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6Py =1t ) LECTURE II. Meson Quantum Numbers

See the note in p(770) Particle Listings.
Mass m = 775.26 £ 0.25 MeV
Full width ' = 149.1 + 0.8 MeV

F — 7.08 % 0.06 keV [B. J~¢ (spin, parity, C-parity)

Scale factor/ p

p(770) DECAY MODES Fraction (I';/T) Confidence level (MeV/c) * from eXperiment
~ 100 % 363

ITA. Meson Naming Scheme

* —
p(770)* decays from a gg model
( 45 +05 ) x 10~4 $=2.2
< 6 x 103 CL=84% IIC. Flavor
< 20 x 1073 CL=84%

p(770)° decays * Strangeness, Charm, Bottomness

9.9 +16 ) x 103 . .
47 £06  )x 1074 . Isospin

(

(

( 3.0040.21 ) x 10~4

E 45 +0.8 ) x 107> 55 G-P&I’ity
(

4.55+0.28 ) x 102

4.72+0.05 ) X 10—° % FlaVOI‘ SU(3)
Particle Data Group (PDG) Summary Table Entry for p(770)

[h]
[h]




excited
states

ground
state

ANTIQUARKS

IIA. Meson Naming Scheme
8. Naming Scheme for Hadrons

Revised August 2019 by V. Burkert (Jefferson Lab), S. Eidelman (Budker Inst., Novosibirsk; Novosi-
birsk U.), C. Hanhart (Jilich), E. Klempt (Bonn U.), R.E. Mitchell (Indiana U.), U. Thoma (Bonn
U.), L. Tiator (KPH, JGU Mainz) and R.L. Workman (George Washington U.).

QUARKS
d u ) c b
d |lnly| =+ | K° | D* | po
i = |\n|nl K- D’ B~
/
& KO k+ |1 U f DY Bg
c D~ DO DS Jy B
b B B* B? B} Y
ds,us cii, cd cs db, ub sb
K*(1680) D*(2700)*
K3(1430) D;(2460) DECST3)™ |["Bx(5747) || B%(5840)°
K,(1400) D,(2430) D,(2536)"
K*(1430) Di(2300) D*(2317)"
K,(1270) D,(2420) D;(2460)" || B,(5721) || B,;(5830)°
K*(892) || D*(2007)° 1 D*(2010)* DY B* BO
K% | K* D° D* Df BY | B* BY

Separate mesons 1nto “flavored” and
“unflavored” (S = 0, C = 0, B = 0):
Flavored:

* the name is based on the flavor of the
heaviest quark (or antiquark)

— K,D,B

* a subscript 1s used for the flavor of
the other quark (or antiquark), if there
1s another flavor

— D, B, B.

* include a * for J = 0%, 17, 2%, 37, ...
and no * forJ* =07, 17,27, 3, ...

— K, K*, ...

* the spin is another subscript, but is implied
for J® =07 and 1~

= K, K,, K¥, ...

Given the name, you know at least the flavor and J*.
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IIA. Meson Naming Scheme
8. Naming Scheme for Hadrons

Revised August 2019 by V. Burkert (Jefferson Lab), S. Eidelman (Budker Inst., Novosibirsk; Novosi-
birsk U.), C. Hanhart (Jilich), E. Klempt (Bonn U.), R.E. Mitchell (Indiana U.), U. Thoma (Bonn
U.), L. Tiator (KPH, JGU Mainz) and R.L. Workman (George Washington U.).

QUARKS

ANTIQUARKS

A 1—(—)
2+(+)
1+(+)

0+

excited 1+
states 1)
ground ()—(+)
tat
state JP(C)

ud, uit, dd, ss cC bb
p(1700) || ©(1650) || 4(1680) || w(3770) Y(45)
a,(1320) || £(1270) || f5(1525) Z.0(1P) Xpo(1P)
a,(1260) || £,(1285) || f,(1420) 2.1(1P) Xp1(1P)
ay(1450) || £,(1370) || £,(1710) Zeo(1P) Xpo(1P)
b,(1235) || A, (1170) || h,(1415) h.(1P) h,(1P)
p(770) w(782) || 4(1020) || J/w(1S) Y(15)
x| iy nln' n.(18) (1)
I=1 I=0 I=0

Separate mesons into “flavored” and
“unflavored” (S =0,C =0, B = 0):

Unflavored:

o-* 1t~ 1= 0**
JFPC — { o—+ 3t— 9—— 1t+
Minimal quark content
ud, uti — dd,du (I = 1) T b P a
dd +ut and/or s5 (I =0) ny hh weo f,f
cc Tlc he ¢ Xc
bb b hy r Xb
I =1 with cc (Il.) Z. R. (W.)
I =1 with bb (II,)  Zy (Ry) (W)

* again use subscripts for the spin, when not implied
* note that primes are ambiguous: f”is mostly s§;
the #’is not; sometimes p’ = p(1700) ,yw' = w(2S), etc.
* spectroscopic notation is sometimes used for states with
two heavy quarks

Given the name, you know at least the isospin and J*C.
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[IB. Meson Quantum Numbers: J© ¢ (experiment)

Typically, determine the spin (/) of a meson using the angular distribution of its decay
to a known final state.

