
Hadrons

Beginning in the 1950's
,
then were 100s f

patides being discovered. It was observed that

these new particles did not intent like electros

or photos, and had features similar to the proton
and nation .

These particles were called hadrons
.

Attends to undried the "Hadron zoo" led to

the applications of symetry to understand their

fudanctal itrations
.

Hadrons come in two types : Mesous and Bayo,

To distinguish these two, we introduce the

quarter number Baga number Be

We assign Ba = < + 1 for Baryas
-I for At: Bryons

Masces have By =0
.

Barga nurbr is always conserved !

AB =0



In the SM
, Bargan number is represented by

a global U(A) symmetry of QCD .

the fid the AB
-

= 0 in reactions news the

rations like p
-> et + it areo observed !

In the misuse we obsove ho rate tha atimate .

Bargognesis is the gauction of this assuntry. One of the

conditions for such a process is DN
,
#0 Colog

with C&CP violation)
.

Resources

How do we deted these short-lived hades ? Strongly
interacting hadrons are resonances of scattering processes .

Consider a propagator for a stable particle ,

M pi
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i
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· >

p -m
en
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The associa wave functio is jolig(x1> = expx

For a state of rest
, p = (E

,
8), and for energies

near the pole ,
is- i 1 E

zm(E-m) · 7

I



In NRQM,
the wave fution gives probability amditud,
imt-int

↑
*
4 - e 2 = 1

What if a particle decay ?

Exped 4
*

* -et/Ir
Lifetim of the patic

This effectively shifts the pole into the complex energy place

is --
zm(EmiM/2)I

wher is the decry width ,
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= e
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=>Instable hadres are pole singularities of

Greens funtions a seaturing arpitudes in the

complex ergy place



For a marrow ,
isolated resource ,

the Breit-Wighr amplitude

phenomenologically parametrizes the auditude
full-width

iMBo I O
M

1 &half-rax .

s-m+ int
- -

so that
~

some cate
>

Opp =
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(S-M2) + R2N2
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Note : S = m -in M S

- -m

- E=MJ/-it/m

= m-it/ assumes m

Isospin

Then are other useful "syuntrie ,

"

to mravel hadron physics.

Let's consider first the proton and the netron
.

It is observed that mp =N

no = 938.
3 Mer

m= 939 . 6 Mat
& => An-0 . 14 o

This suggests that pe as having an "approximate"
symetry under strong interaction properties

=> p. u are 2 aspects of "single" particle N ,

"

Nudea"

N = ( P ) a doubled



Sinikely i n
+
π° π

-

-
1

3
.
3 %

sts+
:

A - x-1 :
etc .

It is observed that the strong interaction cannot

difinish components of these "grouped"particles , c.g,

π
+

~ π m

~ To p ~ T
°

n

~i p i n

To disiguish the states
,
otroduce the idea

of isosph E = (I
1,Is ,I3) , garded

by 14(2) clyabic [Ij ,Fil = Itine Fe

states labeled by eijnuches of "Cili + i)
andIs (is)

Explicity ,
N i = + i =G +&

-En

π i = 1 is = + 1 π
+

O TE
- 1 i



Strong isosp only applies to hadrons
. For

Non-strange hadrons
,

Q = Is + 2 Bu

electric charge > Bargan numbe

Can learn ahot about reactions just by isospin
considerations. If SM Hariteria is decomposed

as Hse = Hs + Her tHw

the [Hs ,EJ =0 Since we defined isosph to

be insured in strong interactions. Now
,
conside

the Nudea N
,
N = (p,

2). Isoppin is broken

explicitly by Em interations = [Hem ,
#JE0

since one st82 is charged . BO
, Q = Es + EM

and Q & B are good Quater numbers t Is is

a good quatur number - (Hen
,
[b] =0 !

BE
,
it is obscred the [Hw

,
EJ to & [Hu , Fs) to

=> isosph is completely broken by weak intercation
-



Example
Conside 1

°

-> pi- decay (BR-64 % )

Estimate lifetime of 1

Consider isospin numbers

1
°

-> pπ-
: 0 -> E1 - AIF0 si I x * E

is : 0 -> 5 - 1 -- sI30

Therefore
,
She I & Is not conserved

,
thos

must be a weak decay !

= Tr-104 (Tn = 2 . 6 x 10 s)

Example

Consider deuteron productin ,
NN-> Td

Where denter is a boud side of pad n .

