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Jianwei covered some of this
material very clearly (the zoom

transcript was less clear):.

with three full meals, like for example
omega minus three.

Australia calls. If they also need the grace
day, then they they like to be known as the
grandstand they like to be symmetric but
we know for the familiar you like to have the
overall waveforms to be anti symmetric.

So then if you put those two Republicans
together, you have a potential to violate all
the politics principle. That means you need
another quantum number to help you to
distinguish those states.
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Prologue: Definitions and Philosophy

Hadrons: composite particles made from

quarks (g), antiquarks (g), and gluons (g)
= strongly interacting particles

Baryons: hadrons with three more quarks
than antiquarks (e.g. gqq)

—> strongly interacting particles, fermions,
baryon number = 1

Mesons: hadrons with equal numbers of
quarks and antiquarks (e.g. gq)

= strongly interacting particles, bosons,
baryon number = (

Spectroscopy: use the diverse spectrum of
hadrons/baryons/mesons to explore the strong

force (QCD)

generations
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Definitions and Philosophy
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Prologue: Definitions and Philosophy

Hybrid static potential flux tubes from SU(2) and SU(3) lattice gauge theory

Lasse Miiller®, Owe Philipsen®, Christian Reisinger, and Marc Wagner

Goethe-Universitit Frankfurt am Main, Institut fiir Theoretische Physik, Max-von-Laue-Strafie I,
D-60438 Frankfurt am Main, Germany

® (Received 15 July 2019; published 16 September 2019)

We compute chromoelectric and chromomagnetic flux densities for hybrid static potentials in SU(2)
and SU(3) lattice gauge theory. In addition to the ordinary static potential with quantum numbers A = X7,
we present numerical results for seven hybrid static potentials corresponding to A,(f) =X, X,
2, 1, I, Ay, Ay, where the flux densities of five of them are studied for the first time in this work.
We observe hybrid static potential flux tubes, which are significantly different from that of the ordinary
static potential. They are reminiscent of vibrating strings, with localized peaks in the flux densities that can
be interpreted as valence gluons.
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Prologue: Definitions and Philosophy

Meson Summary Table generatlons
See also the table of suggested qg quark-model assignments in the Quark Model section. QUARKS
e Indicates particles that appear in the preceding Meson Summary Table. We do not regard the other entries as being established.
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Prologue: Definitions and Philosophy

Meson Summary Table Baryon Summary Table

— - - - This short table gives the name, the quantum numbers (where known), and the status of baryons in the Review. Only the baryons with 3- or
See also the table of suggested qg quark-model assignments in the Quark Model section. 4-star status are included in the Baryon Summary Table. Due to insufficient data or uncertain interpretation, the other entries in the table
are not established baryons. The names with masses are of baryons that decay strongly. The spin-parity J” (when known) is given with each

e Indicates particles that appear in the preceding Meson Summary Table. We do not regard the other entries as being established. ; ° > -
particle. For the strongly decaying particles, the J* values are considered to be part of the names.
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e xa(lP) 0t( i )| T((45) ; O:LEI:L 73 *¥k*  Exjstence is certain, and properties are at least fairly well explored.
ehe(lP)  0—(1F+ )| e Zp(10610) 1H(1 Tt~ s
“xallP) 07| zb((msso)) 17+((1 + —)) T hame o cPing facione, atc. are not well determaneq. 5 dcorable and/or
. * IZC(QS) 0,(0 : ,) T(10753 ?.,1 _,_, **  Evidence of existence is only fair. .
PartICIG Data GI’Ollp (PDG) *%(29) s ) : ;82328; 8—8 — —; *  Evidence of existence is poor. ParthIG Data Group (PDG)
Meson Summary Table Baryon Summary Table




Prologue: Definitions and Philosophy

“All science 1s either physics or stamp collecting.”
— Ernest Rutherford (apocryphal)

But:
(1) diversity 1s interesting
(2) hadrons provide a toolkit to address particular questions

(3) general principles can be inferred from patterns

—> spectroscopy 1s stamp collecting
(which is a good thing)



Prologue: Definitions and Philosophy

Hadron contributions to fundamental physics

Patterns of hadron multiplets
—> the existence of quarks with flavors and colors

Non-observation of hadrons with color (including quarks)
—> color confinement

Patterns of excited hadrons
—> shape of the gg and gq potentials, including spin effects

Searches for exotic hadrons
—> tests of our ability to understand and use QCD

Patterns of hadron weak decays
— parity violation, CP violation, structure of the CKM matrix

Diverse collection of hadrons

—> opportunities to search for new physics
(e.g.BY - Kyt~ and Bt - KTeTe)

spin-0 mesons

[PDG qguark model review]



HUGS 2021 Lectures on:
Experimental Meson Spectroscopy

Prologue: Definitions and Philosophy LECTURE I. A Field Guide to Meson Families

I. A Field Guide to Meson Families [A. Introduction to Meson Families

II. Meson Quantum Numbers IB. A Few Basic Principles Determining
Meson Behavior

IC. A Tour of Meson Families

* the K™ family

* the K" family

* the 7° family

* the J/y family

* the p family

* the Z,(3900) family

III. The Quark Model
IV. Exotic Mesons

V. Current and Future Experiments
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ANTIQUARKS

IA. Introduction to Meson Families

QUARKS

J y ¢ c b K™ family

(weak decays, no mixing)
_ 0 . n >0 n —0 K family
d T | Ji | Ji ﬂ K D B (weak decays, mixing)
0 .