(1) For a decay A — BC, start with A at rest with spin J and spin projection M along Z:
CM 4-vector

'd
A) = M) [Pewb loa) <= e

spin and spin projection

(2) The final state, assuming a particular configuration of helicities Az and 4~ with 4 = A5 — A, 1s then:

spherical wave (s)

e
|BC> = |JM)\B)\(;'> |PCM>|04BC>

plane wave (p)

4./
= [ dQ160A5A), (B0AAC|IMARAG), |Pon) [anc)

57 + 1 ngnerD -function
= [ aey > i 16,0,0)160\520), |Pont) losc)

(3) The probability to find particle B traveling in the (6, ¢) direction is:

1(0,¢) < |Dif (9,96, 0)|

Or if B and C both have spin-O:

spherical harmonic

/ 2
10, ¢)  |Y}'(6,9)



IIB Mes ( — spherical wave (s) d . .
* etails of a few missing steps
BC) = |IMApA), | Pow) lasc) ( faf 8 steps)
o o «— plane wave (p)
Typically, determi = / dQ2|0pApAc), (0pApAc|IMApAc), |Pom) laso)
tO | kIlOWIl ﬁllal St X «— rotationto < 7| =<6,¢| from <Z|=<0,0]
_ / 42 |067Ac), (00AsAC|RT(6,6,0)[TMAAC), | Poxt) [anc)

(1) For adecay A — B( o o .
:/dQ|9¢)\B>\C>p S (00AsAC]T M ApAc), (' M'ApAc| R (,0,0)|TMApAc), |Pou) lasc)
J!' M’ = M' =4 = J'=J

- / A2 |0PABAC), (00ARAC|IANBAC), (TANBACIRT(8,0,0)[TMApAc), | Pou) |age)

W1 gner D-function
2J +1
/dQ\/ Dif Al (,b»@ 0) |09ABAC), [ Pom) lasc)

spherical wave (s)

(2) The final state, assu

e
|BO> = |JM)\B)\(;'> |PCM>‘05BC>

plane wave (p)

4/
= [ dQ160A5A), (B0AAC|IMARAG), |Pon) [anc)

57 + 1 ngnerD -function
= [ aey > i 16.0,0) [00A8A), [Pes) lasc)

(3) The probability to find particle B traveling in the (6, ¢) direction is:

1(0,¢) < |Dif (9,96, 0)}

Or if B and C both have spin-O:

spherical harmonic

/ 2
1(0,9) < |Y7'(8,9)|



[IB. Meson Quantum Numbers: J© ¢ (experiment)

In addition, determine the parity (P) and C-parity (C) using the conservation of P and C.
Example: Determine the /" of a meson A decaying to 777 ~.

Start using known information about the pion. It has J = 0 and.

Plr*) = — |n%)
Clr*) = —|n¥)
N

pion quantum numbers

(1) Put the #1772~ system into a definite state of J PC to match the initial state, assuming A has
been produced so that it has spin projection M along the Z-axis:

o spherical wave o pion quantum numbers

’JPC(T('—'_TF_» — (1—|—P12)|JM> |PCM> ‘7’(’ 7T_>

CM 4-vector

permutatlon symmetry o plane wave

“
1+ Pro) / 192106) (06| M) | Por) |7+ 7™)

(1 + Pro) / 1Y M (0, 6)(06) | Por) |77

m~m~&%&%

(w57 + (<17 [=a)] [ d2¥}(6.6)166) | Pow



[IB. Meson Quantum Numbers: J© ¢ (experiment)

In addition, determine the parity (P) and C-parity (C) using the conservation of P and C.
Example: Determine the /" of a meson A decaying to 777 ~.

(1) Put the #1772~ system into a definite state of J PC to match the initial state, assuming A has
been produced so that it has spin projection M along the Z-axis:

JEC (a7 T)) = % |77 ™) + (=) 777 ")] /dﬂ Y7 (0, 9) 109) [ Pon)

(2) Measure the z+7~ system in the state:  |0¢) |Poy) |77 ™)

(3) Then the angular distribution will be:

J=0,M=0: I < constant

J=1,M=+1: Ix sin’f

M 2 J=1,M=0: I x cos*6

[(97¢) X }YJ (97¢)| in
J=2, M =+2: Ix sin"0

J=2, M =+1: [x sin? 6 cos? 0
J=2,M=0: I 9costh —6cos? 0+ 1

(4) The parity and C-parity are:

(5) So the possible JPC are:



[IB. Meson Quantum Numbers: J©'¢ ( experiment)

In addition, determine thy
Example: Determing

(1) Put the #1772~ system inta

been produced so that it has

JPC (7)) =

(2) Measure the 777~ syste

(3) Then the angular distribulee

(4) The parity and C-parity a

(5) So the possible JPC are:

stontn.

\ \ | \ \ \ \ \ \ T >
-1.0-0.8 -06 -04-02 00 02 04 06 08 TN

coso

J=0,M=0:

J=1,M=0:

J=2,M=0:

\\\\\\\\\\\\\\‘\\\\\\\\‘\\\‘\\\
-1.0-0.8 -06-04-02 0.0 02 04 06 08 1.0

cos0

J=1, M ==+1:

J=2, M =+2:
J=2, M =+1:

I x
I x
I x
I x
I x
I x

sing the conservation of P and C.