Given tha dentur has in=o ,
esinde

the ratio o cross-sections OurOs where

c :

pp - ita

b :
up

-> i'd



Recall that

or KFIT1:) /x (linendic factors)

To good approx , my difference between On & is

comes from the ampitude. Moron,
the only

difference is in 107 and 1f)
,
which is

contained in Clebsch-Garda coficients

Here
,
Nu -> πd

i : = I + 1 0

m -

restricted
to i = = ai, (This meas &xE = E

any for 14(2)I

So
,
for i = 1 fr this process, find

1 i
, i3]

4! W

pp > x(t)
= //K

π
+ d 1 1k x 100) = (11)

bi np 1 -E +(tt = (((0) - 1007)
i'd 1 10 > < 100 7 = 1107

Eu
, · = (t 2

= 2
,
which is experinitally observedo



Isospi is part of a larger carcer called floor

symmetry . Another quatur number, Strugness S ,

was assigned to hadrows produced by stray
interactions

, yet decyed via weak intrations
.

Examples of strange hadas include :

Ko
,

K
+

S = +1

E°, K- s = -1

10 Si -1 => 1
°
-> p + π

-

648.

M E n + 40 -36 %

1 S +0 = Wech dacy
= Long lifetime

Tr -2 .
6 x10" s

Corro to Combine S & B- 10 Hypchage Y

Y = B. + S

There are other floor quarter numbers, Charmness C ad

Bottomness T .

We will see these are associded or

the quark cated.
Want discuss roe o these for time

.

Q= Is + 5 Y ,
Y = B + S +C + B



G-purity
There is the discate quarter number useful fo

strong itrations , Grpmity .

This is an extensin of

Eparty valid for Ifes / Q FO (B-S = 0 still)

and I +0 .

Do G = (exp(ite)
radin

M

↳ is de isospi

Chrgecojngd spue round "I"-axis .

Consider some state lis

Gli> = C exp(iπIz) ligh

xC1 - 137

of 13) An cigntie !

Example : The T = (i+,1%,4) rulfind .

Since (ITi) = + It: >

~

definition R1 :in = <-1) li - in 7
and t

2

R (10) = R110) = (-) (10) = - /10) = - (4% >

I

exp(iiFe)

=> Gli ° > = - Iπ: ]

So
, assign GITF) = - li F



Theefre
,

we have for the -multiple

G(π) = - Iπ4

-> G(nπ) = ( - "Inπ >
1

n = number of pins

States2 B
,
70 a SEO Cand be eignddes

of Guparity .
This does't really add and new as

it really is a consequence of isosph ,
by it gives a

sharent in maging reactions .

e.y. who type of decy is 1°-> Bi ?

% -> i T 5
-

i3 G
-> +1 0

- I -Iz = 0

strag ? No !
-> not string decay !

G1y °2 = + 19°, G(xi = ( / (3is)

=
- /3π)

=> G-parity not conserved ! It is electromagnetic

To see that it is not strag wo G-parity requires

ancysis of the Facs angular distribution under ganalized
Bose statistics .



Flavor SU(3)

We discussed the approximate Con broke Isosph

and strangeness spretries ,
both good for strong

itrations. Suggests alrying sulily to bigger group .

Particles in Buc211 multiplets are "easy" to find

Crasses are similar as I-spin any slightly broka) .

Appropride choice for multies withS harder .

Accepted solution is SUB3)F (Flum SUB)) ,

known as the "Eightfold way" , proposed by
Gell-Man and Neeman in 1961

.

Note : Do not confuse with SU(b)
c
color

Essential cate of SU(3)f

(K) All bryons fit into E , 8 , 1 & SU(3)

(2) All mesus fit into E ,
f SUCB)

Quarter numbers of SUB)=: I, Is ,
JarY, ...

N .B. There are two Castirs F SUC3). Here we will
focus just on these and the representia .



Tocrymite Odes, can represet a particula rep

by c "weight diagram"

For example , 34(2) - for given I , only need one

number
,
is

,
to classify states

M C > in
-

-I - I O + 1 + Z

E C · > 2.s; M

O

z C ⑳ · > es, e

- +

? C O · · & e.g,
T

- ( O +(

For a givn up in 50(3)
,
need two numbers

.

For 1413) - ,
Let's take Is and Y fr a given up .

