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The three forces in particle
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Nuclei/Nucleons bound < strong force

Quarks interact through gluons

The pion

Made of two quarks

Elementary particles
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Basic properties

. When allowed » J(¢) (angular momentum) conserved

Ng >> e > > Oy,

* Mesons made of g anti-g

~
q
™ @

Even NqQ

 Baryons made of three quarks

Odd Nq
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Basic properties

SM preserves baryon number

O for us 1

BZgZ( ar — Nay)

f

:

QED/QCD preserve flavor
= (NQf o NCYf)

‘_+_

:

QED/QCD preserve parity

.u p
W+
Weak does not H
d Vi
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Basic properties
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Basic properties

e QCD showcases many unique features

- T'he more phase space Is open, they greater the decay

m.. ~ 140 MeV
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Short lived

Long lived
O\ ~_ 1 O\ | 0
|KL>—\/§[K> K>]

erre, — I
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Short lived

Long lived
O\ ~_ 1 O\ | 0
|KL>—\/§[K> K>]

Initial states
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Long lived
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Classify particles using symmetries
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Classify particles using symmetries

()-( ()= (5

My, ~ Mg << My
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Classify particles using symmetries

()-( ()= (5

My, ~ Mg << My

Quarks and anti-quarks

I 1 I 1

U) = 5,—§> Isospin
PN S N T 1\ I3|1,I3) = I3 |1, I)
By =15.-3) |d) =I5, +3) |

Is = Q 2(B+S)

— 37 + 1 [1,13) = /I(I+1)|I,I5)
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Classify particles using symmetries

()-( ()= (5

My, ~ Mg << My

Approximated
My ™~ Mg << Mg << my jg‘],]3>213‘],13>

I3 =Q ;(BJFS)

# mesons

[1,13) = /I(I+1)|I,I5)
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Classify particles using symmetries

My ~ Mg << Mg << My

They are strongly related

Masses

Compsiteness

Sizes

f—— =0
== §v =
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Note: A square-root sign is to be understood over every coefficient, e.g., for —~8/15 read —./8/15.
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my m; | Coefficients
3/2
+1/2 .
3/5) 5/2 3/2
-2/5)-1/2 -1/2
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Pseudo-scalars // Pseudo-goldstone

Chiral symmetry qL. R = (1 2”"’) q

m, >~ mg > (0

_ 1
Invariant r qrL.R — €Xp (—z’6’5737a> 4L,R

Noether’s theorem = Conserved currents
_ Vector
VE = qvF1,.q

B Axial
AICLLL — ,7'%75 Ta q
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Pseudo-scalars // Pseudo-goldstone
: e 1T~
Chiral sym . 5) q

Uz
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Pseudo-scalars // Pseudo-goldstone

Noether’s theorem = Conserved currents

Q g0 = / dox Ag “~—_» Scalar, negative parity

Qa, H]|0) = Q.H|0) — HQ,|0) = 0
Vacuum has changed

7) = Qal0) # 0

\»Hm%:o

Massless
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Pseudo-scalars have mass
H |7%) #£ 0

But smaller than other hadrons

m,. ~ 140 MeV
m ~ 496 MeV } ChPT

m, ~ 548 MeV
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Vectors
_ Vectors .

Similar mass hierarchy

Only light quarks D™ W )\ PO 0+ S=0
m, >~ (70 MeV @
my, =~ (82 MeV e 20 S=-1
Light+strange Q=-1 Q=0 Q=’k
m7 =~ 892 MeV

Only strange
m¢ ~ 1020 MeV

Multiplets work!
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Questions??
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