> initial state, assuming A has

%) [ 40}(6,6)109) [Pens

constant
sin’

cos? 6

sin* 9

sin? @ cos? 0

9cos* 0 —6cos? 6 + 1



[IB. Meson Quantum Numbers: J© ¢ (experiment)

Another Example: Determine the J7C of a meson decaying to 7'7°.

We know the J*C of the z° and ' are both 0~+:

Pr%) = — % Ply=—1n)
Cr%) = + |x°) Clny=+1n)

Since J = L and:

the total J©'C will be
0+t (S-wave)
=" (P-wave) (exotic)
2+t (D-wave)
37" (F-wave) (exotic)
etc.
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[IB. Meson Quantum Numbers: J©'¢ ( experiment)

Another Example: Determine the J7C of a meson decaying to 7'7°.

We know the J*C of the z° and ' are both 0~+:

Physics Letters B 740 (2015) 303-311

[A’ |7TO> = — ‘7TO> 15 ‘77/> = — |77/> 0dd and even partial waves of n7~ and '~ in7 " p— nVx"p
A0 0 ALy ) at 191 GeV/c
Clr”) = +[m") Cln)=+In) COMPASS Collaboration

2
V)
o
o
o

=
]
o
o

Since J = L and:

=
N RO
Acceptance [%)]

A

P|J7C (n'n%)) = (=1)" [J7C ('7°))
C TP (' n%))

Entries / 4 MeV /c

L RAR LA Ly LAl A LA LA R
}  Acceptance [%]
Entries / 20 MeV /c2

o

1 1.5 2 2.5 3 3.5 4 4.5 1.5 2 2.5 3 3.5 4 4.5 5
m(nm ) [GeV/c?] m(n'7x7) [GeV/c?]

o

|

+_
o
g
Q
3\

N
1

(@ m(nm™) (b) m(nm™)

the total JX¢ will be
0+t (S-wave)

cos Vg
cos 19GJ

(eNoNoke) QOO O

0000 0000
HOOOOERNONKROOWR

21T (D-wave)

RFOORNONKO®H

i
1.5 2 2.5 3 3.5 4 4.5 5
m(nm ) [GeV/c2] m(n’© =) [GeV/c?]

1 1.5 2 25 3 3.5 4 4.5

etc.
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[IB. Meson Quantum Numbers: J©'¢ ( experiment)

0

JC of a meson decaying to #'z°.

Another Example: Determine the

We know the J*C of the z° and ' are both 0~+:

Physics Letters B 740 (2015) 303-311

if) |7TO> = — ‘7T0> [A) ‘77/> = — |77/> Odd and even partial waves of nr~ and n’w~ in7~p — "7 p
N0 0 A , at 191 GeV/c
Cln’) =+|m) Cln)=+In) COMPASS Collaboration
~ _x103 ~
. SEE (1320 Sa000c g (1320)
Since J = L and: s 'az( ) : =
X N 60;— N : { ]Hl!ll{“.{hiiilj*m
PP 'x®) = (~1)7 |77 =) | ¢k oo,y
N 7PC (1 0\ _ PC(, 1 0 = 2T T s
¢ "] (77 n )> B T ‘J (77 n )> m(nm ") [GeV/c?] m(n'7 ") [GeV/c?]
(b) D-wave, L = 2 (b) D-wave, L = 2
the total J©€ will be ool | o
(s (S-wave) §2000;— |||| ” m 7,(1600) *ﬂ | 7 ( )

i

S 1500F

1000 i | | ||
500
: : . +
0 ”*. .* ............... +. . itl.*.x.*.*.oll.uol ...... boidos 0 :.LA‘.A.Hl‘.‘. . :h.‘.‘x. .A..1u.!:ht.lith.*“:i.aihi.u
0.8 1.2 1.6 2 2.4 2.8 . 1.6 2 2.4 2.8

m(nm ") [GeV/c?] m(n'w7) [GeV/c?]

2+t (D-wave) I

Events /

etC . (a) P-wave, L = 1 (a) P-wave, L = 1

12



[IB. Meson Quantum Numbers: J©¢ (gg model)

JP C

In the quark model, the of a meson can be related to the internal gg state:

P=(—D"and C = (- 1),

(1) Start with a quark and an antiquark:

color
|817 Slz> |Ir1> ‘ql> ‘Cl> anticolor
593 802) [72) |42) [62)*
o X
Spin state position flavor

(2) Combine them: Clebsch-Gordan coefficients \

|nLSJJz> |QI62> (‘C>) — Z <L57 LZSZ|JJZ> Z |5132;31z322> <3132381232z‘552>
L.S, S1282z2 ~

spin state

X /d3fr' ™) (FInLL,) |q1G2) Z |017102Z

(3152 :
S S CJJ L,S. 552;812822 |81327812522>

color singlet

S1z2822 L S
3 L.x 1 _
x [ d TRnL(T)YL (7)) la1G2) —= Z c14C2i)
7 X V'3 i
radial wavefunction spherical harmonic

13



[IB. Meson Quantum Numbers: J©¢ (gg model)

In the quark model, the /7 of a meson can be related to the internal ¢g state:
P=(—D"and C = (- 1),

(3) Antlsymmetrlze them: exchange antisymmetry

J .
n* ML (1q2)) = (1 = Pi2) [nLSJJ,) |q1G2)

