0 i>j

N

7

~0

=1

u'/,
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Why anti-matter must exist!

Quantum relativity: electron wave function For a moving observer, event B can therefore
canbe outside the light cone happen before event A. The process at B is
(Compton wave length | = h/m.c) then interpreted as 'pair creation’.

“One observer’s electron is the other observer’s positron”




]je

Lood plaat

1936

js

Nobelpr
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Antimaterie

s Deel 2: Wat nu?

= Uit de ruimte

= Antiwaterstof

= Antimaterie verschillen
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Antimaterie

s Deel 2: Wat nu?

= Uit de ruimte

= Antiwaterstof

= Antimaterie verschillen




Uit de ruimte? Het AMS experiment




Anti-protonen?

e Men verwacht anti-protonen uit ster-processen...

Slgn(R)XATRD

-2.5 -2 -1.5 -1 -0.5 0 0.5 1 15 2 2.5
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Anti-protonen?
... maar niet te veel! (ongeveer 1 op de 10,000)

103 — —
6 PAMELA 2012
¢ AMS-02 2015
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& g
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; Uncertainty from: =% Cross-sections >
Propagation
B Primary slopes
Solar modulation
10-°
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Kinetic energy T [GeV]
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https://arxiv.org/abs/1504.04276

Anti-helium 7?? Geruchten...

e AMS-02 schijnt 8 anti-He atomen te hebben gezien...
— 1 anti-He op 100 miljoen He (AMS days La Palma 18 Apr 2018, not published)

— "Should these events be confirmed, their detection would be a
breakthrough discovery, with immediate and considerable implications

onto our current understanding of cosmology”
( )

o Mysterie:
- 3He bevat 3 nucleonen (2 protonen + 1 neutron)
- voor elk extra nucleon, verwacht je 1000x lagere productie

> Maar er zijn geen anti-deuteronen gezien! (1 proton + 1 neutron)
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https://inspirehep.net/literature/1830770

"We then entertain the possibility that these events
originate from anti-matter-dominated regions
- -. In the form of anti-clo@id@s or anti-stars.”
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V.Poulin et al., PoS EPS-HEP2019 (2020) 074

https://inspirehep.net/literature/1830770
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Antimaterie

s Deel 2: Wat nu?

= Uit de ruimte

= Antiwaterstof

= Antimaterie verschillen




= v JIFC)

Reportage

De antimateriefab
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https://www.nrc.nl/nieuws/2019/11/29/de-antimateriefabriek-a3982140
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Het Bernini mysterie
(“Angels & Demons”, 2009)
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https://www.imdb.com/title/tt0808151/
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Antimatter cannister
(“Penning trap”)
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Anti-proton productie
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AD

p- Production (GeV)
Deceleration (MeV)

Trapping (keV)

Cooling (meV)

p~and e* in mixing trap (cooling)

Antihydrogen formation

Detection of annihilation

Na-22
e* Production (MeV)

Moderation

Accumulation (eV)
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Anti-waterstof experimenten

, ) Stoachastic cooling kicker
Antiproton production target
Injection/ejection elements

Decelaeration / bunching RF cavites ;8.




ATRAP, ATHENA BASE-STEP (transport)
2002 2023+:

Productie Magnetisch moment
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Valt antimaterie omhoog?

CPT-Symmetric Situation Not
Apple Anti-Apple Anti-Apple

Anti-Earth




Anti-H detective (AEQIS)

position-sensitive
detector

Anti-
| Hydrogen
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Antimaterie

s Deel 2: Wat nu?

= Uit de ruimte

= Antiwaterstof

= Antimaterie verschillen




Waar is de antimaterie gebleven?