_ - 0 / _ 0 _ z- family
u 4 n | " | " K D b (large electromagnetic decays)
_ 0 + n | ]’]l + =0 J/l//famlly
\) K K DS BS (strong decays, near or below open flavor threshold)
¢ D~ p° | Dy | Jly | B:
b B | B* | By | Bf | Y

11



ANTIQUARKS

excited
states

ground
state

IA. Introduction to Meson Families

QUARKS
+ .
(weak decays, no mixing)
_ 0 .
- 0 / + 0 + — K" family
T T K D 0
d | m | m b (weak decays, mixing)
0 .
_ — 0 / _ 0 _ z- family
T T D
U | ;7 | ;7 K B (large electromagnetic decays)
/ :
5 KO Kt " | H Dt BO J/ y family
¢ S S (strong decays, near or below open flavor threshold)
_ _ family
_ _ 0 _ p
¢ D D DS ]/l/j BC (strong decays, above open flavor threshold)
— 0 +
b BY B* By B, Y
ud, uii, dd, s3 cc bb ds, us cit,cd cS db, ub sb
1721 pa700) |[ w(1650) |[ 41680) |[ w3770) || Y@S) |[K*(1680) DAGTo0F
2+ [ay(1320) || £1270) || £(1525) || x.,(1P) X (1P) || K3(1430) D:(2460) DER5T3" | Bx(5747) |[B%(5840)°
1791 a,(1260) || £1285) || f,(1420) 2.1(1P) 2 (1P) || K,(1400) D,(2430) D,;(2536)"
0T | ag(1450) || f,(1370) || f,(1710) Z.0(1P) Xpo(1P) || K5(1430) D;¥(2300) D*(2317)"
17| by(1235) || #,(1170) || h(1415) h.(1P) hy(1P) || K,(1270) D,(2420) D,,(2460)" || B,(5721) || B,;(5830)°
1~ [ p(770) o(782) $(1020) JIw(1S) Y(1S) K*(892) || D*(2007)° | D*(2010)* D;* B* B°
o®| 20| z* nin' nin' n.(1S) np(1S) K° | K* D° D Df B° | Bt BY
JP©)
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ANTIQUARKS

excited
states

ground
state

IA. Introduction to Meson Families

QUARKS
(weak decays, no mixing)
_ 0 .
- 0 / + 0 + — K" family
T T K D 0
d | m | U b (weak decays, mixing)
0 .
_ — 0 / _ 0 _ z- family
T T D
u | 7] | ;7 K B (large electromagnetic decays)
/ :
5 KO Kt " | H Dt BO J/ y family
¢ S S (strong decays, near or below open flavor threshold)
_ _ family
_ _ 0 _ p
¢ D D DS ]/l/j BC (strong decays, above open flavor threshold)
; o | s | 8 | B | Y Z,(3900) family
) C (exotic flavor quantum numbers)
ud, uit, dd, ss cé bb ds,us cii,cd cS db, ub sb
+
1721 p(1700) || @(1650) || ¢(1680) w(3770) Y(4S) || K*(1680) D*(2700)
2+ [a,(1320) || £(1270) || £1525) || 7.(0P) || x(1P) || K3(1430) D;(2460) DER5T3" | Bx(5747) |[B%(5840)°
170 q,(1260) || £(1285) || f,(1420) 2.1(1P) 21(1P) || K,(1400) D,(2430) Dy;(2536)*
0T | ag(1450) || f,(1370) || f,(1710) Xeo(1P) Xpo(1P) || K5(1430) D;¥(2300) D*(2317)"
17| b,(1235) || m(1170) || R,(1415) h.(1P) h(1P) || K (1270) D,(2420) D,,(2460)" || B,(5721) || B,;(5830)°
1~ [ p(770) o(782) $(1020) JIw(1S) Y(1S) K*(892) || D*(2007)° | D*(2010)* D;* B* B°
o | 2% | zt nln' nln' 1n.(18) 1n,(1S) K| K* D Dt Df B | B* B?
JP©)
Z (4020)" — 7*h, Z (4430 — 7y (2S) Z,(10650)" — thy, z+Y X(2900)° - DK~
Z.(3900)* — xtJly Z_ (4000)" — K+J/y Z,(10610)* — nth,, x+Y T,...(6900) — J/ylly
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IB. Basic Principles Determining Meson Behavior

Four basic principles determining meson behavior:

1. For a particle A at rest decaying to particles 1,2, 3, ...,

my=FE, = ZEZ'Z Z\/mi2+pi2 2 Zmi

2. Flavor quantum numbers are conserved by the
strong and electromagnetic forces, but not by the

weak force.

3. When allowed,
strong decays dominate electromagnetic decays,
and electromagnetic decays dominate weak decays.

4. Strong decays without gg annihilation are usually
preferred over decays with gg annihilation
(OZI suppression).

14



IB. Basic Principles Determining Meson Behavior

ELECTROMAGNETIC
Four basic principles determining meson behavior: q q

1. For a particle A at rest decaying to particles 1,2, 3, ...,

my=FE, = ZEZ'Z Z\/mi2+pi2 2 Zmi

2. Flavor quantum numbers are conserved by the STRONG

strong and electromagnetic forces, but not by the q q

* a
weak force. —igTy;r"

3. When allowed,
strong decays dominate electromagnetic decays,
and electromagnetic decays dominate weak decays. g

4. Strong decays without gg annihilation are usually ,
preferred over decays with gg annihilation
(OZI suppression).
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IB. Basic Principles Determining Meson Behavior

ELECTROMAGNETIC
Four basic principles determining meson behavior: q q

1. For a particle A at rest decaying to particles 1,2, 3, ...,

my=FE, = ZEZ'Z Z\/mi2+pi2 2 Zmi

2. Flavor quantum numbers are conserved by the STRONG
strong and electromagnetic forces, but not by the q q
weak force. —igTyr"

—> all SM interactions conserve baryon number:

1
B = 3 2 (qu B N‘_]f)
f

—> electromagnetic and strong interactions conserve
quark flavors (e.g. strangeness, charm, bottomness):

F == (N, —N;)

16



IB. Basic Principles Determining Meson Behavior

Four basic principles determining meson behavior: " (decays weakly):
T, =26%x1078%s

1. For a particle A at rest decaying to particles 1,2, 3, ...,

my=FE, = ZEZ'Z Z\/mi2+pi2 2 Zmi

0 . .
2. Flavor quantum numbers are conserved by the m” (decays electromagnetically):
strong and electromagnetic forces, but not by the To=8.5X 10-17 g