1
ﬂ
spectroscopic notation N

o — Y Y 3P s O3, L, Is152; 512922) / Ry (r)Y (7) |7)

51z52z L S

X [quz) + (=1)L+S \CI2CI1>]

(2) Combine them: Clebsch-Gordan coefficients \

|nLSJJz> |QI62> (‘C>) — Z <L57 LZSZ|JJZ> Z |5132;31z522> <3132381232z‘552>
L.S, S12822 ~

spin state

X /d3fr ™) (FInLL,) |q1G2) Z |017102Z

_ S ‘ S ‘ 5152 :
= CJJ L,S. 552;812822 |31527512522>

color singlet

S1z2822 L S
3 L.x 1 _
x [ d TRnL(T)YL (7)) la1G2) —= Z c14C2i)
7 X V'3 i
radial wavefunction spherical harmonic

14



[IB. Meson Quantum Numbers: J©¢ (gg model)

JP C

In the quark model, the of a meson can be related to the internal gg state:

P=(—D"and C = (- 1),

(3) Antlsymmetrlze them: exchange antisymmetry

J .
n* ML (1q2)) = (1 = Pi2) [nLSJJ,) |q1G2)

1
ﬂ
spectroscopic notation N

T2 O Y O C5, msmisnsa) [ PR GIYE () I

51z32z L S

lq1G2) + (—1)L+S 32q1)

(4) Determine the parity and C-parity (when g, = q,): using P, = — P,

Pn® ML) = (D) 02T L (q160))
C|n**TL;(q9) = (—1)"° [n* 1L ;(qq))

(5) Also write the state in terms of observable properties:

spin, parity, mass, etc. flavor and C-parity C is set by convention

| 4 / when q; # ¢,
TP (q1G2) (mass)) = |7 (mass)) NG l132) + C'l2q1)]

15



[IB. Meson Quantum Numbers: J©¢ (gg model)

cC bb das, us

N +(+) Xoo(1P) %

1+ X.1(1P) Xp(1P)

0+ Xoo(1P) Xpo(1P)
excited 1+ h(1P) hy,(1P)
states 1) ¢(1020) JIy(1S) Y(1S)
ground (=) nln' n.(18) np(18)
state  1p(c)

| cii, cd cS sb
A 1=

N +(+)
1)
o+

excited 1+
states 1=()
ground ()—()
state JP(©O)

mEwor|

1°P,

P,

[ | 7

D*(2007)° | D*(2010)* B |1°S,
D° D* D} B? |15,

SIUWUSISSY PPOIA J1end) HAd

Since P = (—1)!*! and C = (- 1), not all J7C are allowed for ¢ states (e.g. 17).



[IB. Meson Quantum Numbers: J©¢ (gg model)

Examples in charmonium:

n.(1S) [ground state]
n = 17 L = 0, S = 0
JPC — O—+

Jhy(18)
n=1, L=0, S=1
nZSHLJ — 13S1
JrC=17"

h.(1P)

n=1, L=1, §=0
nZSHLJ — 11P1
JPC= 1+—

Xeo(1P)

n=1, L=1, S=1
n25+1LJ — 13P0
JPC=0++

)(cl(lp)
n=1, L=1, §=1

n25+1LJ — 13P1
JPC — 1++

Xeo(1P)

n=1, L=1, S=1
n25+1LJ — 13P2
JPC=2++

Connect JC to n***1L, with P = (—=1)!*! and C = (- 1)1+°,

Mass (MeV)

4700 }

4500 |

4300 |

4100 + p *

3900 }

3700 }

3500 |

3300 |

3100 +

2900 1

!”’
J-c n
n
T
7 a T T, ©
KK n ’
A\ A A 4
Jly (1S)
1 1"

Xy, (1P)

Charmonium System

2020 PDG

()+ + 1+ + :2+ +

17



[IC. Meson Quantum Numbers: Flavor

QUARKS STRONG
d u S C b q | q
—igTr"
d |Plnly] =t | K° D* | RO
N
&z
ARE z~ |2lnly’| K- D° | B~
8 E KO K+ nln f D+ B0 J
; S
<ZC - D- A0 D- Iy B- ELECTROMAGNETIC
q q
b BO B B! Bf Y '
Flavor quantum numbers: Also:
1 1
U=N,—N; (“upness”) L= 5U+ ED

D =Nj— N, (“downness”)
S = N;— N, (strangeness)

(third component of 1sospin)

s 1 1 2
C=N,— N, (charm) Y=§U_§D+§S
B = N3y — N, (bottomness) (hypercharge)

These are absolutely conserved by the strong and electromagnetic forces.

18



[IC. Meson Quantum Numbers: Flavor

QUARKS
Examples:
d u \ C b
- - ) K*(892)* - K7+
d |lnlw'| =5 | K | D* | B 1
% (S=1. U=1, L=2)
ARE z~ |@nln| K- D’ | B~
- / . TK~
o| s K0 g+ |7 f D7 B BS*2(584O) — BK
= i B (B=1, S=-1)
<| ¢ D~ DY Dy | Jly | B
. 0 | g+ | po B+ Y X(2900) - DK™
(C=-1, D=-1, S=1,
U= 1, 13 — O)
Flavor quantum numbers: Also:
1 1
U=N,—N; (“upness”) L= EU + ED
D=Nj—N; (“downness”) (third component of isospin)
S = N;— N, (strangeness) . | ’ | . 5 S
C=N,— N, (charm) —3° 3 +§
B = N3y — N, (bottomness) (hypercharge)

These are absolutely conserved by the strong and electromagnetic forces.