10,000,000,001 10,000,000,000




And rgj% Sacha rov

Andrej Sacharov kwam in 1967 met dit eisenpakket:

1) Er moet een proces zijn dat “Baryon getal” verandert

2) C en CP symmetrie moet geschonden zijn

3) De eisen 1) en 2) gebeuren in de fase zonder “thermisch evenwicht”
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Baryon getal? (= ontstaan of verdwijnen van protonen)
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2) Vind nieuwe deeltjes

1) Vind verschillen tussen materie en anti-materie
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1) Vind verschillen tussen materie en anti-materie
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LHCb: bestuderen van B deeltje
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http://arxiv.org/abs/2012.09903

LHCb: antimaterie verschillen

KO: strange particles || B?: Beauty particles B*,B0: Beauty particles || D9: Charm particles

CP violation in kaon decay CP violation in B? decay CP violation in B*, B.,” decay CP violation in DY decay

kTeV & NA48 BaBar & Belle LHCb LHCb

Phys.Lett.B 465 (1999) 335 Phys.Rev.Lett. 93 (2004) 131801 Phys.Lett.B 712 (2012) 203

Phys.Rev.Lett. 83 (1999) 22 Phys.Rev.Lett. 93 (2004) 191802 Phys.Rev.Lett. 108 (2012) 201601 Phys.Rev.Lett. 122 (2019) 211803
N

v v v v
1964 1999 2001 2004 2012 2019 2021

1 t ),

KO: strange particles || BY: Beauty particles BY.: Beauty particles

CP violation in kaon mixing Time dependent CP violation Time dependent CP violation

Cronin and Fitch BaBar & Belle LHCb
Phys.Rev.Lett. 13 (1964) 138 Phys.Rev.Lett. 87 (2001) 091801/2 JHEP 03 (2021) 075

(ds) 1964 : CP schending met KO (Nobelprijs 1980)
(bd) 2000: CP schending met B° (Nobelprijs 2008)
(bs) 2012: CP schending met B%  (LHCDb)
(cu) 2019: CP schending met D°  (LHCDb)




Nieuwe deeltjes of processen kunnen leiden tot antwoorden!

1) Vind nieuwe deeltjes
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NewsScientist

IDEEEN DIE DE WERELD VERANDEREN

Cern vindt nieuwe hint voor scheurtjes
in standaardmodel

19 april 2017 @ George van Hal

deVoll(sl(rant

CERN is 'voorzichtig
opgewonden' over subtiele
verschillen in deeltjeswereld

Een gevoel van 'voorzichtige opwinding' heeft zich
meester gemaakt van deeltjesfysici van CERN in Genéve.

Dinsdag maakte de LHCb-detector daar bekend subtiele mogelijke hint dat er meer is dan alleen het
verschillen te zien tussen bepaalde deeltjes. De gangbare rdmodel. Beeld: Cern.

deeltjestheorie neemt aan dat deeltjes in essentie

identiek zijn.

Martijn van Calmthout 19 april 2017, 21:29

; b\ b 3
g o i S } %
AN 1.5 | B P
| Pl L

Wellicht is de deeltjeswereld niet zo democratisch als vooraf gedacht werd.

deVoll(sl(rant

Moeder aller deeltjes: de
zoektocht naar de leptoquark

Is het fundamenteelste deeltje in het universum altijd
over het hoofd gezien? Komende week kan de wereld
opgeschud worden, als natuurkundigen in Seoul hun
resultaten bekendmaken. Leptoquark, onthoud dat
woord.

Martijn van Calmthout 29 juni 2018, 11:25
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deVoll(sl(rant

Moeder aller deeltjes: de
zoektocht naar de leptoquark

Is het fundamenteelste deeltje in het universum altijd
over het hoofd gezien? Komende week kan de wereld
opgeschud worden, als natuurkundigen in Seoul hun
resultaten bekendmaken. Leptoquark, onthoud dat
woord.