T+ = 7.8 m

weak force.
CT, = 26 nm

3. When allowed,
strong decays dominate electromagnetic decays,
and electromagnetic decays dominate weak decays. p(770) (decays strongly):

1 1
4. Strong decays without gg annihilation are usually S ==
preferred over decays with gg annihilation I 150 MeV
(OZI suppression). ct,= 1.3 fm

=4.4%x 107 s

17



IB. Basic Principles Determining Meson Behavior

week ending

PRL 106, 162303 (2011) PHYSICAL REVIEW LETTERS 2 PRI 3011 7t (decays weakly):

New Measurement of the 7° Radiative Decay Width - —8
y T, =26%1078s

(PrimEx Collaboration)

T+ = 7.8 m

(ub/rad)

7° (decays electromagnetically):
7,0 = 8.5 X 10_17 S

CT, = 26 nm

do/de per 0.02°,

dop, 8aZ? B ,
ds;) =T =) m3 *0r ) (decays strongly):

1 1
7 T 150 MeV
0fp=1.3fm

4. Strong decays without ¢g annihilation are usually =44%x107%*s

preferred over decays with gg annihilation
(OZI suppression).

18



IB. Basic Principles Determining Meson Behavior

BESIII Collaboration / Physics Letters B 710 (2012) 594-599
0

Jly > n'nx zt (decays weakly):

7. =26x%x10"%s

T+ = 7.8 m

Events/2.4 MeV/c?

7° (decays electromagnetically):
7,0 = 8.5 X 10_17 S

m(nr) [GeV/c] CT, = 26 nm

3. When allowed

9

strong decays dominate electromagnetic decays,
and electromagnetic decays dominate weak decays. p(770) (decays strongly):

1 1
4. Strong decays without gg annihilation are usually S ==
preferred over decays with gg annihilation I 150 MeV
(OZI suppression). ct,= 1.3 fm

=4.4%x 107 s
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IB. Basic Principles Determining Meson Behavior

Four basic principles determining meson behavior:

1. For a particle A at rest decaying to particles 1,2, 3, ...,

my=FE, = ZEZ'Z Z\/mi2+pi2 2 Zmi

2. Flavor quantum numbers are conserved by the
strong and electromagnetic forces, but not by the

weak force.

3. When allowed,
strong decays dominate electromagnetic decays,
and electromagnetic decays dominate weak decays.

4. Strong decays without gg annihilation are usually
preferred over decays with gg annihilation
(OZI suppression).
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ANTIQUARKS

excited
states

ground
state

IC. A Tour of Meson Families: the K family

QUARKS
(weak decays, no mixing)
_ 0 .
- 0 / + 0 + — K" family
T T K D 0
d | m | U b (weak decays, mixing)
0 .
_ — 0 / _ 0 _ z- family
T T D
u | 7] | ;7 K B (large electromagnetic decays)
/ :
5 KO Kt " | H Dt BO J/ y family
¢ S S (strong decays, near or below open flavor threshold)
_ _ family
_ _ 0 _ p
¢ D D DS ]/l/j BC (strong decays, above open flavor threshold)
- o | s | 8 | B | Y Z,(3900) family
) C (exotic flavor quantum numbers)
ud, uit, dd, ss cé bb ds,us cii,cd cS db, ub sb
+
171 p(1700) || @(1650) || ¢(1680) || w(3770) Y(4S) || k*(1680) D*(2700)
2+ [ay(1320) || £(1270) || £(1525) || x1.(1P) Xpo(1P) || K3:(1430) D:(2460) DER5T3" | Bx(5747) |[B%(5840)°
1791 a,(1260) || £1285) || f,(1420) 2.1(1P) 2p1(1P) || K;(1400) D,(2430) D,;(2536)"
0+ | ap(1450) || £,(1370) || f,(1710) Yoo(1P) Xpo(1P) || Ki(1430) D;(2300) D¥(2317)"
17| by(1235) || #,(1170) || h(1415) h.(1P) hy(1P) || K,(1270) D,(2420) D,,(2460)" || B,(5721) || B,;(5830)°
1~ [ p(770) o(782) $(1020) JIw(1S) Y(1S) K*(892) || D*(2007)° | D*(2010)* D;* B* B°
o | 2% | zt nln' nln' 1n.(18) 1n,(1S) K| K* D Dt Df B | B* B?
JP©)
Z (4020)" — 7*h, Z (4430 — 7y (2S) Z,(10650)" — thy, z+Y X(2900)° - DK~
Z.(3900)* — xtJly Z_ (4000)" — K+J/y Z,(10610)* — nth,, x+Y T,...(6900) — J/ylly
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IC. A Tour of Meson Families: the K™ family

LEPTONIC HADRONIC

g Yu ¢ V,
> W >
u ) e i )
SEMI-LEPTONIC Similar diagrams exist for:
e 7~ (only leptonic), D*, D, B~, B-
—> important access to CKM matrix

F < Ve elements and decay constants
" , U Lifetimes:

¢ V
K- ]1'0 cT, = 78 m CTDS = 151 pm
. ctx = 3.7 m ctg =491 ym
i i ctp =312 ym ¢ty =150 um

—> mand K leave tracks in detectors

22



IC. A Tour of Meson Families: the K™ family

LEPTONIC HADRONIC

C g c Vcs
> W+ >
DT > d DT )
d v, d
SEMI-LEPTONIC Similar diagrams exist for:
2 7~ (only leptonic), D*, D, B~, B-
—> important access to CKM matrix
W+ * e’ elements and decay constants
V
c, €s ‘\Sy , Lifetimes:
D_|_ IZO CT, = 78 m CTDS = 151 MM
. ctx = 3.7 m ctg =491 ym
d d ctp =312 ym  c7g = 150 ym