Y 1

+- 1 14(3)

o -

-
- I

I & I-

! + 5 + Is
- - -



Example : the JP = 0
-

Mesa singlet
Y r
y

1 Mass/May-

G - · 3 T
~ 958

! -3

Example : the 30 = 0
- +

mesa ofe

8 Mass/May
Y 1

-

ko kt - 443
+ I - · ·

π- T i
+

o - · ·
Y

·
~147/544

- I
- · · - o

k- K ~ 493

-I I ( & I I
T

- - - G + E +/
-3

Notice that we have larger mess differences -> SOLD A
C

is more broken" than 501271. Also
, SOC211 multiples

are contained in SOLD) fanes (proper subgroup) .

voice that the "Gell-Man/Nishigia" reltin holds
,

Q= Is = EY with Y = But S (checkl



Example : The I'= =
+

baya of

& Mass/May
Y 1

+-
M
· · P ~ 940

o -
E - E :... ·

E
+

~ 1993/1115

E -
t

~ 1318
- · · -

- I

I & I I-
T

-- o + E +
-3

Since B-F0 , baryas and atibages live in

different multiples. (Exercise - conced atibaryon ofe

Example : The Jo
*

bayan decupe
Y M

Mass/MeV
s

-

so st 1
++

+- · · · ·

- 1272

- * +

o -
E

& ·
&

* o

·
E ~1385

-
#-

↑
* 2

~ 153 0-

- I
-

W · · -

~ 1672
- 2 - ·a

#I I( & I

- > - - - o + 5 +1t2 I



The prediction of the de-using SU(b) =
1 1962

and subsequent discovery in 1964 led to

-

the acceptance of the Eightfold way" .

K
-

P + x + K
+

+K
:

> E +π- > e+ et

- 1
°

++V+ V
ce + et

> π+ p

There are may properties of hadrons we can learn

simply by examining their sundry ,

e., magnde moments of hides
,

mass relations
,

selection miles d racias
,

c
.

The synetry structures suggest that these
heals an composite particles of some more

fudanntal constitut
...



The Quark Model

Hypothesis : Hadros are formed for constituent particles

In 1964
, Gell-Man/Zweig postulated

a triplet of fundamental particles with B = V3

to form all haces
, including pin ,

1
.

...

This is known as the Quark Madel

Basic idea
,

· Bargos are boud sies of ggg (B
= <)

· Alibargos are bond dies of 55 (T = -1)

· Mesus we bond 88es E gg (D1 =0)

Les focus a 3-flavor hadios
.

so
, q = En

,& flavors of quarks
M

up down strange

Since baryons are terrios
,
concade quark (g) is also

fria
, or Bag" it and 3 = H

N .B. J = G is exprientally unified, Pot is a choice
.



Quark quarter numbers

I S je= Is Y=B+ S Q Br

U t t ↳ O 23 ↳ It
td - - E 3 C

-t I +
S O O

-Z -1 -x t It
3 I

1
Notice !

The 4
,
d

, s quarks for a SUB)
& triple

=> i, ,
5 for

*

of SUBIF .

~ 1

I -

see the quark flavor
- ·

5

j -

d
. ⑳

L aud be preserved by
o -

-

-Z
- s

·

⑳

· Strong and Em interactions
,

-

(

SL3 S
-I -

butcan be brohn by

I & Weak interactions
T

- E O ! -

>

isosph isTill relatively good ,
nu Ind I

35 Y breaking = Ms is differed.



Mesas in the Quark Model

A mess is a boad side ofa

=> !x
*

= # + S
-

This explains the mesa structure in the Eightfold was !

Y 1 d5
us

+- · ·

two 8 Eles
-

un
,
det,s

o - di ⑳
2

·
wo

·

un
,
dis

anc E Ste

- I
-

si
· · sal

un
,
del

,
s

-I I ( & I I
T

- - - o + E +/
-3

For non-flavor guatum numbers
,
consider two

guarks in Cate-of-moreton frame
~ I

Since Sq = 35 = +z
5 V

,"a
=> 2x2 = E + 2

-> S = 0 a 1 sa-
V

L = 0
,

1
, 2

,
...
cubital angular more

ad J = [ +S - I L - SI < ] < /L + SI



Can also show that paity P = #L+

and C-paity C = ( 1)
+ S
(and Grpaity G = (F

+ + S)

For example ,
the pseudosack noued Jo

95 in lowest stil -> L= 0
,
S = 0

so
,
P = -1

,
C = + 1

=> jx(2+

2)) = 0 ('So)

Y 1

+-
ko
· ·

kt

π- T yo
·
i

+

o - · ⑳
·

n

- I
- · · - o

k- K

-I 1 & I I
T

- - - G + E +/
-3

G
+

= ( )'+ o + o

=

- 1 v

Gy = ( - )
% + 0 + 0

= +1 V

Ca add Dynamics to guard models to predic

decay ries, ec . by assuring some portatio
in Schrdinger equation .