Martijn van Calmthout 29 juni 2018, 11:25

Maar de LHCb-metingen geven al jaren kleine hints dat er iets mis
is met deze keurige lepton-universaliteit. En dat elektronen en
muonen ergens diep van binnen toch net iets anders met quarks
omgaan.
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CERNCOURIER

VoLumE 55 NUMBER 9 NOVEMBER 2015

Tensions in the Standard Model



LHCb: hot topic




LHCb: hot topic

Flavour changing neutral current electroweak penguin

FCNC EWP




LHCb: hot topic
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The original penguin: A real penguin:

Antistrange

Antistrange
Quark




LHCb: hot topic

BaBar 5
0.1 < ¢%<8.12GeV¥ct
[PRD86032012]

Belle i
1.0 < 42 < 6.0 GeV/ct
[JHEP03(2021)105]

LHCb 5 fb!
1.1< q3 < 6.0 GeV/ct
[PRL122191801]

LHCb O fb!
1.1 < ¢>< 6.0 GeV¥c*
[LHCb-PAPER-2021-004]

SR
SN

Ri  low-g* =0.994" 0%
Ry central-¢> = 0.949M0018
R low-¢* = 0.9274(%

Ry central-g> = 1.027+9477

+ 1+

{ Data
— SM

X>=1.6,p=0812 0=02

Ry low-¢> Ry central-g> Rp+ low-¢° Ry central-¢



KIJK magazine, https://www.kijkmagazine.nl/nieuws/muon-gedraagt-zich-toch-best-normaal-of-is-er-meer-aan-de-han

Muon gedraagt zich toch best

normaal — of is er meer aan
de hand?

Jean-Paul Keulen  29-12-2022 15:00:00 Deelditartikel: 3 W [@

Vervallend B-deeltje in LHCb. Beeld: LHCb/CERN

Een verrassend resultaat uit de deeltjesfysica lijkt te zijn afgeserveerd. Toch zijn er nog

openstaande vragen.

Het gold als een van de interessantste resultaten binnen de deeltjesfysica sinds de ontdekking van het
higgsdeeltje: het feit dat er bij het verval van bepaalde deeltjes minder vaak muonen ontstaan dan je zou
verwachten. Zou die afwijking van onze huidige deeltjestheorie, blootgelegd met het deeltjesexperiment

LHCb, wijzen op het bestaan van nieuwe deeltjes of nieuwe natuurkrachten?

29 Dec 2022

~

“Toch zijn er nog

openstaande vragen”
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Antimaterie

= Deel 2: Wat nu?

= Uit de ruimte

» Antiwaterstof

= Antimaterie verschillen




LHCb: hot topic

SN
SRS

LHCb
0 SM from DHMV

15

q? [GeV¥ 4]




LHCb: hot topic

LHCb15

30

LHCb18

L]

+ Bellel9

Bellel5

Belle17
4+ HFLAV SM Prediction

R(D) = 0.298 +0.004
R(D*) = 0.254 +0.005

SM, 3.3 0

PRD 94 (2016) 094008
PRD 95 (2017) 115008
JHEP 1712 (2017) 060
PLB 795 (2019) 386
PRL 123 (2019) 091801
EPJC 80 (2020) 2, 74

| PRD 105 (2022) 034503

World Average
R(D)=0.339+£0.026 £ 0.014
R(D*)=0.295+0.010+0.010
p=-0.38
P(2) =28%
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NB: contours contain less than 68% CL...




LHCb: hot topic

;

Prelim. 2022

Bellel5
LHCb18

SM, 3.2 0

PRD 94 (2016) 094008
PRD 95 (2017) 115008
JHEP 1712 (2017) 060
PLLB 795 (2019) 386
PRL 123 (2019) 091801
EPJC 80 (2020) 2, 74

l PRD 105 (2022) 034503

1 1 1

Bellel7

4 HFLAV SM Prediction
R(D) =0.298 £ 0.004
R(D*) =0.254 + 0.005

World Average

R(D) =0.358 £ 0.025 £ 0.012
R(D*) = 0.285 £ 0.010 £ 0.008
p=-0.29

P(x?) = 32%
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https://hflav-eos.web.cern.ch/hflav-eos/semi/fall22/html/RDsDsstar/RDRDs.html

deVolkskrant
LH C b _ t k h t 3D Moeder aller deeltjes: de
. Wa dn et Z |J n: zoektocht naar de leptoquark
Is het fundamenteelste deeltje in het universum altijd
over het hoofd gezien? Komende week kan de wereld
opgeschud worden, als natuurkundigen in Seoul hun

resultaten bekendmaken. Leptoquark, onthoud dat
woord.