—> mand K leave tracks in detectors
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IC. A Tour of Meson Families: the K family

BESIII Experiment IMuon .................................
(Beijing, China) Ki Detector

Event display for:

25m
+ - +pr— ot - : -
ete” = KK 7tz Electromagnetic
at E~ = 3.7 GeV Calorimeter

Time-of-Flight .
: Detector '

Tracking
Detector

24



ANTIQUARKS

excited
states

ground
state

IC. A Tour of Meson Families: the K family

QUARKS
(weak decays, no mixing)
_ 0 .
- 0 / + 0 + — K" family
T T K D 0
d | m | U b (weak decays, mixing)
0 .
_ — 0 / _ 0 _ z- family
T T D
u | 7] | ;7 K B (large electromagnetic decays)
/ :
5 KO Kt " | H Dt BO J/ y family
¢ S S (strong decays, near or below open flavor threshold)
_ _ family
_ _ 0 _ p
¢ D D DS ]/l/j BC (strong decays, above open flavor threshold)
- o | s | 8 | B | Y Z,(3900) family
) C (exotic flavor quantum numbers)
ud, uit, dd, ss cé bb ds,us cii,cd cS db, ub sb
+
171 p(1700) || @(1650) || ¢(1680) || w(3770) Y(4S) || k*(1680) D*(2700)
2+ [ay(1320) || £(1270) || £(1525) || x1.(1P) Xpo(1P) || K3:(1430) D:(2460) DER5T3" | Bx(5747) |[B%(5840)°
1791 a,(1260) || £1285) || f,(1420) 2.1(1P) 2p1(1P) || K;(1400) D,(2430) D,;(2536)"
0+ | ap(1450) || £,(1370) || f,(1710) Yoo(1P) Xpo(1P) || Ki(1430) D;(2300) D¥(2317)"
17| by(1235) || #,(1170) || h(1415) h.(1P) hy(1P) || K,(1270) D,(2420) D,,(2460)" || B,(5721) || B,;(5830)°
1~ [ p(770) o(782) $(1020) JIw(1S) Y(1S) K*(892) || D*(2007)° | D*(2010)* D;* B* B°
o | 2% | zt nln' nln' 1n.(18) 1n,(1S) K| K* D Dt Df B | B* B?
JP©)
Z (4020)" — 7*h, Z (4430 — 7y (2S) Z,(10650)" — thy, z+Y X(2900)° - DK~
Z.(3900)* — xtJly Z_ (4000)" — K+J/y Z,(10610)* — nth,, x+Y T,...(6900) — J/ylly
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IC. A Tour of Meson Families: the K" family

HADRONIC

The K family is similar to the K™ family
(e.g. similar weak decays), except:

(1) members are electrically neutral, so
don’t leave tracks in detectors

(2) members can mix through the weak force:

S u,c,t d

d i,C,t S

—> K" and K° are not mass eigenstates
(and similarly for D°, B®, and B?)

The mass eigenstates are linear combinations:
0 1 0 0
|K)>~—[IK"> + K> |
2

|Kg>zi[|1<0>—|120>]
2
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IC. A Tour of Meson Families: the K" family

HADRONIC

The K family is similar to the K™ family
(e.g. similar weak decays), except:

(1) members are electrically neutral, so
don’t leave tracks in detectors

(2) members can mix through the weak force:

S u,c,t d

d i,C,t S

—> K" and K° are not mass eigenstates
(and similarly for D°, B®, and B?)

The mass eigenstates are linear combinations:
0 1 0 0
|K)>~—[IK"> + K> |
2

|Kg>zi[|1<0>—|120>]
2
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IC. A Tour of Meson Families: the K" family

The K family is similar to the K™ family
(e.g. similar weak decays), except:

HADRONIC

g Vis (1) members are electrically neutral, so
don’t leave tracks in detectors

(2) members can mix through the weak force:

S u,c,t d

Since CP is almost conserved: d i,c,t 5

0 0 _
HB(Kg — 2m) > B(K{ — 3r) —> K" and K° are not mass eigenstates
95’([(2 — 371) > 93’(1(2 — 2r) (and similarly for D, B®, and B;))

— KY 0 ' Lot : : ..
K¢ and K; have very different lifetimes The mass eigenstates are linear combinations:
(unique to the K° system)

1 _
|K?>~—[|1K°> + K> |
cTg, = 2.7 cm 2

— 1 _
CTKL—15.3m |KLO>N_[|K0>—|KO>]
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IC. A Tour of Meson Families: the K" family

Mixing also means the Kg and K 2 can have slightly
different masses, which controls the rate of K® — K°

oscillations (and similarly for D°, B°, and BY).

Start witha K¥ at t = 0.
The K 59 and K B components evolve differently:

|K(t) > = e | KV >

N |
=e M —|K)> + | K] > |
V2
1 —imt—LTot | 270 —im t—<T,t| 70
= —e€ 525|K5>+€ LleKL>

NG

So that the probability of finding a K* at time ¢
oscillates:

<K°|K(t) > = % [e‘imst_%rﬂ + e‘imLt_%FLt]

1
Pro(t) = 7 [e‘FSt + e Tt 4 2o 2(TstT cos((m; — mS)t)]

The K family is similar to the K™ family
(e.g. similar weak decays), except:

(1) members are electrically neutral, so
don’t leave tracks in detectors

(2) members can mix through the weak force:

s u,c,t d

KO KO

<
<

d i,c,t g

—> K" and K° are not mass eigenstates
(and similarly for D°, BY, and B;) )

The mass eigenstates are linear combinations:
0 1 0 0
|K?>~—[|1K°> + K> |
2

|Kg>zi[|1<0>—|120>]
2
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IC. A Tour of Meson Families: the K" family

Mixing also means the Kg and K 2 can have slightly

different masses, which controls the rate of K O _ gV
oscillations (and similarly for D° B, and B‘?)-