19



[IC. Meson Quantum Numbers: Flavor

QUARKS
Off-diagonal combinations
d u \ C b :
are eigenstates of H :
d |lnln| =+ | K° | DT | RO
& For example,
[ @ = |Zlnln'| K- D° | B- _
< : < 44| Hs e | ud > =0
o 5 KO Kt " | Jj D+ BO _ 7
et ¢ s s whenever qg # ud
=
Z. _ _ _ _ _
D 0 D J/ B : :
< € b ’ i ‘ implies
b B | Bt | B Bf Y H, o lud >

Flavor quantum numbers:

U=N,— N; (“upness”)

D =Nj— N, (“downness”)

S=N;— N,
C=N.—-N;
BENB_N]Q

(strangeness)

(charm)

(bottomness)

— Zqu> <QQ|Hs,em|ud>
qq

Also: = < ud|H,

1 1
2 2

|lud > |ud >

,em

* but note < uitud | H, .. |ud > = ?

. . . ,€1m
(third component of 1sospin)

1 1 2
Y=—-U-—-D+-§

3 3 3

(hypercharge)

These are absolutely conserved by the strong and electromagnetic forces.
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[IC. Meson Quantum Numbers: Flavor

QUARKS
d u ) C b
| a 2lnly| =t | K° D* | jo
%
2| @ | = |@laln| Kk | D | B
) / _
ol s ko | g+ |11 s | DF | B
=
<Zg C D~ DO D Jy B
b BY BT B! Bf Y
Flavor quantum numbers: Also:
1 1
U=N,—N; (“upness”) L= EU + ED

D =Nj— N, (“downness”)

S=N;— N,
C=N.—-N;
BENB_N]Q

(strangeness)

(charm)

(bottomness)

On-diagonal combinations are not
necessarily eigenstates of H -

For example,

< uit|Hy o |dd > # 0

—> |uii > and |dd > are
not eigenstates of H .,

< uit|H ., |s5 > small

,em
—> |s§ > might be nearly
an eigenstate of H

<ui|H ., |cc>=0

,em
—> |cc > is more likely
an eigenstate of H

(third component of 1sospin)

1

1

2

Y=-U-—-—D+-=§
3 3

3

(hypercharge)

* but note < uiicC | Hg o

These are absolutely conserved by the strong and electromagnetic forces.

lcc > =7
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IIC. Meson Quantum Numbers: Flavor (Isospin)

Since m, ~ my, the strong force has an additional, approximately conserved,
quantum number: isosopin.

Strong interactions are almost invariant under SU(2) rotations that mix the up and down
quarks (using the 2d fundamental representation 2):

o)) 6

This 1s just like spin and leads to a new conserved quantum number called 1sospin.

Just like spin, we have states labeled by I and /; with the usual properties:

I5|1,13) =I5 |1, I3)
I, 13) = I(I + 1) |1, I3)
I |1 =~/ ITL)I+£I3+1)|1,13+1)

1
Relabel the up and down quark flavors using |u > = |5, + 5 > and |d > = |5, ey >



IIC. Meson Quantum Numbers: Flavor (Isospin)

Since m, ~ my, the strong force has an additional, approximately conserved,
quantum number: isosopin.

The corresponding rotation for antiquarks is given by (using the 2d conjugate representation 2):
U a* b U
d’ —b a d

This can be transformed to look like the quark rotations (using the 2d fundamental representation 2).
Multiply left and right by ( ) :

1 0

0 -1 ! 0 -1 a* bF 0 1 0 -1 U
1 0 d’ 1 0 ~b a -1 0/ \1 0 d
_ — note: using
—d’ a b —d the convention
— Clu>=|ia>
u’ —b* a* U Cld>=1|d>

1 1 _ 1 1
Relabel the up and down antiquark flavors using |iz > = |5, B > and |d > = — |5, +—>.

2

£l
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ANTIQUARKS

IIC. Meson Quantum Numbers: Flavor (Isospin)

Since m, ~ my, the strong force has an additional, approximately conserved,
quantum number: isosopin.

Combine 1sodoublets into higher-order representations just like spin (e.g.2® 2 =3 @ 1):

S

1 1 7 1 1 / o |UCZ> — |17 +1> \
5> +3) =15+ |, , _ ] o )
Y ;) | e (= lad) =1, 0) ) & (L (ju) +|dd)) = o, 0))

\ |d1—b> — ‘1, —1> ) (I = O part will also contain s§

in two different combinations)

I =— I =— I=1 I=0
2 2
With this notation:
C b 1
|JP(C)(Q1(?2)(maSS)> = |JP<maSS)> — |1 G2) + C'|G2q1)]
DT BO \/§
; The pion is:
D B~ 1 B B (choose C = + for
ot | B 7Y = (07 (140)) 7 [— ud) — |du)] * to match 7°)
1 _ _
¢ D~ | p° | DF | Jw | BZ 17%) = |07 (135)) 5 |ua) — |dd) + |au) — |dd)]
| B | B | B | BY | Y ) = 07 (140)) —— [|d@) + |ad)] ot
V2 Clzt>=—|n" >
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IIC. Meson Quantum Numbers: Flavor (Isospin)

Since m, ~ my, the strong force has an additional, approximately conserved,
quantum number: isosopin.

