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Much Ado about Isospin

Isospin was introduced as a quantum number before it was

known that hadrons are composed of quarks. Quark [ Iz

Now we know it describes the number of up and down v /2 +1/2

quarks in hadrons. 51 %; _53
. . u o

e Total isospin, / d /2 +1/2

e third component of isospin, Iz
I = 5 [N() ~ N(d) + N(@) ~ N(u)]

Two hadrons with the same isospin, I, exhibit a symmetry: they have roughly equal
mass and the strong force between the constituent quarks is equal.

Example: Pions: m*, 1% and m~ have m(m*)=139.6 MeV/c%, m(m?%)=135.0 MeV/c2.

e T isud: Iz="2+V2=1 Total isospin is the
e nis ut or dd: Iz= V2+(-12)=0 highest value of the /7.
o 1 is di: Iz= (-Ya)+(-a)=—1 ) T, 1% 1 all have |= 1




Isospin Conservation

Total isospin I is conserved in strong interactions: use to understand strong
interaction cross sections and decays.

Example: A-resonances, created in pion-nucleon scattering:
o Mp—A*—-mTp mp—A->mp np—A—nin

Isospin addition of the final and initial hadrons: w1
ertp |L+D)@|i,+L) = 13, +3) Tt L, ~24mb
erp L-Delh+d = iE-H- 3D e
ern |1, 0@ 1) = \/§|§ ,l>+\ﬁ|l -1 &
? 27 2 3122 2 3122 2 y
Mass 1232 MeV.Lc?

Matrix element: components for I=3/2 and I=1/2: Wiglth 120"’ MeV/ch,

M(mtp — ATt > 7Fp) = My o s m Awpre” m w
./Vl(ﬂ'_p A0 7r_p) — %Mg/g + %Ml/Z ,,,am MV * Conthe of megs eneriy @6V o
M(a=p— A% — 7'n) = 2 Mygn — 5 My R R i

Cross sections o« M? 3 \f::\”N T

e o(mp—A~—mp) = 200 mb 9 x ERTLLY ~24 mb

e o(mp—A°—all) = 71 mb 3 x 2 : -

e o(mp—A°>mp)=24mb 1x ¥

Consistent with A-resonances having /=3/2 o p AU [—

Mesons

Mesons: bound state of a quark and an anti-quark. They have:
e Zero net colour charge. ) = = T + gg -+ bb) Parity of a meson:
e Zero net baryon number.  B=+1/3 + (-1/3) =0 n(qq) =m(q)m(@)(-1)*
=(+1)(-1)(-1)t=-11"
Psudeo-scalar mesons: J™=0- Ground state of qgq combination
e Angular momentum, L=0
e Spin of quark and antiquark anti-aligned 11 or [T S=0
e Total angular momentum J=L+S=0

Vector Mesons: J™=1- First excited state of qg combination.
e Angular momentum, L=0
e Spin of quark and antiquark aligned Tt or |l S=1
e Total angular momentum J=L+S=1

Mesons are bosons, they have integer spin: 0, 1h, 2A, ...




Light Mesons - Quark Model

Psudeo-scalar mesons: J™=0"

Mesons with u, d, s quarks only. (i R S=+1

Three quantum numbers are used to distinguish
states:

e Strangeness, S; Isospin, I, Iz; Charge, Q.
Q=1I7+1(S+B)
e Also hypercharge Y=5+B

7=0

=1
5 e

Quark flavour combinations: s , : :
_ - _ Vector Mesons: J™=1-
e ud, us, du, ds, su, sd non-zero net flavour NN
e ul, dd, ss zero net flavour ' '

identical quantum numbers

e Physical mesons are linearlsuperposition of
these states: e.g. 0 (dd — ui)

>

Ba ryonS Spin statistics theorem:
see Quantum Lecture 16
e Baryons are bound state of three quarks. B=+1/3 +1/3 +1/3 =1

e Spin statistics theorem: Systems of identical fermions, have wavefunctions which
are anti-symmetric under interchange of any pair of particle labels.

e The total baryon wavefunction is:
Y(total) = W(space) W(spin) W(quark flavour) W(quark colour)

e Only states with angular momentum L=0 are observed.

Parity of a baryon with L=0
1(q19293) =m(q1)m(qz)m(qs) = (+1)(+1)(+1) =+1
o Y(space) is symmetric
e Spins aligned: TTtorlll S=+3/2 y(spin) is symmetric
e Not all spins aligned: 111 Tlt 11 S=+1/2

Total angular momentum J=L+S=S

Baryons are fermions, they have half-integer spin: 1/2h, 3/2#h, ...




