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Hadrons Hadrons known in 1960
Isospin, Strangeness ‘
Mesons | (Mass) 1 H S
Quar‘k MOdel . at.wt | 138.0 0-* 1 ()
3 Flavours u, d, s K“,fj 495.7 0= 1/2 41
K-.K -1
Mesons n 5473 | 0t 0
Pseudoscalar om0t | 100 | 1 1
and vector mesons w Ly 1m0 0
K K+ | 893.7 1= 1/2 41
Baryons K K >
Decupleft, octet o 9578 | 0°T 0 0
Hadron Masses $__J10195 ] 1 0 0
Spln_spln COUleng Barvons (Mass) J¥ 1 S |l
Heavy Quar'kS Py 938.9 1/2t 1/2 0
Charm, bottom, A T A
Y-, 20 5t 1193 1/2+ 1 -1
Heavy quark A-, A% A+ ATH] 1232 3/2t 3/2 0
Mesons =, =0 1318 1/2t  1/2 -2
Top quark T, o0 o+ | 1385 3/2t 1 -1
Sk D0 1533 3/2t 1/2 -2

Motivation for Quark Model
Particle "Zoo" proliferates

" ... the finder of a new particle used to be rewarded
by a Nobel prize, but such a discovery ought to be
punished by a $10000 fine" Lamb, 1955
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Nucleons

Proton and neutron have almost equal mass
Strong nuclear force is charge independent
Vppz vpn = vnn
Isospin
p and n form part of single entity with
isospin 3 analogous to T and { of spin
Isospin I is conserved in strong interactions
Addition by rules of angular momentum
Isospin Multiplets
Useful for classification of hadrons, see slide 1
2I+1 states in a isospin muliplet |I, I >

nN= |{Iaﬂ}

at =1,1) ® = [1,0) m =11,-1)

__ﬁ+—_3 3) .-’l+=| :

Quark Model
Gives natural explanation for Isospin

l,=3(n,—n,+n;—n;)  n, number of i quarks
Isospin works well

Masses of u and d quark are almost equal




Isospin Conservation

Conservation Law
Isospin I is conserved in strong interactions
Allows to calculate ratios of cross sections and
branching fractions in strong interactions

Delta(1232) Resonance

I*IIIIII T T TTTTIT T T TTTTTT T T TTTTIT PPOdUCTion
i Mass 1232 MeV P> AT >
e Width 120 Meb T DA > p
}*1 ‘ﬁ‘h 7 p>A > z°n
e e Isospin addition

Sy MR Pl el . 11 3 3
np 1I T N T T p- 1’1>‘51§>=‘515>
nd'iz"""'% P05 6 7ES0 D 30 40 0@
Certer of mass ene gy (ScV) — B 1 1 113 1 211 1
ST ST FORY
INIIII”‘\AI [ TIITII I [ IITIIT I I ITITII p y 2’2 3 2’ 2 3 2’ 2
3 _1 i_1
2 2 2

e UL R
L -
e e Matrix element M, =(3[H,[3)
| ?%""_‘J TR depends on I, not I3 M, =(3|H,|4)
T e 7 MZTp> AT 2t p)=M
E;::;&Mj_;;.;:&yfﬁﬂmf m,m::c:“* hes. ;;L““*"“,:*;,::w:.::;m“ il M (7[— P> A >z p) =sM,+ZM,
Cross sections M(z"p— &° = 2°n)=2 M, -2 M,
O'OC‘M‘Z o'(zz+p—>A++—>7Z+p) 200 mb ~ 9x
In agreement with 0'(75_ po>A > all)z 70 mb =~ 3x
I=3/2 Isospin prediction G(ﬂ-p_,Ao o p) 23 mb ~ 1x
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Strangeness

Strange Particles
Discovered in 1947
V, “fork", and K, “kink"

Production of V(K9, A) and K*
via strong interaction,
weak decay

Associated Production

7 p—> KA r=0(10"%s)
K>S ztn™ o= 0.89x107 s

A—>zp r,=263x10"s

Strange particles produced in pairs

Strangeness S
Additive quantum number
Conserved in strong and electromagnetic interactions
Violated in weak decays
Non-zero for Kaons S=0: 7, p,nA,.. S=1: K%K
and hyperons S=-1: K,K%A,Z,.. S=-2: B
Naturally explained in quark model ~ S=n;—n,