Combine 1sodoublets into higher-order representations just like spin (e.g.2® 2 =3 @ 1):

[ —ud)y =1, +1)

5 +3) —|dy =%, +1) ) )
1 1>> ? ( @) = |1, —1) ) - 12 (lut) —|dd)) =11, 0) | & (% (Juw) + |dd)) = 10, 0>)

V2
’ ’ \ | de_L> — |1 _1> ) (I = 0 part will also contain s5
7 in two different combinations)
1 1
[=— I=— I=1 I=0
2 2
With this notation:
y 170 P(C)(, = P 1 - .
2+(+) J (¢1¢2)(mass)) = [J* (mass)) ﬁ la1G2) + C'|@241)]
1+ The pion is:
0+ 1 B B (choose C = + for
states  1~(5) ¢(1020) 1 _ _
0 — _ _
DRI o=y oy | v e 7%) = 107(135)) 5 [Ju) — |dd) + |au) — |dd)]
state 1
JPO =1 [I=0 I=0 |77 ) =07 (140)) — [|du) + |ud)] note:
V2 Clzt>=—|z">
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IIC. Meson Quantum Numbers: Flavor (Isospin)

Since m, ~ my, the strong force has an additional, approximately conserved,
quantum number: isosopin.

Combine 1sodoublets into higher-order representations just like spin (e.g.2® 2 =3 @ 1):

[ —ud)y =1, +1)

5 +3) —|dy =%, +1) ) )
1 1>> ? ( @) = |1, —1) ) - 12 (lut) —|dd)) =11, 0) | & (% (Juw) + |dd)) = 10, 0>)

V2
’ ’ \ | de_L> — |1 _1> ) (I = 0 part will also contain s5
7 in two different combinations)
1 1
I=— I=— I=1 I=0
2 2
With this notation:
y 170 P(C)(, = P 1 - .
2+(+) J (¢1¢2)(mass)) = [J* (mass)) ﬁ la1G2) + C'|@241)]
1+ The p(770) is:
0t 1 - - (choose C = — for
excited 1) ‘,0+> - 1_(770)> ﬁ [_ |Ud> + |du>] p* to match p?)
states 172 $(1020) 0 B 1. _ B _
woud oo [ w2 1L niw T oir %) = |17 (770)) 5 [Jua) — |dd) — [aw) + dd)]
state 1
PO =1 =0 I=0 ™) = 117 (770)) —= [|da) — |ud)
V2 Clp*>=+|p™ >
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IIC. Meson Quantum Numbers: Flavor (Isospin)

Since m, ~ my, the strong force has an additional, approximately conserved,
quantum number: isosopin.

Also combine up and down quarks with other quarks to make 1sodoublets 2 ® 1 = 2):

u) =13, +3) us) = |
D \[5) =10, 0)) =
<d> =3, §>> ( ) (d8> = |

The kaon can then be 1dentified as:

[KF) =107 (494)) — [Jus) + [5u)]

(choose C = + using
[|d§> + ‘§d>] quark model (—1)4+5)

K") =]07(498)) -

K% =107(498)) |— |ds) — |sd)]

nAote:
CIK">=+[K >
|as) +|sa)]  CIK'>=—|K">

ANTIQUARKS

S

[K™) =07 (498))
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I1C ers: Flavor (Isospin)

The K g and K 2 are linear combinations
of K and KV:

Since onal, approximately conserved,

quantu |KQ > ~ K>+ K>

Also com | Kg > | KO> — |K9> o make 1sodoublets 2 ® 1 = 2):
us) = |3, +3)

So that: ° °

ds) = 13, —3)

A A 2 2
0 ~ 0

ANTIQUARKS

A A 7 1 1
CP|K) >~ — |K} > —lds) =15, +3)
—ey — |1 1
(and the J¥C of the Kg is0™7) ’u8> ‘2’ 2>
QUARKS
The kaon can then be 1dentified as:
) = 07 (494)) = [jus) + [5u)]
1 (choose C = + using
KO> — O_(498)> ﬁ [|d§> + ‘§d>] quark model (—1)E5)
_ 1 _ _
O p— - — —_— —
K”) = |07(498)) NG |— |ds) — |sd)] e
1 CIK">=+[K >
K7) = 07(498)) s [fas) +lsi)] - CIK"> = - K0
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IIC. Meson Quantum Numbers: Flavor (Isospin)

Since m, ~ my, the strong force has an additional, approximately conserved,
quantum number: isosopin.