Start witha K¥ at t = 0.
The K g and K 2 components evolve differently:

|K(t) > = e | KV >
o1
=e M —|K)> + | K] > |
2

1 o 1

NG

So that the probability of finding a K* at time ¢
oscillates:

<K°|K(t) > = % [e‘imst_%rst + e‘imLt_%FLt]

1
Pro(t) = 7 [e‘rst + e Tt 4 2o 2(TstT cos((m; — mS)t)]

Experimentally, K and K can be distinguished
using semi-leptonic decays, since K — 77e*y,
and K — nte ",

Eur. Phys. J. C 22, 55-79 (2001)

Digital Object Identifier (DOI) 10.1007/s100520100793 THE EUROPEAN

PHYSICAL JOURNAL C

T -violation and CPT -invariance measurements
in the CPLEAR experiment: a detailed description
of the analysis of neutral-kaon decays to emwv

The CPLEAR Collaboration

e
N

0.06 E
0.04 E

0.6
5 0.02 E

Fit residuals

0.5 |
- -0.02 E
0.4 | 2

0.3

NKO(t) — Nko(f)
Ngo(t) + Ngo(2)

0.2

0.1

0.1 |

5 1 1 1 1 10 1 1 1 1 15 1 1 1 1 20
Neutral—kaon decay time [Tg]

(0.09 ns)

m; —mg=3.5%x10"1> MeV = 5.3 ns™!
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IC. A Tour of Meson Families: the K" family

< 0 0 0
Mixing also means the K g and K 2 can have slightly There are similar phenomena for the D, B, and B,

different masses, which controls the rate of KO _ 0 with different lifetimes and mass differences.

oscillations (and similarly for D°, B®, and BY).
Precise determination

of the Bg—Eg oscillation frequency
arXiv:2104.04421v1 [hep-ex] 9 Apr 2021

LHCD collaboration®

Start witha K¥ at t = 0.
The K g and K 2 components evolve differently:

_ —iHt| g0 —
| K@) > = e [K" > — BY - D_nt — BY - D_n" — Untagged

o]
—e H___[IKO> + KV >
\/5[ S L ]

1 o 1

NG

So that the probability of finding a K* at time ¢
oscillates:

<K°|K(t) > = % [e‘imst_%rst + e‘imLt_%FLt]

| 1
Pro(t) = 7 [e‘FSt + e Tt 4 272 sH D cos((m; — mS)t)] My — My = 1.17 X 1078 MeV = 17.8 ps_l
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ANTIQUARKS

excited
states

ground
state

IC. A Tour of Meson Families: the 7" family

QUARKS
(weak decays, no mixing)
_ 0 .
- 0 / + 0 + — K" family
T T K D 0
d | m | U b (weak decays, mixing)
0 .
_ — 0 / _ 0 _ z- family
T T D
u | 7] | ;7 K B (large electromagnetic decays)
/ :
5 KO Kt " | H Dt BO J/ y family
¢ S S (strong decays, near or below open flavor threshold)
_ _ family
_ _ 0 _ p
¢ D D DS ]/l/j BC (strong decays, above open flavor threshold)
- o | s | 8 | B | Y Z,(3900) family
) C (exotic flavor quantum numbers)
ud, uit, dd, ss cé bb ds,us cii,cd cS db, ub sb
+
171 p(1700) || @(1650) || ¢(1680) || w(3770) Y(4S) || k*(1680) D*(2700)
2+ [ay(1320) || £(1270) || £(1525) || x1.(1P) Xpo(1P) || K3:(1430) D:(2460) DER5T3" | Bx(5747) |[B%(5840)°
1791 a,(1260) || £1285) || f,(1420) 2.1(1P) 2p1(1P) || K;(1400) D,(2430) D,;(2536)"
0+ | ap(1450) || £,(1370) || f,(1710) Yoo(1P) Xpo(1P) || Ki(1430) D;(2300) D¥(2317)"
17| by(1235) || #,(1170) || h(1415) h.(1P) hy(1P) || K,(1270) D,(2420) D,,(2460)" || B,(5721) || B,;(5830)°
1~ [ p(770) o(782) $(1020) JIw(1S) Y(1S) K*(892) || D*(2007)° | D*(2010)* D;* B* B°
o | 2% | zt nln' nln' 1n.(18) 1n,(1S) K| K* D Dt Df B | B* B?
JP©)
Z (4020)" — 7*h, Z (4430 — 7y (2S) Z,(10650)" — thy, z+Y X(2900)° - DK~
Z.(3900)* — xtJly Z_ (4000)" — K+J/y Z,(10610)* — nth,, x+Y T,...(6900) — J/ylly
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IC. A Tour of Meson Families: the 7" family

Properties of the 7, #, and 1":

* mixtures of u, d, and s quarks:

|7T0>=L[|ub_t>—|da?>]
2
1 _
|ln >~ —||uit >+ |dd > —2|s5 >
\@[ ]

1 _
1n' >~ —||uii > + |dd > + |55 > |
3

* the 7V decays only electromagnetically (7 — yy dominant) with a
lifetime of 8.5 X 10™!7 s (¢7 = 26 nm) corresponding to I 0=1.7¢eV.

* the 17 and 1’ are also narrow (but not as narrow as the z°):
[,=13keVandIl, =190 keV

* important for chiral symmetry breaking, fundamental QCD calculations,
searches for new physics, etc.

* also important as decay products from other particles
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IC. A Tour of Meson Families: the 7" family

BESIII Experiment
(Beijing, China)

Event display for:

ete” = Jly

with:

Jhy — yn’
}7/ N 7]72'071'0
n—yy

) = yy

(total of 7y)

A /l
4 F
—

Muon
Detector

Electromagnetic
Calorimeter

Time-of-Flight
- S Detector

QL St Y e LR L

Tracking
Detector

25 m
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IC. A Tour of Meson Families: the 7" family

Jy =y n' with n' = a’n and n0—>yy and n—vyy

BESIII Experiment
(Beijing, China)

BESIII MC

Event display for:

ete” = Jly

with:

Jhy — yn’
}7/ N 7]72'071'0
n—yy

) = yy

(total of 7y)

Tracking
Detector
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IC. A Tour of Meson Families: the 7" family

Jy =y n' with n' = a’n and n0—>yy and n—vyy

BESIII Experiment % 8000
(Beijing, China) 5 5000 BESIII MC
E 40003— ‘
e L
Event display for: ~ 3000}~

Jp — vy n' with n'—>non0n and n0—>yy and n—vyy

ete” = Jly

*
+

with:

Jhy — yn’
’7/ N 7]72'071'0
n—yy

) = yy

(total of 7y)

BESIII MC

....... S ———
04 05 06 07 O.

