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Outline

e Charge conjugation and parity: Why should we care?
e The Standard Model of particle interactions.

e The strong interaction and Lattice QCD.



Part I. Charge conjugation and parity



Once upon a time.....
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Charge conjugation: Does it worry you?

q q

e Relativity — particle/anti-particle.
e Matter and anti-matter annihilate into radiation.
e Why do we exist?

e More matters than anti-matters at this corner of the Uni-
verse...



Suppose In a science fiction.....
e Our civilisation is in touch with an alien civilisation.
e We have been *“talking” via radiation.

e We finally decide to physically meet our friends.

Well, there is a problem.

Our dear friends might be made of anti-matters....



So, this might happen...




Violation of charge-conjugation
e C is violated by “weak interactions’ .

e So is parity (mirror reflection) though.....

z

e CP, however, is conserved for most weak-interaction processes.

e C and P are purely defined by convention.



Difficulties in commmunications......

v is always left-handed while v is always right-handed.
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e Earth: The = that decays into left-handed v, carries positive
charge.

e Planet X: But what do you mean by ‘“left"”?



T hanks to CP violation!

K is its own anti-particle.

It decays into both nte 7, and 7 eTw,

But it decays slightly less often into n#te v, (CP violation).
So now, we can proceed.

Earth: The & resulted by the less often K; decay mode carries
the same charge as the proton.

Planet X: Thanks, mate!



Sakharov 1967

Matter/anti-matter asymmetry can occur only if
e Baryon number is violated
e [ hermal equilibrium is not respected by interactions.
e CP is violated

Enough CP violation in the theory of particle interactions?



Part II. the Standard Model



Standard Model of

FUNDAMENTAL PARTICLES AND INTERACTIONS

The Standard Model summarizes the current knowledge in Particle Physics. It is the quantum theory that includes the theory of strong interactions (quantum chromodynamics or QCD) and the unified
theory of weak and electromagnetic interactions (electroweak). Gravity is included on this chart because it is one of the fundamental interactions even though not part of the “Standard Model.”
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Color Charge
Each quark carries one of three types of
“strong charge,” also called “color charge.”
u These charges have nothing to do with the
colors of visible light. There are eight possible
s types of color charge for gluons. Just as electri-
Neutron cally-charged particles interact by exchanging photons, in strong interactions color-charged par-
ticles interact by exchanging gluons. Leptons, photons, and W and Z bosons have no strong
interactions and hence no color charge.
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Quarks Confined in Mesons and Baryons

One cannot isolate quarks and gluons; they are confined in color-neutral particles called
hadrons. This confinement (binding) results from multiple exchanges of gluons among the
color-charged constituents. As color-charged particles (quarks and gluons) move apart, the ener-
gy in the color-force field between them increases. This energy eventually is converted into addi-
tional quark-antiquark pairs (see figure below). The quarks and antiquarks then combine into
hadrons; these are the particles seen to emerge. Two types of hadrons have been observed in
nature: mesons gg and baryons gqq.

T tau Size ~ 10-15m

Atom

Size~10"1m

Spin is the intrinsic angular momentum of particles. Spin is given in units of i, which is the

quantum unit of angular momentum, where fi = h/2r = 6.58x10725 GeV s = 1.05x10-34 J s. I the protons and neutrons in this picture were 10 cm across,
then the quarks and electrons would be less than 0.1 mm in

& " o " size and the entire atom would be about 10 km across.

Electric charges are given in units of the proton’s charge. In SI units the electric charge of

the proton is 1.60x10~19 coulombs.

The energy unit of particle physics is the electronvolt (eV), the energy gained by one elec- Residual Strong Interaction

tron in crossing a potential difference of one volt. Masses are given in GeV/c2 (remember
E=mc?), where 1 GeV = 109 eV = 1.60x10~? joule. The mass of the proton is 0.938 GeV/c2
67x1072 kg.

The strong binding of color-neutral protons and neutrons to form nuclei is due to residual
strong interactions between their color-charged constituents. It is similar to the residual elec-
trical interaction that binds electrically neutral atoms to form molecules. It can also be

PROPERTI ES OF TH E I NTERACTIONS viewed as the exchange of mesons between the hadrons.

Interaction
Gravitational Stra

Mesons qq
Mesons are bosonic hadrons.
There are about 140 types of mesons.

Baryons qqq and Antibaryons qqq

Baryons are fermionic hadrons.
There are about 120 types of baryons. Property

Fundamental

Quark  Electric  Mass

See Residual Strong
content  charge = GeV/c?

Interaction Note

Symbol | Name  Quark E,"‘f;': e Acts on: Mass — Energy Flavor Electric Charge Color Charge Symbol  Name

Particles experiencin All Quarks, Leptons Electrically charged Quarks, Gluons Hadrons
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(not yet observed) w+ w- 20 y
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for two u quarks at:

- 4 3x10-7 m 1074 10-4 1
1

1038 1077

Particles mediating: Gluons Mesons

25 Not applicable
to quarks

60
Not applicable

to hadrons 20

for two protons in nucleus
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Visit the award-winning web feature The Particle Adventure at
http://ParticleAdventure.org
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Particle and antiparticle have identical mass and spin but opposite
charges. Some electrically neutral bosons (e.g., 2, v, and m = cC, but not N
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Figures
These diagrams are an artist's conception of physical processes. They are
not exact and have no meaningful scale. Green shaded areas represent
the cloud of gluons or the gluon field, and red lines the quark paths.

