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Outline

• Charge conjugation and parity: Why should we care?

• The Standard Model of particle interactions.

• The strong interaction and Lattice QCD.



Part I. Charge conjugation and parity



Once upon a time.....



Charge conjugation: Does it worry you?
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• Relativity → particle/anti-particle.

• Matter and anti-matter annihilate into radiation.

• Why do we exist?

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



Suppose in a science fiction.....

• Our civilisation is in touch with an alien civilisation.

• We have been “talking” via radiation.

• 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

• C is violated by “weak interactions”.

• So is parity (mirror reflection) though.....
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• CP, however, is conserved for most weak-interaction processes.

• C and P are purely defined by convention.



Difficulties in communications......

ν is always left-handed while ν̄ is always right-handed.
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• Earth: The π that decays into left-handed νµ carries positive
charge.

• Planet X: But what do you mean by “left”?



Thanks to CP violation!

• KL is its own anti-particle.

• It decays into both π+e−ν̄e and π−e+νe

• But it decays slightly less often into π+e−ν̄e (CP violation).

So now, we can proceed.

• Earth: The π resulted by the less often KL decay mode carries
the same charge as the proton.

• Planet X: Thanks, mate!



Sakharov 1967

Matter/anti-matter asymmetry can occur only if

• Baryon number is violated

• Thermal equilibrium is not respected by interactions.

• CP is violated

Enough CP violation in the theory of particle interactions?



Part II. the Standard Model





And the (yet) unobserved Higgs particles.



The mass scales

MW

mb

mc

ΛQCD, Mp, Mρ, . . .

Mπ, MK, Mη

• Leptons are not shown explicitly.

• From almost zero to around 100 GeV.



It is a quantum field theory

Or, rather,three quantum field theories

• Quantum mechanics: signature of a particle in space-time

→ [x, p] = i.

• How to describe particle creation and annihilation?

• QFT: signature of a particle in field configurations

→ [φ, πφ] = i.

→ The second quantisation.

• C → complex conjugate.

• The Feynman path integral formulation can be derived.



Weak interactions amongst quarks
The study of quark-flavour mixing

• The six flavours of quarks:

(
u2/3

d−1/3

) (
c2/3

s−1/3

) (
t2/3

b−1/3

)
.

• The up-type and down-type quarks:

U2/3 =

 u2/3

c2/3

t2/3

, D−1/3 =

 d−1/3

s−1/3

b−1/3

.

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



The unitary Cabibbo-Kobayashi-Maskawa
matrix

 d′

s′

b′

 =

 Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb

  d
s
b

 ≡ V̂CKMD−1/3 =
(
D′)−1/3

.

• Quark-flavour mixing in the Standard Model:

U2/3γµ(1− γ5) (D′)−1/3 .

• Notice

(
D′

)−1/3
Γ(D′)−1/3 =

(
D

)−1/3
Γ(D)−1/3.



The Wolfenstein parameterisation

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

V̂CKM =

 1− λ2

2
λ Aλ3(ρ− iη)

−λ 1− λ2

2
Aλ2

Aλ3(1− ρ− iη) −Aλ2 1

 +O(λ4).

Unitarity implies V ∗
ubVud + V ∗

cbVcd + V ∗
tbVtd = 0.

⇒ (ρ+ iη) + (1− ρ− iη) = 1.

CKM matrix elements are input parameters to be determined.



The b−d unitarity triangle

(ρ+ iη) + (1− ρ− iη) = 1.

ρ+iη 1−ρ−iη

βγ

α

C=(0,0) B=(1,0)

A=(ρ,η)

BC = 1.

AB ∼ |Vtd/Vcb|, AC ∼ |Vub/Vcb|.

β = −arg(Vtd), γ =arg(V ∗
ub).

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

• Probing physics at scale � MW ∼ 80 GeV via experiments at
a few GeV

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

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



Quantum Chromodynamics
coupling constant



Quark confinement



Strategy in CKM physics

• A(B → H) = Cij(VCKM,MW , µ)︸ ︷︷ ︸
includes short−distance QCD

long−distance QCD︷ ︸︸ ︷
〈H|O(µ)|B〉

B π

π

W
B π

π

OPE

• Factorise short- and long-distance physics.

• Short-distance physics in QCD is calculated perturbatively.

• Use non-perturbative techniques reliable to scale µ.



The global CKM fit

Exp = Vij (short-distance)⊗(long-distance QCD matrix element)
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Lattice QCD working with experiments

0

0.5

1

-1 -0.5 0 0.5 1

ρ
_

η_

0

0.5

1

-1 -0.5 0 0.5 1

ρ
_

η_

0

0.5

1

-1 -0.5 0 0.5 1

ρ
_

η_

• Lattice QCD → From first principles.

• Impressive progress.

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

• Need new ideas for “angles”.



Part III. Lattice QCD
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Uµ(x) = eiagAµ(x) ψ(x)



Mesons on a lattice
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Light-light meson Heavy-light meson





The pion correlator

 x γγ
5 5Σ 0

gauge
+det

u
V

d
V

Cπ(τ) = −

〈

∑

~x

ūγ5d(~x, τ) d̄γ5u(0)

〉

≡ −

1

Z

∫

DU
∏

q

DqDq̄e
−Sgauge−

∫

x

∑

q
q̄(D/+mq)q

∑

~x

ūγ5d(~x, τ) d̄γ5u(0)

=
1

Z

∫

DU
∏

q

det( /D+mq)e
−Sgauge

∑

~x

Tr

[

γ5

(

1

/D+md

)

x0

γ5

(

1

/D+mu

)

0x

]



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 × 60× 12.

• Put things together to get quark-gluon bound states.

• Data analysis → Statistics.



Effective Field Theory for Lattice QCD

• Relies on symmetries of QCD.

• QCD exhibits very interesting/complicated symmetry patterns

– when mquark → 0.

– when mquark →∞.

– and don’t forget ΛQCD.

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



HL mesons in finite L (T →∞)
Pions wrapping the world

D.Arndt and C.-J.D.L., 2004.
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Future research interests

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



Specific topics

• Polarised Λb baryons

→Different types of couplings for new particles.

• 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.