Combine pion isotriplets using Clebsch-Gordon coefficients 3® 3=5®3 & 1):

[ 12.2) )
7 ) =[1,1) 7T) =[1,1) 2,1) 5 |77 70) — o5 707 )
79 =11,0) | @[ |7 =|1,0) | =] [2,0) | @ % Tt ™) — % a -ty | D (% Tt ™) — % 700y + % |7T_7T+>)
|7T_> — |17 _1> |7T_> — |17 _1> |27 _1> —= T ) — = 7-(-_7-(0

1 0} — L f ) o
\|27 _2>)
[=1 I=1 I=1
=2

Comparing to the general 717~ system in a definite state of J*' (first example, slide =~ 8):

1
IR ) = <= [l e ) + (1) )] / 1Y M (0, ) [p0é) | Por)
I=0forevenJ (O*F, 2% ... = f, 5, ...)

[=1foroddJ (177,37, ... = p,ps...)
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IIC. Meson Quantum Numbers: Flavor (G-Parity)

Combine 1sospin rotations and charge conjugation to define G-Parity.
Like 1sospin, G-parity 1s approximately conserved by the strong force.

G = CRy () = Ry(r)C = Ce il

The states |zt > and |p™* > , for example, are not eigenstates of C, but are eigenstates of G.

Starting with the 3 representation of iéy(ﬂ')I

(0 0 +1)
Rym=10 -1 0
\+1 0 0

Ry (r) |7 )
= Ry(m)|)
Ry(7) |n™)

Ry(”) |P+>
— Ry(ﬂ) |PO>

Ry (m) [p™)

In general, for eigenstates of G:

_|_

_|_

+

_|_

m) CRy(m) [77)
%) = CRy(m)|n°)
) CRy(m) |n™)
p-) CRy(m) o)
") = CRy(n)|p°)
ph) éRy (m) lp™)

_|_
+
_|_

)
™y = Glza>=—|n>
)
ph)
) = Glp>=+Ip>
p)

G=C (— 1)1 where C is given by the neutral member of the group
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IIC. Meson Quantum Numbers: Flavor (G-Parity)

Combine 1sospin rotations and charge conjugation to define G-Parity.
Like 1sospin, G-parity 1s approximately conserved by the strong force.

0, (1)C = Cem iy

e not eigenstates of C, but are eigenstates of G.

—
C
(]
(&)
p -
(O]

=2
C

g
f—
O
©
S

L
(@)}

k=

<
(&)
C
©
p -

m

o

a

o

CRy(m) [p™) = +1p")
= CRy(m)|p°) =+1p") = Glp>=+Ip>
Number of Pions C’Ry(ﬂ) p7)=+1p7)

In general, for eigenstates of G:

G=C (— 1)1 where C is given by the neutral member of the group
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IIC. Meson Quantum Numbers: Flavor (G-Parity)

Combine 1sospin rotations and charge conjugation to define G-Parity.
Like 1sospin, G-parity 1s approximately conserved by the strong force.

= =
c c
o )
&) O
p - S
) )
o C”
c c
O o
=] -
) O
© ©
p - | -
L. LL
e)) ®))
£ c
= e
) O
c c
© ©
p - | -
m m
Q) ©)
()] QO
(Al o

——

|
6 7

Number of Pions Number of Pions

In general, for eigenstates of G:

G=C (— 1)1 where C is given by the neutral member of the group
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IIC. Meson Quantum Numbers: Flavor SU(3)

Extend SU(2) isospin symmetry to SU(3) flavor symmetry by including the
strange quark. (Since m, & m; < m,, SU(3) flavor symmetry is less strict than isospin.)

SU(2) Flavor Symmetry (isospin) SU(3) Flavor Symmetry

0-CO0=0 (ol

\¥') \5/ \5/

3 generators: 1y, 1,, I3 8 generators: 1,15, 15,14, 15, 1T¢, 17, 1Tg
QUARKS | QUARKS

ANTIQUARKS
ANTIQUARKS
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[IC. Meson Quantum Numbers: Flavor SU(3)

Extend SU(2) isospin symmetry to SU(3) flavor symmetry by including the
strange quark. (Since m, & m; < m,, SU(3) flavor symmetry is less strict than isospin.)

SU(2) Flavor Symmetry (isospin)

u/
Z)
3 generators: IAl,IAZ, IA3

label states by 1, I

00 f;

SU(3) Flavor Symmetry

a
(3) |4
)\

8 generators: Tl, Tz, T3, T4, TS, YA”6, T7, YA”S

1o T’

label states by 7, 1, 15, Y (hypercharge)

(except instead of T use the dimension of the representation)

[\
[\J|>—-_

' Recall from earlier that /; and Y count quarks:
5 (8 1 1
() < L=—U+—-D
L ! 2 2
’ L 1 1. 2
@_1__ Y=-U-—-D+—=S
’ 3 3 3
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[IC. Meson Quantum Numbers: Flavor SU(3)

Extend SU(2) isospin symmetry to SU(3) flavor symmetry by including the
strange quark. (Since m, & m; < m,, SU(3) flavor symmetry is less strict than isospin.)

The 8 SU(3) generators:

T, = I
1sospin subgroup T2 = f2
Ts = Iy
Ts — ﬁf/ hypercharge quantum number
2
Ty +iTy = I
raising and lowering T4 4 ’iT5 _ Vi
operators ) ) A
T 117 = U+

SU(3) Flavor Symmetry

(e
d | = (3) vt

- € d

\s'/ \s/ \s/

8 generators: Tl, Tz, T3, T4, TS, YA”6, T7, YA”S

label states by 7, 1, 15, Y (hypercharge)

(except instead of T use the dimension of the representation)

Recall from earlier that /; and Y count quarks:

1 1
2 2
1 1 2
Y=—U-=D+=S
3 3 3
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[IC. Meson Quantum Numbers: Flavor SU(3)

Extend SU(2) isospin symmetry to SU(3) flavor symmetry by including the
strange quark. (Since m, & m; < m,, SU(3) flavor symmetry is less strict than isospin.)