Quark Model )<}

3 Quark Flavours u, d, sI

1964 - introduced by Gell-Mann & Zweig

Quark Charge | Isospin | Strange-
Qe]l |II,I3> | nessS

up (u) +2/3 | |3,+3> 0
down (d) -1/3 3 -%> 0]
strange (s) -1/3 | |0,0> -1

Strangeness Strangeness
Y=8+1/34 Y=S—l/3£_

a3l 213l 8
ig | o' . | - i

173 SOSpPIN 173 sospit .
T 1 -1 —1f=2 1;}2 =13 ZW€|9

_1f3'__ _. —1.-’3'__ .a

_2#5 ot

Charge, Isospin and Strangeness

Additive quark quantum numbers are related
Q=I,+3(5+B) I not all independent
Gell-Mann Nishijima predates quark model
valid also for hadrons
Baryon number B quarks B=+1/3
anti-quarks B = -1/3
Hypercharge Y = S + B is useful quantum number

Quark model gives natural explanation
for Isospin and Strangeness 5
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Bound q7 States 1 )
Zero net colour charge [¥) = 5 |7 + 93 +85)
Zero net baryon number B=+1/3+(-1/3)=0

Angular Momentum L
For lightest mesons
Ground state
L = O between quarks

Parity P
Intrinsic quantum number of quarks and leptons
P=+1 for fermions  P=-1 for anti-fermions
P(qa) = P,P,(-1)"

=(+1)-1)-1)"=-1 for L=0

Total Anqular Momentum J

J=L+S include quark spins

$=0 qq spins anti-aligned T{ or 41
=2 JP=0- Pseudo-scalar mesons

S=1 aq spins aligned TT or {4

> JP=1 Vector mesons

Quark flavours
ud, us, dT, ds, sT, sd non-zero flavour states
ut, dd, s§ zero net flavour states
have identical additive quantum numbers
Physical states are mixtures

Nuclear and Particle Physics Franz Muheim 6
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Pseudoscalar Mesons JF = O-

O(ds t(us
i) aN Kaons:
K+, KO, anti-K9, K-
Pions: w*, n, n-
T 0 at )
(diz) & T (1) E'l‘ClSI n, N
7 = (dd — ui) /2
ne = (dd + uit — 255)/v/6
m = (dd + uit + s5) /3
e K- (sa) K (sd)

T

+ =
=
] .

Strangeness S
|

| | | T | i P

-1 -1/2 0 +1/2 +1 Isospin I
Vector Mesons JP = 1-

1:15 1 K*(d5) K*+(u) Kstar:
K*, K™, anti-K™, K*-
V)]
@ rho: p*, p%, p’

- 0 + .
S0l 2 D omegalphit 0.0
o2 o S
g P = [dfi— uit) [v/2
.,.L_ w = (dd + uii)/v2
w 1 {3}: — 55

K*~ (si) K" (sd)

-1 —1/2 0 +1/2 +1 TIsospin I
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Baryon Decuplet

Baryon Wavefunction
¥(total) = ¥(space) ¥(spin) ¥(flavour) ¥(colour)

Space symmetric -L=0
Flavour symmetric, e.g. uuu, (udu+duu+uud)/~3
Spin symmetric
all 3 quarks aligned — S = 3/2
Colour antisymmetric
(rab — rby + ghr — grb + brg — byr) /6 .