Mass(2y) [GeV/c?]

Combinations / 5 MeV/c?

L1 %l 1 g

10 141 12 13

Mass(6y) [GeV/c?]
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ANTIQUARKS

excited
states

ground
state

IC. A Tour of Meson Families: the J/y family

QUARKS
(weak decays, no mixing)
_ 0 .
- 0 / + 0 + — K" family
T T K D 0
d | m | U b (weak decays, mixing)
0 .
_ — 0 / _ 0 _ z- family
T T D
u | 7] | ;7 K B (large electromagnetic decays)
/ :
5 KO Kt " | H Dt BO J/ y family
¢ S S (strong decays, near or below open flavor threshold)
_ _ family
_ _ 0 _ p
¢ D D DS ]/l/j BC (strong decays, above open flavor threshold)
- o | s | 8 | B | Y Z,(3900) family
) C (exotic flavor quantum numbers)
ud, uit, dd, ss cé bb ds,us cii,cd cS db, ub sb
+
171 p(1700) || @(1650) || ¢(1680) || w(3770) Y(4S) || k*(1680) D*(2700)
2+ [ay(1320) || £(1270) || £(1525) || x1.(1P) Xpo(1P) || K3:(1430) D:(2460) DER5T3" | Bx(5747) |[B%(5840)°
1791 a,(1260) || £1285) || f,(1420) 2.1(1P) 2p1(1P) || K;(1400) D,(2430) D,;(2536)"
0+ | ap(1450) || £,(1370) || f,(1710) Yoo(1P) Xpo(1P) || Ki(1430) D;(2300) D¥(2317)"
17| by(1235) || #,(1170) || h(1415) h.(1P) hy(1P) || K,(1270) D,(2420) D,,(2460)" || B,(5721) || B,;(5830)°
1~ [ p(770) o(782) $(1020) JIw(1S) Y(1S) K*(892) || D*(2007)° | D*(2010)* D;* B* B°
o | 2% | zt nln' nln' 1n.(18) 1n,(1S) K| K* D Dt Df B | B* B?
JP©)
Z (4020)" — 7*h, Z (4430 — 7y (2S) Z,(10650)" — thy, z+Y X(2900)° - DK~
Z.(3900)* — xtJly Z_ (4000)" — K+J/y Z,(10610)* — nth,, x+Y T,...(6900) — J/ylly

37




ANTIQUARKS

excited
states

ground
state

IC. A Tour of Meson Families: the J/y family

QUARKS
d u ) C b
= Ol | / + KO D+ =0
d T-\nn T B
i = |Z’nln| K- DO B~
/
5 k| k+ 1 o| D | B
C D~ DO D- Jy B
— +
b B° Bt B B; Y
ud, uit, dd, ss cé bb ds, us cii,cd c§ db, ub sb
127 p1700) || w(1650) |[ #1680y || w3770) || Y4S) |[K*(1680) DAGTo0F
2+ [ay(1320) || £1270) || £(1525) || x.,(1P) X (1P) || K3(1430) D:(2460) DER5T3" | Bx(5747) |[B%(5840)°
1+ q,(1260) || £(1285) || f,(1420) 201 (1P) 2 (1P) || K, (1400) D,(2430) D,,(2536)"
0T | ag(1450) || f,(1370) || f,(1710) Z.0(1P) Xpo(1P) || K5(1430) D;¥(2300) D*(2317)*
17| by(1235) || #,(1170) || h(1415) h.(1P) hy(1P) || K,(1270) D,(2420) D,,(2460)" || B,(5721) || B,;(5830)°
1~ [ p(770) o(782) $(1020) JIw(1S) Y(1S) K*(892) || D*(2007)° | D*(2010)* D;* B* B°
oo | 2% | z* nly nly n.(1S) np(1S) K° | K* DO DY Dy B° | B* B?
JP©O)

Z,(4020)* — z*h,

Z,(4430)* - nty(29)

Z,(10650)" — nth,, a+Y

X(2900)° - DK~

Z.(3900)" - #tJ/y

Z,(4000)* - K*J/y

Z,(10610)* — w*hy, m+Y

T,.::(6900) — J/yJly
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IC. A Tour of Meson Families: the J/y family

Excited meson states below
open-flavor thresholds:

* have suppressed strong
decays

= they are relatively
narrow

= electromagnetic
transitions are accessible

* can be considered the
positronium of the strong

force

* potential models work well

Mass (MeV)

4700 1

4500 1}

4300 +

4100 + p *
s Vs

s Us
3900 }

3700 }

3500 +

3300 1} T T

T T 31;0
KK o
3100 ¢ o v
n, (1) Jly (1S)
2900 L1
JPC - 0ot 1 - 1 - 0+ 1+ o+t
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IC. A Tour of Meson Families: the J/y family

PHYSICAL REVIEW D 96, 032001 (2017)

Excited meson states below Branching fraction measurements of y(3686) — vy,

open-flavor thresholds:

(BESIII Collaboration)