The 8 SU(3) generators: In the 3 representation, 7; = —A;:
Ty =1 (o0 1 . 0 —i 1
1sospin subgroup T2 — 1 2 M=[1 0 | A2=1]¢ 0 A3 = —1
Tg _ fg \ oo .
3L (0 - 1) (0 - —i [
Ty = 73/ hypercharge quantum number VI IR N VA As = 7 1
A A A \1 - 0/ \i - 0) 9
hixidy =1s Lo )
raising and lowerin r Y
i e Ty £15 = Vi A= (-0 1| M=[- 0 —i (Gell-Mann matrices)
perators . . .
Ty +iTh = Uy 1o/ i o)
3 i 3 Recall from earlier that /; and Y count quarks:

1 1
2 2
1 1 2
Y=—U-=D+=S
3 3 3
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[IC. Meson Quantum Numbers: Flavor SU(3)

Extend SU(2) isospin symmetry to SU(3) flavor symmetry by including the
strange quark. (Since m, & m; < m,, SU(3) flavor symmetry is less strict than isospin.)

ANTIQUARKS
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[IC. Meson Quantum Numbers: Flavor SU(3)

Extend SU(2) isospin symmetry to SU(3) flavor symmetry by including the
strange quark. (Since m, & m; < m,, SU(3) flavor symmetry is less strict than isospin.)

ANTIQUARKS

nonet
In the center of the nonet:
0 1 _ : m? ~ 135 MeV
|7° > =—[|ui > — |dd > |
V2
1 )
|77>%|;78>=7[|uﬁ>+|dd>—2|55>] my, ~ 548 MeV
6
’ 1 — 7 =
|I1 >z|n1>:$[|uu>+|dd>+|ss>] mn/z958MeV

note: m, is much larger than quark model expectations!
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[IC. Meson Quantum Numbers: Flavor SU(3)

Extend SU(2) isospin symmetry to SU(3) flavor symmetry by including the
strange quark. (Since m, = m; << mg, SU(3) flavor symmetry is less strict than isospin.)

1)

A
N +(+)
1+
aSe
excited 177

states  1~(-) ¢(1020)

nly’

ground ()—)

state JP(C)

[=0

Excited states have closer to “ideal mixing™:

1

|p0>=$[|uﬁ>—|dd>] m, = 770 MeV
1 y 7 ~ 7182 MeV
|a)>z—[|uu>+|dd>] My, ~ ©
My ~ 892 MeV
| >~ |55 > my ~ 1020 MeV
note: m,~ m, and mg, +my R 2mg.  as expected
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[IC. Meson Quantum Numbers: Flavor SU(3)

Extend SU(2) isospin symmetry to SU(3) flavor symmetry by including the
strange quark. (Since m, = m; << mg, SU(3) flavor symmetry is less strict than isospin.)

There are many ways to probe the quark content,e.g. I, :

Le(p) l(Q—Q)Z—l(l)z—i@)
ee\P 0<2 u d _2 _18

I, (@) 0<1(Q +Q)2—l(l)2—i(1)
e g u T EAT T3 T g

C) (0 = (o = —(2)
3 18

Experiment:
I',,(p) =698 keV, I',(w) =0.62 keV,I',(¢) = 1.26 keV (with errors ~1%)

= T,(p): [, (@) : T, (¢h) =11.2:1.0:2.0

“nonet
A 1)
2+ Excited states have closer to “ideal mixing’:
+(+)
! N i
0+ |p >=$[|uu>—|dd>] m, = 770 MeV

excited 1+

1 - ~
|a)>x—[|uﬁ>+|dd>] m, ~ 782 MeV

states  1~(2) $(1020) M ~ 892 MeV
ground ()—(+) nln' | > ~ |55 > m, ~ 1020 MeV
state JP(©O) 1
I=1 =0 I=0 I = E note: m,~ m, and mg, +my R 2mg.  as expected
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HUGS 2021 Lectures on:
Experimental Meson Spectroscopy

Prologue: Definitions and Philosophy LECTURE II. Meson Quantum Numbers

I. A Field Guide to Meson Families IIA. Meson Naming Scheme

[I. Meson Quantum Numbers IIB. J*C (spin, parity, C-parity)
III. The Quark Model * from experiment

IV. Exotic Mesons * from a gg model

V. Current and Future Experiments IIC. Flavor

* Strangeness, Charm, Bottomness
* Isospin

* G-Parity

* Flavor SU(3)
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HUGS 2021 Lectures on:
Experimental Meson Spectroscopy

Prologue: Definitions and Philosophy LECTURE II. Meson Quantum Numbers

I. A Field Guide to Meson Families Meson quantum numbers include J¢ and

II. Meson Quantum Numbers flavor, which can be determined experimentally.

III. The Quark Model The J¥€ and flavor can also be mapped to

a meson’s quark content, but with ambiguities.

IV. Exotic Mesons ,
Given the name of a meson, you know

V. Current and Future Experiments its JPC and flavor.
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