Baryon Decuplet

Baryons with J"=3/2*
Y(space) is symmetric

w(spin) is symmetric TTtor 11|
WY(quark flavour) is symmetric e.g. uuu, (uud+udu+duu)//3
W(quark colour) must be anti-symmetric:

U (colour) = (rgb — rbg + gbr — grb + brg — bgr)/\/6

The quark model predicted the unobserved Q- baryon and suggest colour degree
of freedom for quarks.

d u

Delta M-~1232 MeV

§=-1 v 50 Sigma* M-~1385 MeV
dd d us
S=-2 - - Cascade* M~1232 MeV
dss ss
s=-3 o Omega M-~-1672 MeV
SSS

Baryon Octet

Baryons with J=1/2*

Y(space) is symmetric

Y(spin) symmetric: (2uTutdl+2d{utut+2utdiut-uldtut
W(quark flavour) (-utuldt-ulutdT-dTulut-utdtul-dtutul)//(18)

W(quark colour) must be anti-symmetric.

S=0 nucleons M~940 MeV

Sigma M-~1193 MeV
Lambda M-~1116 MeV

S=-1

S=2 Cascade M-~1318 MeV

Q=-1 Q=0 Q=+1

e These are the lightest baryons, stable or long-lived
e Anti-barvons also form an octet and decuplet




Hadron Masses

Hard to measure the quark mass, as we can never isolate a quark.
e At high energy, g?> 1 GeV? the masses are very light:
e My < md~5MeV/c2Z, ms~100 MeV/c?
e Constituent mass is relevant for quark model g% < 1 GeV?
e my=mg ~ 300 MeV/c%, ms~500 MeV/c?

e Mass is due to mass of quarks and spin

couplings: ) S-S, Mass [MeV/c?]
m(qq) = mi +mo + A p— M Predicti .
§1 . S; I (52 B §f B §22) 1ms2 esons rediction | Experiment
= 1/2[S(S+1)—=S51(S1 +1) = S5(Ss +1)] m 140 138
_ {+1/4 for S =1 K 484 496
-3/4 for S =0
o My =mg=310 MeV/c2 P 780 770
o ms = 483 MeV/c2 W 780 782
o A=(2my)? x 160 MeV K* 896 894
e Excellent agreement! - b 1032 1019

K+p>Q +K +K'
=AY A
A+’
Hy+y

The quark model predicted a Q™ baryon composed of sss: the missing
member of the baryon decuplet J%=3/2".

Discovered in 1964 in Brookhaven national lab: K- beam onto hydrogen
target: bubble chamber detector.
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Heavier Mesons and Baryons

We can also use the quark model to predict hadrons with charm and bottom quarks.
Need to use more quantum numbers:
Charge, Q (or isospin, /)

e Strangeness, S

e Charm, C and/or bottom-ness, B

[=2]

Hypercharge Y = B+S+C+B+T

(3]
TTTTTTIT T
S NN D
T T

HMH il

Charmed Mesons and Baryons 6100 6300 6300 6400 6500

e J™=0: D%= cii, D*=cd, Ds*=Cs
e J'=1-: D*0= ci, D**=cd, Ds**=Cs
o Jm=14*: DY= cti, D*=cd, Ds*=Cs

[l N A
Bottom Hadrons F H ‘H‘ H‘ | HHH H “ ‘ H

oLl T S | N | = fn niin L
5600 5800 6000 6200 6400 6600 6800 7000 7200
e J=0":B*= Ub, Bo=d5, Bs*=sb ‘:!{y)_zszu\@[_iant‘m’q_svs__(MeV/c?)

»

Entries / 10 MeV/c?
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e Jt=1": B**= ub, D**=db, Ds**=sb

o J=Y*: A= bud .
Most recently discovered meson Bc*=bc

The top quark does not form hadrons!
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Summary

Jt= (Total angular mom=L+S) parity
Quark model explains hadrons in terms of quarks:

Ground state of hadrons have zero angular orbital momentum L=0.
mesons are formed of quark-anti-quark: bosons

e Psudeo-scalar mesons: J™=0- Vector Mesons: J™=1"

baryons are formed of three quarks: fermions

e Decuplet: J'==3/2* Octet: J"=1/2*

Hadrons carry the same quantum numbers as their constituent quarks

Hadrons with the same isospin (/) and strangeness (S) have roughly the same mass -
due to the isospin symmetry between up and down quarks.

e Mass explained using constituent quark masses and the spin couplings.
Two useful relations: hypercharge, Y = B+S+C+B+T; charge, Q=I7+Y/2

Baryons wave function must be anti-symmetric. Leads to the prediction of the
colour quantum number.
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