Mass (MeV) 300 : :
* have suppressed strong 4700 | g 250 & &
decays o zooij; :
4500 | S 150 -
= they are relatively Thresh _§
narrow BT £ 100¢
L -
50
4100 {1 p * D -
—> electromagnetic o Ob i e e L T—
.. : — N 2 : 4 : : A :
transitions are accessible PP 01 02 03 04 05 06 0.7 08
[ E, (GeV)
* can be considered the aro0 |7 -
positronium of the strong
force 07
. 3300 |
* potential models work well
3100 | Charmonium System
2020 PDG
2900 L
]PC — 0+ 1~ 17~ o+t 1"+ o+
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IC. A Tour of Meson Families: the J/y family

Mass (MeV)

Bottomonium System
2020 PDG




IC. A Tour of Meson Families: the J/y family

PHYSICAL REVIEW LETTERS 121, 092002 (2018)

Observation of the y;;(3P) and y;,(3P) and Measurement of their Masses
(CMS Collaboration)

X10™ F i
y 1200
F nY(1 S) \s=13 TeV L Xb("’)?
F CMS L=80.0fb" L cms |
80 i 1000 }
> N b - E=13TeV
© 2 o t [y|<0.6 > " L=80.0f"
= F : 2 800 |- H
1 60¢[ : t 0.6< |y |< 1.2 L
Y c : v L
s F A o i
[N 7 @ 600 - A
Lﬁ 40 :_ /'\Y(ZS) § : 4 o Y(1S) +v
= P w - ¢ %y (2P) 2 e Y(@28)+v
- LY(3S) 400 § ﬁ +Y(@3S) +v
C i - Ay - i
— i } i H PR
i A WA FITRW W ‘3”;&@ 3
- i 4 Y y
- 4 AN / s 200 i s
- W /L #% W‘“@W‘w ;t‘wmw il M%
co oo v by by T ¢ W8
0™ 9.5 10 10.5 11 d R

10.2 J10.6
Y(nS) vy invariant mass (GeV)

Dimuon mass (GeV) 9.8

Bottomonium System

2020 PDG
1S
IR oo Y(1S)
9300 L
JPC — 0 + 1= 1t O+ + 1t ot 2=
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ANTIQUARKS
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states

ground
state

IC. A Tour of Meson Families: the p family

QUARKS
(weak decays, no mixing)
_ 0 .
- 0 / + 0 + — K" family
T T K D 0
d | m | U b (weak decays, mixing)
0 .
_ — 0 / _ 0 _ z- family
T T D
u | 7] | ;7 K B (large electromagnetic decays)
/ :
5 KO Kt " | H Dt BO J/ y family
¢ S S (strong decays, near or below open flavor threshold)
_ _ family
_ _ 0 _ p
¢ D D DS ]/l/j BC (strong decays, above open flavor threshold)
- o | s | 8 | B | Y Z,(3900) family
) C (exotic flavor quantum numbers)
ud, uit, dd, ss cé bb ds,us cii,cd cS db, ub sb
+
171 p(1700) || @(1650) || ¢(1680) || w(3770) Y(4S) || k*(1680) D*(2700)
2+ [ay(1320) || £(1270) || £(1525) || x1.(1P) Xpo(1P) || K3:(1430) D:(2460) DER5T3" | Bx(5747) |[B%(5840)°
1791 a,(1260) || £1285) || f,(1420) 2.1(1P) 2p1(1P) || K;(1400) D,(2430) D,;(2536)"
0+ | ap(1450) || £,(1370) || f,(1710) Yoo(1P) Xpo(1P) || Ki(1430) D;(2300) D¥(2317)"
17| by(1235) || #,(1170) || h(1415) h.(1P) hy(1P) || K,(1270) D,(2420) D,,(2460)" || B,(5721) || B,;(5830)°
1~ [ p(770) o(782) $(1020) JIw(1S) Y(1S) K*(892) || D*(2007)° | D*(2010)* D;* B* B°
o | 2% | zt nln' nln' 1n.(18) 1n,(1S) K| K* D Dt Df B | B* B?
JP©)
Z (4020)" — 7*h, Z (4430 — 7y (2S) Z,(10650)" — thy, z+Y X(2900)° - DK~
Z.(3900)* — xtJly Z_ (4000)" — K+J/y Z,(10610)* — nth,, x+Y T,...(6900) — J/ylly
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IC. A Tour of Meson Families: the p family

B 1 T
. : ¥ (2S) g
s — Mark-I -
- B Mark-T + LGW i
Mass (MeV) E B Mark-I1 .
1 [ PLUTO -
4700 | Y (4660) B Crystal Ball i
I | i
N - ]
S - i
4500 | S, B |
(4415) 0 - ‘ —
Thresholds: zfﬁgggi ------ B | ‘ i
4300 | (4260) o - ]
o5 e ot s 0 2020 PDG |
¥(4160) B w -
4100 { py « _55 _______ 040 5
D*D* ........ -
Dy Dg . Lo..... T T
3900 £ 5 |
y(3770)
—_ P
sro0 |07 n, (2S) ACORY
TR
3500 | N
3300 | LTt
T 70
T T, W
KK N ’ .
a1o0 | Ll | | Charmonium System
n, (15) Jly (1) 2020 PDG
2900 1
JPC — 0 + 1~ 1+ - O+ + 1+ + 2+ +
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Mass (MeV)

4700 1

4500 1}

4300 1

4100

3900

3700 }

3500 1}

3300 1}

3100 }

2900 1

Thresholds:

IC. A Tour of Meson Families: the p family

(4390)
(4360)

¥ (4660)

1 (4415)

¥(4260)

- 4230

1 (4160)

1 (4040)

o(eTe” — hadrons)

o(ete™ — hadrons)

-

$(2S)
Mark-I

Mark-I + LGW
Mark-I1I

PLUTO

Crystal Ball

W

01\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\

3 loop pQCD
Naive quark model

Inclusive:

¢ KEDR

Sum of exclusive
*
measurements BES 2020 PDG

1 1.5 2 2.5
Center-of-Mass Energy [GeV]

@
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IC. A Tour of Meson Families: the p family

Precision measurement of the branching fractions of |/¥ — 777~ 7" and

v > natn T

Events/2.4 MeV/c?

