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Hadron Spectroscopy

HADRON SPECTROSCOPY: the study of
the spectrum of hadrons

=—> masses, widths, decay patterns, connections

to models and theories

HADRONS: composite particles made from

quarks (g), antiquarks (g), and gluons (g)
= strongly interacting particles,
held together by the strong force

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 = 0
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Hadron Spectroscopy

To learn about the strong force, THEORY

connect experiment, theories,
and models...
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Hadrons 1n the PDG (2024)

Meson Summary Table Baryon Summary Table

Including non-qq states. See also the table of suggested gq quark-model assignments in the " Quark Model” review.

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
e Indicates particles that appear in the preceding Meson Summary Table. We do not regard the other entries as being established. 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
LIGHT UNFLAVORED STRANGE CHARMED, STRANGE € continued particle. For the strongly decaying particles, the J¥ values are considered to be part of the names.
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The Approach of a Field Guide

Quick Key: Butterflies

Large; striped:

A
‘ ¥ “Ungquestionably the finest

local butterfly field guide

Swallowtails
\u

see page 3

ever produced’
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Large; dark, with or without yellow or orange spots:
Swallowtails (and thc\ir mimics)

///

see pages 5-11
‘k 3 Small to medium; white: 4 Small to large; yellow:
! t / Whites Sulphurs
g } ! "
!lg '. > a . 5
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see pages 13-15 see pages 17-2

Large; orange with black veins: '
Milkweed Butterflies and Viceroy |
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see page 49}
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The Approach of a Field Guide

Contents '
utterflies and Skippers 179
Quick Key......cocvnerivenenrennesennesnassin inside front cover ,
Terms Used When Identifying Butterflies and Skippers
Wit PIRHES: coiccinmiammmmsniissisrsmnemssnsmsarssnnnsss RIS TEES 1 (for definitions of these terms, see page 180)
QWAllOWHALLS . ... s enemnosonmossasvussisnississiinmnssssnsssbasnssbnssessasavmavee 3-11 a butterfly (enlarged) @— antenna club
Whites and Sulphurs ..o 13-21 | basking” with wings (egg-shaped)
Gossamer-wings and Metalmarks coeeveeeeeevecreeeseesvennennenns 23-47 held flat <«— antenna
I‘?I‘US}') foots e 49-79 ! wing band
Spread-wing SKIPPETS ....oovuvieiiiniiiiicicininins e 81-91 RN
s _— < _ nlcwmg
Grass SKIPPETS ..c.covvvvviumrmiririermnsnesisesisssccsssss e 93-127
IMIOTIIS e iieeeeieeeeesmeeeessssaesesnnessnnsessssneesnssasassnnnssssnnsnss 129-131
IMmature Stages ....c.couevvevmereresssenienissssniiinessisssnaeens 133-141
Larval Hosts and Nectar SOULCES ..evverrrirrrnnceeeeemneriannen 142-169
WHE BASICE . ooveonsassmmmmanmonnasnenvonsinsasinssss fossssaiis sossesnnes 171
I EEOAUCTION +revvreeeeeeeeeeeeeieeeeeeeeeassaeeessnnaesesansassesennes 172 _
Why Butterflies? ......cococveiuesessssssosansisisnsnenisssanasenns 172 PR
What are Butterflies and Skippers? ......cocooeniiiiinne 174 e > fringe
Families of Butterflies and Skippers.........ccocooiiiiiien 176 i}
Body Parts of Butterflies and Skippers.......ccooveiennnns 178
How to Identify Butterflies and Skippers.........ccccoen.. 180 a grass skipper (enlarged) @ antenna dloh, | @ head
The First QUESHON ....coouvemmrerieriinsinensessnisssisnssnineans 180 basking” with wings held (hooked) (enlarged)
The Second QUESTION ....ccuviviirieriereereieeiesiiaes 181 i Yjet” angles antenna
Additional QUESHONS .usumxsssessrcreirnssesnionssconsorssossorsons 182 (n:‘t]lgr::im
Using the Quick Key Boxes ..o, 182
Using the Plates: Burterflies and Skippers ................ 183
The Species Descriptions .......o.ovveiiinnnini 185
Using the Plates: Moths, Immature Stages, and :
Larval Hosts and Nectar Sources .........evvvvveeeevnnens 189 forewing
Beyond the Basics ... 191
] . ‘ . hindwing
Indiana and Its Butterflies ... oveiviveeeeereeeereeieeeceiinenn 192 fringe Al - ——.“3 proboscis
7 o e U U s ceab s b S 192
The (‘;cohgic Foundation ...e.eeeeeeeeereeeeeeeeeeeeernnneaeenaes l‘).?_ antenna types (enlarged)
Natural Regions .......ccoeurmerrrmnirnenssissinisisiessinnsinnens 195
Natural COmMMUINITIES vuveeeeerreereriernereeserneenesseennsans 204
Where, When, and How to Look for Butterflies ....... 207
N hte: Lo HUOBIE ... roerrs s RS S e oS aR R S R p R R e 207 ’
W heti t0 LLOOK ..vnwreesmmonmosnssssonsasriseosisiosssissssssssessazasns 210 egg-shaped hooked unclubbed feathered
HOW €0 LLOOK ottt eeeeeeeeeeeesaenee e eemnie s 210 (butterfly) (skipper) (moth) (moth)