Total antisymmetric - obeys Pauli Exclusion Principle

Baryon Decuplet J? = 3/2*

<Mass>
S ¥4
A Al At At
04 +14 ded ddu duu DeH’a 1232 MeV
Vp] uuu
A
g 1| o o 30 m Sigma* 1385 MeV
Q ] ] dds dus HUSE g
3
-]
— = = o
& _a 1] =+ = Cdscade* 1533 MeV
dss UES
+1
-3] -2 O o= h+Y)2 Omega- 1672 MeV
—1

T T T T T T T "".:r;g

-3/2 -1 -1/2 0 +1/2 +1 +3/2 Tsospin

Quark model predicted unobserved state Q- (sss)

Nuclear and Particle Physics Franz Muheim 8



Baryon Octet

Baryon Wavefunction

P(space) symmetric (L = 0) ¥(colour) antisymmetric

Mixed symmetric P(spin, flavour)

Flavour mixed symmetric: e.g. (ud - du) u/~2

Spin as flavour: e.g. (T4 - ™) T/42

Spin-flavour e.g. (uTdy - dTud - uldT + diuT) uT/V6

Symmeftrisation by cyclic permutations

¥(proton, s=+3) = (2uTuTd! - uTuddT- uwlutdT
+2dduTu® - dTuTud- dTudut
+2uldTuld - uTddut- uddTu?) /V18

Baryon Octet JP = 3*

@ <Mass>
" 04 +14 ddu nud p.n 938.9 MeV
9
%’ 1] o T i??., o Sigma 1193 MeV
3 " Lambda 1116 MeV
Cascade 1318 MeV
(Xi)
—————— 1
-1 =1/2 0 +1/2 <+1 Isospin
Lightest baryons stable or long-lived

Antibaryons (p,n,..) also form Octet and Decuplet

Nuclear and Particle Physics Franz Muheim 9
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Discovery of Q-
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Q- (sss) Hyperon
Hyperon - baryon with at least one s quark
Quark model predicted existence and mass
Missing member of baryon decuplet JP = 3/2*
discovered 1964 at Brookhaven
K- beam onto hydrogen target
Bubble Chamber detector

Bl 5 1 N L i g
L [ " : 3 £ [r——

Nuclear and Particle Physics Franz Muheim 10



Hadron Masses

Quark Masses
u, d & s quark masses light at short distance
q°>16eV2  m, < my~5 MeVm,~ 100 MeV
Constituent mass is relevant for quark model
g<16GeV? m,=my~ 300 MeV m, ~ 500 MeV
Meson Masses
m(K) > m(r)  due to mg > m,, my
m(p) > m(x)  same quark content e.g. p*, n*: (u-dbar)
Mass difference is due to quark spins
Chromomagnetic Mass Splitting
Spin-spin coupling of quarks 5,=5,=1/2
analogous to hyperfine splitting in el. mag. interaction

L B §1.§2
AE g S m(a@)=m, +m,+ A2
m m,m,
1''72
.- 1( , =2 2) 1
S, SZ:E S2-5%-5,%)==(S(S+1)—S,(S,+1)—S,(S,+1))
o33 <y Mass [MeV]
4 4 -

Meson | Prediction | Experiment

Meson Masses

m, = my = 310 MeV . 140 138
m, = 483 MeV K 484 496
A =(2m/)?- 160 MeV P 780 770
Excellent agreement © 780 782

What about eta(')? K* 896 894

Nuclear and Particle Physics ¢ 1032 1019
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Heavy Quarks

Charm and bottom quarks

Charmonium (c-cbar) --- see QCD lecture
1977 Discovery of Upsilon States

Interpretation is \
Bottomonium (b-bar) L

]
n

Spectroscopy .
Charmonium ‘; *+
and Upsilon ——— % 1 r
m.~11.14GeV e f L | I s o 1
my, ~ 41.. 45 GeV ’ LTS Tyas) Ims)” IM ey

1

044 546  10.00 10.02 1034 1037 1054 10.58 1062
il
Mass (GeV/icH)

Heavy-light Mesons and Baryons
Charmed (c-quark) hadrons
JP=0" D°=ct, D'=cd, D;=c5,
JP=1" D”=ct, D" =cd, D]*=cs,

gt A’ =cud
2
Bottom-quark hadrons
J°=0" B*=ub, B°=db, B?=sb,
JP=1" B*=ub, B®=db, B ’=sb,

JP=% A° =bud

Top quark
Decays before forming bound states
m, ~ 174 GeV  discovered in 1995 at Fermilab
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