Jlw— ntnn

600000
400°000

200'000 -

%

*

L l 1 |

3

m(nr) [GeV/c?]

BESIII Collaboration / Physics Letters B 710 (2012) 594-599

m(n%)? [GeV?/c]

0

Jly— ntnrn

6 8
m(n*n%)? [GeV?/c*]
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IC. A Tour of Meson Families: the p family

Precision measurement of the branching fractions of J/¥ — 777w ~7¥ and
v - ntn 0
BESIII Collaboration / Physics Letters B 710 (2012) 594-599

w(2S) — ntra°

| #,
L 20001 ?W # S
> : O,
= i ~ N
< i ¢ B
. # .
S 10001 ' 5
3 % €
S
v %
L

' l ' '

3
m(nr) [GeV/c] m(n*n°)? [GeV?/c!]

- p
! e 3
i o ‘M’ $
- & #s
0 M ‘5"“’ PN,
- M M | X ’ N N 1 3 M "
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ANTIQUARKS

excited
states

ground
state

IC. A Tour of Meson Families:

the Z.(3900) family

QUARKS
(weak decays, no mixing)
_ 0 .
- 0 / + 0 + — K" family
T T K D 0
d | n | n b (weak decays, mixing)
0 .
_ — 0 / _ 0 _ z- family
T T D
u | n | n K B (large electromagnetic decays)
/ :
5 KO Kt H | H Dt B() J/y family
¢ S S (strong decays, near or below open flavor threshold)
_ _ family
_ _ 0 _ p
¢ D D DS ]/l/j BC (strong decays, above open flavor threshold)
- o | s | 8 | B | Y Z,(3900) family
S exotic flavor quantum numbers
¢ (exotic fi bers)
ud, uit, dd, ss cé bb ds,us cii, cd cs db, ub sb
+
171 p(1700) || @(1650) || ¢(1680) || w(3770) Y(4S) || k*(1680) D*(2700)
2+ [ay(1320) || £1270) || £(1525) || x.,(1P) X (1P) || K3(1430) D3(2460) DER5T3" | Bx(5747) |[B%(5840)°
1791 a,(1260) || £1285) || f,(1420) 2.1(1P) 21(1P) || K,(1400) D,(2430) Dy;(2536)*
0T | ag(1450) || f,(1370) || f,(1710) Z.0(1P) Xpo(1P) || K(1430) D;¥(2300) D*(2317)"
17| by(1235) || #,(1170) || h(1415) h.(1P) hy(1P) || K,(1270) D,(2420) D,,(2460)" || B,(5721) || B,;(5830)°
1~ [ p(770) o(782) $(1020) JIw(1S) Y(1S) K*(892) || D*(2007)° | D*(2010)* D;* B* B°
o®| 2 | z* nly' nln' n.(15) 1n,(1S) K° | K+t DY D+ Df BY | B* B?
JP©)
Z (4020)" — 7*h, Z (4430 — 7y (2S) Z,(10650)" — thy, z+Y X(2900)° - DK~
Z.(3900)* — xtJly Z_ (4000)" — K+J/y Z,(10610)* — nth,, x+Y T,...(6900) — J/ylly
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IC. A Tour of Meson Families: the Z.(3900) family
oo 1

BESIII Experiment etector
=0\

Event display for: :
Electromagnetic
ete” - ntn Jly % : 2 Calorimeter

with:

Jhy — pr

Time-of-Flight
Detector

Tracking
Detector

‘ XY View I
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IC. A Tour of Meson Families: the Z.(3900) family

|24 Selected for a Viewpoint in Physics week ending
PRL 110, 252001 (2013) PHYSICAL REVIEW LETTERS 21 JUNE 2013

5%

Observation of a Charged Charmoniumlike Structure inee™ — #wtw~J/ ¢ at \/s = 4.26 GeV

(BESIII Collaboration)

o, 100F + Data 100 F +$ata |
s 140:_ — Fit o B — Total fit
% - QO - Z 3900 ---- Background fit
¢ 120F | -+ Background > 30 ol ) I enspc
S 100F (2 B [ sideband
o n o 60 \
o 80f ' S _
@ 60F 2 40 Lol
= - S i
o 40 > [
> - W 20
W 20 i
0 o R Sl -~ Y A, Sk b sl 0 i e e e
3 3.05 3.1 3.15 3.2 3.7 3.8 3.9 4.0
M(utr) (GeV/c?) Mo (2 Iy (GEV/C?)

Z.(3900)t —» ztJ/w = minimal quark content is ccud
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HUGS 2021 Lectures on:
Experimental Meson Spectroscopy

Prologue: Definitions and Philosophy LECTURE I. A Field Guide to Meson Families

I. A Field Guide to Meson Families [A. Introduction to Meson Families

II. Meson Quantum Numbers IB. A Few Basic Principles Determining
Meson Behavior

IC. A Tour of Meson Families

* the K™ family

* the K" family

* the 7° family

* the J/y family

* the p family

* the Z,(3900) family

III. The Quark Model
IV. Exotic Mesons

V. Current and Future Experiments
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HUGS 2021 Lectures on:
Experimental Meson Spectroscopy

LECTURE 1. A Field Guide to Meson Families

. : Mesons are hadrons made from equal numbers
Prologue: Definitions and Philosophy off s el Amdas

I. A Field Guide to Meson Families The gross behavior of a meson is determined by

II. Meson Quantum Numbers whether it decays weakly (e.g. the K* and K°),

III. The Quark Model electromagnetically (e.g. the 7°), or strongly
| (e.g.the Jly and p):
IV. Exotic Mesons

. * and 1f weakly, whether it can mix with its
V. Current and Future Experiments antiparticle (e.g. the K°) or not (e.g. the K™).

* and 1f strongly, if it’s above open-flavor
threshold (e.g. the p) or not (e.g. the J/y).

There are also meson candidates with exotic
flavors that are hard to classify (e.g. the

Z.(3900)).
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