An electron and positron ’—0
(antielectron) colliding at high energy can B
annihilate to produce B9 and B° mesons
via a virtual Z boson or a virtual photon.

A neutron decays to a proton, an electron,
and an antineutrino via a virtual (mediating)
W boson. This is neutron s decay.




ELEMENTARY
PARTICLES

And the (yet) unobserved Higgs particles.



T he mass scales

Myy

e Leptons are not shown explicitly.

e From almost zero to around 100 GeV.



It iIs a quantum field theory

Or, rather,three quantum field theories
Quantum mechanics: signature of a particle in space-time
— [z, p] = 1.
How to describe particle creation and annihilation?
QFT: signature of a particle in field configurations

— ¢, ] = 4.

— T he second quantisation.
C — complex conjugate.

The Feynman path integral formulation can be derived.



Weak interactions amongst quarks
The study of quark-flavour mixing

e T he six flavours of quarks:
u2/3 c2/3 +2/3
() (5n) (),
e [he up-type and down-type quarks:

U2/3 d—1/3
u2/3 — C2/3 1 D—1/3 — 8_1/3 .
t2/3 b—1/3

e Flavour-changing neutral processes are observed to be very
small.



The unitary Cabibbo-Kobayashi-Maskawa
matrix

d/ Vud Vus Vub d R 1/3
S = Va Vo Voo || s |=VekmD = (D)7
b’ Vie Vis Vi b

e Quark-flavour mixing in the Standard Model:

U3, (1 —~s) (D)3,

e Notice

) e = ooy



T he Wolfenstein parameterisation

Three “angles’” and one complex phase in the CKM matrix

1— %2 A AX3(p —in)
Vekm = —A — /\_%2 AMN? + O\Y).
AXN3(1 — p—in) —AX 1

Unitarity implies Vi Vig + Vi Veg 4 Vi Vig = 0.

= (p+in) + (1 —p—in) = 1.

CKM matrix elements are input parameters to be determined.



The b—d unitarity triangle
(p+in) + (1 —p—in) = 1.

BC = 1.

AB ~ |Via/Ve|, AC ~ |Vip/ Vel

B = —arg(Viq), v =arg(V}).

The goal of CKM physics:

Accurately (over-)determine the CKM matrix elements to
test the Standard Model and physics beyond it.



Difficulties in CKM physics

e Probing physics at scale > My ~ 80 GeV via experiments at
a few GeV

— High-precision is required in both experiments and theory.

e Quarks are bound with gluons into hadrons via the strong
interaction.




Quantum Chromodynamics
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Quark confinement
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Strategy in CKM physics

Iong—distja\nce QCD
e A(B—H)=  Cij(Vckm, Mw, p) (H|O(u)|B)

includes short—distance QCD

e Factorise short- and long-distance physics.
e Short-distance physics in QCD is calculated perturbatively.

e Use non-perturbative techniques reliable to scale wu.



The global CKM fit

Exp = V;; (short-distance)®(long-distance QCD matrix element)
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Lattice QCD working with experiments

10 = 1 = T
[ 1988 [ 1995 | 2003

05| - 05|

Lattice QCD — From first principles.

Impressive progress.

e On-going efforts to pursue high precision in ‘“’sides’.

e Need new ideas for “angles'’.



Part III. Lattice QCD
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Mesons on a lattice

U,(z) = e'94u@) () U, () = e 9@ ) (x)

Light-light meson Heavy-light meson






T he pion correlator

2V v

% gauge
+det

Cr(T) = — <Z uysd(Z, T) J’YSU(O)>

= —— DU-—[ Dqu_e_Sga“ge_j; 2, AP+m)a Z uysd(Z, ) dysu(0)

q x

. 1 r m e—Sgauge 1 -
- Z/DUI.det(W_ 2 ;Tr [%(124-%)3;0%(?4‘%)096]




Numerical calculations — Steps

Monte Carlo methods for generating gauge-field distributions.

Quarks will “propagate on these distributions’.

— Need to invert a matrix of the order 303 x 60 x 12.
Put things together to get quark-gluon bound states.

Data analysis — Statistics.



Effective Field Theory for Lattice QCD

e Relies on symmetries of QCD.

e QCD exhibits very interesting/complicated symmetry patterns
- When mquark e O
- When mquark — OQ.

— and don’t forget Aqcp.

e EFT predicts how quantities vary w.r.t. quark masses in these
limits.



HL mesons in finite L (T — o0)

Pions wrapping the world

D.Arndt and C.-J.D.L., 2004.

o= 2MzL o~ MnL | T oMzl o—2MzL

2M L ML ML 2M - L
e ¢ e o ’ -
= 2L —L 2L 3L ...



Future research interests

Physics beyond the SM at the LHC @ CERN, Geneva.



Specific topics
e Polarised A, baryons

—Different types of couplings for new particles.

e Composite Higgs particles
— Mechanism of generating masses for observed particles.
— Strongly coupled fermions at TeV scale.

— Spectrum of QCD-like theories at the LHC energy level.