Ca get sore guditfine

understanding ,
but
may issues/ failures ,

e .g . no

coupling to multihadia 5 observed in reactions
.



Baryons in the Quark Model

A baryon is a bondEde o 992

=> 2 x2x2 = 1 + & + +0

Again ,
see Eightfold waycrises from constitue quarks !

Y M

ddd udd und unn · o
+- · · · ·

· ·

des uds uus
o - & · ·

· · ·

S USS
-,

as
.. ·

E

- 2 - ·

SSS

-I I I ( & I I T
- > - - - G + + 1 +3 - 3

Ca construd quark rodel warefutins
,
find

some qualitative agreeme ,
e.g. buyn magnetic

mounts
,

and can extract constitue quart masses

and predic new stoes
.



For example ,
consider groundstae I bayes,

st
+
- I = 12

,
mF 1230 Mer ,

nun-

s
-

- I = Y - Na = 1230 Met
,

dan3 -> M
,Ind

-- I = 0
, U = 1670 MeV

,
ess

Ca deduce that my Jmn F Bad
r 1

and Me = 3 Ms isospin"symetry"
5 find un=mp = 410 Mer -

SUCD)F mac broken !
ms = 554 Met L

BE
, mp

= 440 meV # 2mnt ma

=> scans to indicate dynamics play a bijge role

in the binding

Marove
, m = 140mnr #Mutha = 820 Mer !

=> seens to be a huge discerned or pseudosodes

In QCD
,

not of ahudas easy comes from interactions

of guarks (o few Mett with gluns !

And the pseudoscales play a role in demarca
chiral symmetry breakly !



Color

There is a interesting puzzle if we look o the st.

It is the lowest E site
, doubly charged (peculiarl.)

with quark cate nun . Its spik structure is

X X = X t

Z z Z &
·E

(
=

zt
. I

-

- m

s = t s =3
z

But
,
since it is the lowest state , expect

L =L =0 arbital wave funcion
-Sz

es
So

,
3 = S = Yz E

E L

Therefore
,
the wavefundin L

-S3

is totally syndic !
&

1st( (UTUTUP)x(synncrc spaid piece

But
,
Att is a faim - wanefuntion needs to

be atisyunatric !



Accepted solution :There exists a new degree f

freedom
,
color. Each flavor of quark comes in

3 colors
,
which for the I f SUBlc .

N . B. SU()c#SU (3) f .

It is crety believed that SUCB) , is a

exat synnery of nature .

Normaltre : RGB -> White

Postulate : Hadas are color singles of SOCD)
,

=> they sit in the 1 of S0(3)
<

This is colar Continence

- x x > 1 +...
- example , bargus 994

:

=> Colar wareFundian

# (RGB - GRA + cyVic pu.)
This fixesAtt because now we need

Spin x flavo x spatial to combine with colar
-



there is thentical support for color .

Consider the thematical calculation of decay rate

To -> 22. One ca show the

~(ii-22) / & Is,Q
quate isospit "Change

Let Nc = number o guack colors. One finds

1 ... k = /Nc((t)(+3) + (2)(5) +0])
=

experinatally rate gives Nc=B
.

Another example is the R-rtio
,

Retzhadras oEe

= vx((z) + (5) + f5)") = N

exprived gives M = 2 = Nc = B
.



The quark model gives insight into the

hadron structure o the hadron zoo
.
However

,

There are serve issues with denarical quark rodels

and the had specia. Quals themselves are

never observed, they are permantly confined
into cola-nentral hadrons

,
however there is

"indirect" evidence for their existance
.

Due to the success of QED
,

we right exped
to formulate a GFT of Strang iterations based an

quarts. As we will see
, promoting the color group

SUC3)
, gives rise to

Quaran Chronodais (QCD) ,

which is a gange theory of guats and glums,
the

garge field
associated by SUCFLc .

It is

QCD The is curely the acceited thery of string
interactions. We will see that may

features of the

Quark model will carry over
,
and is useful in contracting

operators for non-putubative studies of hadrons

with Latice QCD
.