The Approach of a Field Guide
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242 Beyond the Basics

about two-thirds of the images in this book were taken with slide film—either
the discontinued Agfa RSXII 50, or more recently, Fuji Astia 100.

How I Photograph Butterflies
I am often asked how I get so many photographs of butterflies, but it is a
hard question to answer. I find butterfly photography exciting, educational,
and immensely fun, but it can also be very challenging and sometimes frus-
trating, and I have not found any shortcuts. I just spend many hours in the
field with my camera, and I do not “cheat™ all my photographs are of wild,
free-flying, unmanipulated butterflies. I believe it is unethical to net and cool
a subject, restrain one in a cage, pinch, or otherwise disturb any butterfly for
the sake of getting a photograph. I also stay on trails or roads as much as pos
sible to avoid trampling habitat. So I must simply rely on my stubbornness,
persistence, and patience to win out in the end. I try very hard to obtain nice
photographs—in focus, exposed correctly, and with a nice composition—that
capture the beauty of my subjects. In order to achieve those goals, I am con
tinually trying to improve the following techniques:
* Finding approachable individuals
* The stalk—getting close enough
* Gerting parallel—triangulating focus
* Framing—in thirds
* Supporting the camera
I believe the most challenging facet of butterfly photography is getting
close enough to my subject. Not every butterfly can be photographed, some
will simply not allow it, so my toughest challenge is being patient enough ta
wait for a butterfly that is approachs
able. Depending on the abundance
and habits of a species, it may take
awhile. Usually the most approach-
able butterflies are those that are the
most distracted. | watch for butterflies
that are stopping frequently to feed,
or pausing more often to bask. These
are the individuals that might be ap
proachable.

When a butterfly is nectaring on 4
flower, basking on a leaf, or otherwise
distracted, 1 begin my stalk. My aim
is to be quiet, slow, and steady, with
out any sudden movements. 1 also
try to keep my shadow from passing
over the butterfly. Sometimes I get in
a low crouch, so my outline will ap:
pear smaller. When I am stalking a
butterfly in a woodland, I try to use

getting parallel to two Harvesters tree trunks or branches to screen my




The Approach of a Field Guide

Contents

Quick Key Butterflies

Large; striped: |
B / Swallowtails

Quick Key: Butterflies

black, with spots:

Quick Key: Butterflies

Small; blue, dark gray, or tan above,
silvery gray, tan, or white below:
Azures and Blues

ents and Lesser Fritillaries

Quick Key ....
The Plates ................... e

H;'ee pages 23-29

S\f\"ﬂ ”()\V[ﬂ l l G titeesenennssssasssassssnsssssssesssacstsssnecensannnsasascad Aqung, dark, w?lhior\ﬁh:ur;‘/}m;' or l;’vlil:gft' spols:: iR fedinm o L“.u with irvegular “l"& Ld[{t‘\ q| Small; gray, tan, or brown below, with white streaks: |
\X/l < i \ I l Swallowtails (and lhuy'r mimics) Anglewings and loLtol;éshells Elfins, Harvester, and Hairstreaks |
1res and sulp AULS teocoseccorcoscannassnsessnsssssssnssevansossos 7 i

Gossamer-wings and Metalmarks ........cccooviiinns
BruSHEOOUS o rxosrssvessionssonsisissssnamsnsonssissvmsssvavransornd )
N | vki 3 see pages 5-11| see pages 31-39
Spread-wing SKIPPErs ......occueiiueiiicmniinnnninininens pag

D nce. S ATO Small to medium; white: Small to large; yellow: v white or orange spots ot ban ] Small; underside green 1 Small; wings brown above
Grass SKIPPELS ..ccurrerrasesnsrssmesmasmsomsorsussessisnsaesuossrnsss y clegagd Sulphurs | i ————" D B ondersids e, (sl ot srange below:

. ) Hairstreaks Metalmarks
IMEOTIIS oot eeee e eeeeeun s e s eesssnnasessnnaesennnnnes P .

