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Quarks
,
Glums

,
& Hadrons

Our curred view at the minuse is we live

in a 4-dimensional Spacetime in which all

phenomena can be described by a relatively
small number of particles that interact via

a few well-defied laws·

There are four known forces
, Electromagnetish,

Weak
, Strong , and Gravitational . All forces

except Gravitation are described by the

Standard Model of Particle Physics .

The Standard Model of Particle Physics

is an comey-free , renormalizable ,
relativistic Quatum field theory which
is invariant under the local gange group
Su (3)

<
x SU (2)

,
x((1) y

which spontaneously breaks via a scalar

field to SU(b)
< x((1) Q



The secur of the SM which goons strong
nuclear internations is called Quarter Chromodynamics,

or QCD .
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There are 6 types - guards : If U,d, 3, c, b , t

All quals are massive spin-t fervious. The

different quart types are called flavors . The

quarks have another quartim number
,
color

.

There

are three colors :

Red
,
Green

,
Blue (R

,
G
,
B)

therefore
,
there are 3x6 = 18 quarks. The quarks

are not directly observed .
Weany experimentally

died combinations of quarks called hadrons



Hadrons

Hadrons are color neutral boud state of quarks

& gluars . Madrons are observable in particle
accelerators

,
and are our window into the nature of

the strong interactionsf QCD .

Classification

We observe different classes of hadros

Madrons
&

L ~

Maryons Mesons Exotica
*

- 3 vience gi - vience g+ - tetraquehs (29 +2)
- Spin-t , , 5 ... - Spin-0, 7, 2, ...

- Pataquarks (49 + 9)

-

p, n, 1, ... - T
,
k
, p , w, ...

- Hybrids (q5 + g)

- Glueballs

* Exotica refers to Non-Quark Model objects ---

Nuclei can be considered as baryonic molecules



Examples in the meson spectrum (pdg . 131.you

*
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* Recall :T = Art

There are 100s I known hadios
,
all o which

are in principle understood via GCD
.



If we can "turn of " electromagetic & weak oferations

on the Standard Model
,
the we would find

QCD Stable States
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M
Most hadrons are QCD instable !

=> the lifetive of QCD motable states is of the

order of strong iterations , T - 1023 s

How do we observe such states ?



Unstablenacious are obsurech as resonances

in haconic reactions

e .g ., Consider the G
,
11260)
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these resonances often
*

appear as enhancements in

Cross-sections

-

z -

~ Mm 250-600 Mel
23

↓ higher mass excitations·
3

-
~ M-1260 McN 5/ May

-

production
threshold invariantmass of

haconic system

* This is subtle
, especially with multiple scatering chares

& overlapping resources
,
of offCarol in IKE .

Resonances aremniversal => Do not depend a

the production mechanism. However
,
their presence

may be move o less obvious in some experiments.

For example , if the production couping is small ,
we could miss them.



Resource physics is inherally few-body physics .
Resurances are reganously defined as pole singularities
in the complex energy-place of scatering
arpitudes . Thus , to understand their proputies,
we must have access to the scafering arditucle.

Hadron Spectroscopy is the study of the patterns
& properties of hadrons , including their masses & lifetimes .

QCD Spectroscopy , is the theoretical Study of the
nadion spectrum & how it emerges from the

quart & gluor dynamics of QCD
. Studying the

spectrum necessities determing the relevant scattering
complitude for the hactronic resonance of interest.



Scattering Amplitudes

Consider the ration of some initial State

to some final Ste B .

&

& ~14 &B ~2
! E Zu - !

um [

2

L
time

The S-matrix encodes all dynamics for such a process

Sec = (R15Ix)

> opera defined to take

Sli= louth

Here
,
1x) & /B) we some gavic multiparticle state

The usual approach to determining Sumatrix elements is

to compute then via patubation theory within some

particular QFT.



The Lehman-Symanzile- Zirmuran (LSE) reduction

ferrula allows are to non-perubtively relate

Scattering ampitudes to QFT correlation functions

warefunction
S (pj2-my) renormalization= it-

time ordered

w Farin Transform carektion function

Co = F55400= 33
Camometer space

field operators I fieldpras cyaunibilty find store

Aside: Reminder of Relativistic hinetics

p = (p) is 4-momenture

the on-shell condition p=mr , p
°

20

=> p2 = E= m2+32 relivistre

dispension relation

under a Lavetz transferrin with velocity & ,
P = v(p + Ept)

P = P
+

ative transforming

Ej = U(Ep + p .5)

with , = - , V =F
&



The LSE formula allows us to guate a

petubation series in the couping . We usually

express these an furs of Feyaran diagrams

Far example, e'et-cet

e- e- e-

- 2 2

S = O(x'
&

et
h ~

et 2+

time
2 <

t -
m

L t 3 O()O O

7 -

+ O(G2)

Recall that d=ety ,
fe-frutue cast

I trying to apply this to QCD , we ran into an issue

in that the asputes sites are nadios, but the

fields of QCD are in terms of quarks & gluons

Connecting there two regimes is incredibly difficult.
What makes this tash hand is the fat far

loweurgy physics , XE1 ,
so every

term in the patulation series contributes
-



We can make progress by usingyeea principles

o physics to construct non-potubative

repressions for the scating amplitude.
These principles include :

- Poincare (Laretz +Traditional) Invariance

- Probability conservation
- Causality
-

Crossing

These an be used effectively to constrict andytic
represetations for amplitudes , which can be used

to phenomenologically Judy processes using experimete
dafe
,
or as we will see

,
in theoretica studies

with Latice QCD.

We will ong focus on a few aspects of this

approache



Poincare Inocience is assured as we wal

within a relativistic framework .

Consider a single patide site , 18, 07 ,
which is able & has a mass m

.

Therefar
,

Ep=

So
,

↑" 18,07 = m
=

15,oh

↑18,0 = pr18,07
> pr = (Ep, )

The particle has a spin j , & a projection o

5 18, 07 = j(j+1) 15,o

5
z 15,0 = 01,5

under translations
,
Wallp,01 = eip,o,oh

A good multipatide state ,

127 = 15, 5, 1825,70 ...1 a

thus transforms as

Ucal(d =ei 12



Her
,

p =D tas morte - X

So
,
for the Smatrix elevat for -P,

<p151x->
- :(Ps -Pa).

(p1519
traditions

C

So
,
if PAPs => Sec = O identically -

Using syntries allows are to enforce

constraits on Sea .
Lantz transformations

impose further restrictions . If the

system has other end quarter numbers,
e. g , Flavor , isospin , ..., the these will

also impose restrictions.

e .g ,
<IISIIc = SIIc Si

> isospi



The Sundrix encodes all dynamics , including
no interactions. It is useful to remove the

case whe the particles never interst,

e.g; for
2-2 scatering

S = + T

- M

fire
No interaction interactions

We introduce the transfe of T-morix vis

j = 1 + iT

> convection

Su
,
Sumarx element is

Sea = 83 + 12+148"(P-P)iMra

Monet consulation
~

covnict arpitude

scafeng anMitche