Martijn van Calmthout 29 juni 2018, 11:25

SU(2)’ Leptoquark

Leptoquark, onthoud dat woord.

M. Van Calmthout
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Take home message

1) LHCDb zoekt verschillen tussen materie en antimaterie

2) LHCb kan zeer zware deeltjes vinden (maar alleen virtueel)

3) Nieuwe deeltjes helpen om grote vragen te beantwoorden




Modelleren van interactie

Standaard Model Bladmuziek (3.S. Bach)
Lagrangiaan bladmuziek
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X+(0°- M’)X++X O M?)x-+)‘<°(az—y—,w’)x°+1?azy+igcww;(a,j°x——

B, X*X°) +igs, W} (8,YX™ — 8,X1Y) +ige, W, (8, X X° — 9, X°X*) +
igsy, W, (0, XY —0,Y X+)+ige, Z3(8, Xt X+ -8, X~ X~ )+1.gsw WO XXt —
0,X"X")— LgM(X* X*H + X~ X~H+ 1 XX H] + 525 igM[X+ X% —
X~ X097 + 5 igM[XOX~ ¢t — XOX ¢~ ]+tha.,,[X°X gt — XOXte]+
LigM[X*X*¢° — X~ X~¢°)
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Schroédinger

(operator acting on wave function y)

Schrodinger vergelijking:

Oplossing:

e(show it is a solution)
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Relativistisch verband tussen E and p:| £ =7+ "

Quantum mechanische substitutie: £_;2 and F— —iV
ot

(operator acting on wave function y)

a9
0~ 9 9

———0=-—-Vo+m° ¢
ot

Klein Gordon vergelijking:

o (D + 7722> o(x) =0

(('ff);,(f)"‘ + 7712) d(x)=0

Oplossing: »(xr) =N e E* =" +m?

Maar: negatieve energie oplossing? ,. — \ﬁ.? — ]7‘12




Paul Dirac zocht een vergelijking, die
= relativistisch correct is,
= Maar lineair in d/dt om negatieve energie te vermijden

= (en lineair in d/dx (or V) vanwege Lorentz covariantie)

Hij vond een vergelijking, die

= spin-1/2 deeltjes bleek te beschrijven en

= het bestaan van anti-deeltjes voorspelde




Hy = (a-p+pm) ¢

H* = (5" +m®) ¥

(aipi + ,Bm)2 W with: i=1,2,3

a? p? + (viaj + ajoy) pip; + (B + Bag) pim + B2 m?|
7 ~ e d I r— eyl
- 0 1> - -

So, Q; and [3 must satisfy:
= (112= (122= (132= B2
" 04,0003, B @anti-commute with each other

= (not a unique choice!)




Hy =(a-p+ pm) ¢

So, O; and [3 must satisfy:

- a12: (122: (132: B2
" 04,0003, B @anti-commute with each other

= (not a unique choice!)




with : * = (3, 3d) Dirac y—matrices

f h 4 3
jili,(;z?;,4 : Z lz d ('7”)jk Oy — méjk] () =0




The famous Dirac equation:

R.I.P. :

Hid = (a-p+ Bm) ¥

(i 0, — m)

with : +* = (3, fa)

0

Dirac y—matrices
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Dirac vergelijking

Schrddinger equation

- Time-dependence of wave function

Klein-Gordon equation

— Relativistic equation of motion of scalar particles

Dirac equation

— Relativistically correct, and linear

— Equation of motion for spin-1/2 particles

— Prediction of anti-matter