) L 4% 1

II“I]];][U[C 5(21%65 ..................................................... S ¢ 5 :e’ -',’"/

Aarval I1osts ‘lnd NCC[']I’ QOULEES issessosnsnssinsaasnavinisved o Y
Larv dl He d E see pages 13-15 see pages 17-21 see pages 69-71 see page 41 see page 47

Large; orange with black veins: | IS b large; tan, gray, or brown, 5t . Small; gray and orange below with spots; dark with orange above:
Milkweed Butterflies and Viceroy :
|

The Basics ............. e e e
INEFOAUCTION wevveeeieeeeeeieeeeeieee e e e e e e eiiaanes
Why Butterflies? ......cvusesecussassossnssanssaniseanencarsant
What are Butterflies and Skippers? ..o

Coppers

Families of Butterflies and Skippers.....................
Body Parts of Butterflies and Skippers.........c.......

How to Identify Butterflies and Skippers.........

Quick Key: Skippers

see pages 73-79
| { Q

—

Large: 3 inches or larger
T

Quick Key: Grass Skippers (wings closed)

see pages 43-45
| N .

Quick Key: Grass Skippers (wings open)

Small to Medium; wings held flat or 21 Small; hindwing with bold 2 Small; hindwing dark,

Small; forewing orange,

' I hc Fl rst Qll(‘S[iO D) ciecccccnccsscsnnsosessssssccssssasessarssassd at the same angle while basking: or chevron-shaped pattern: with violet or gray border: with distinct stigma:
_[] \‘ d Q A Sp’read-wing\Skippers‘ /
¢ decon UCSTION) ceveerncosronsocasonsecansansanseassssoses [ . |
Additional QUESTIONS «usecxssnsesressssmmsresemnasconessrrcsdl
L \
. . 7, Z2s / 3
Using the Quick Key Boxes .......ccooveviiiniriiiinnnind el Quick Kej Boxes 17-20 below| s pages 93.97 o0 hage 9 e e 17
=3 = Plafec: +erfiec Slei a1 g e at difBrent e e« while baskine
U.\lﬂg thL I ldtQS. BUI rer H 1€S an d ‘Sl\l PPL IS oiiinns Small; wings held ac different “jet” angles while b‘f‘\kmg' Small; hindwing with Small; hindwing with pale Small; forewing orange,
Grass Skippers | | ‘23 2 = 4 t 4
The Species Dcscriptions ................................... ' & checkered fringe: stripes ot highlighted veins: withoutstigmys ot stigma indistincr:
Using the Plates: Moths, Immature Stages, and M
Larval Hosts and Nectar Sources .........cceuee. ‘

see Quick Key Boxes 21-33 next page

see page 101 see pages 103-105 see page 119

Small; hindwing dark Small to medium; forewing with a

f/mgmml row of \/z'm

Beyond the Basics ...

Indiana and Its Butterflies ......oovvvvvveeereeeerennnnnn .

Medium; forewing with 18 Small to medium; mottled |
brownish gu/z/ or gold bands: brown; with or without |

Small; hindwing yellow or ‘26

orange, without bold pattern: brown or light gray,

R hite spots: Duskywings without bold pattern:
OIWVBEVIOW o sscsississossaiausnsusmrnsanssssnenssrnsessovessnaanast s ~
The Geologic Foundation ........cccooviceinniicininnnns S ; ‘ :
Natural Regions .......coeveimvimniienciciicniiiiininnninns see page 81 see pages 83-87 see page 107 see page 109 see pages 121-123
Natural CommUNITIES ..ivueereeeeieeeieericeanieeaneaes Mediums wnmortleds| - () Small forewing with whire Small; hindwing brown or Small to mediums Small forewing dark | [BB Small forewing dark,

forewing with white spots: tan, without bold pattern: forewing elongated:

f Cloudywing7 |

without spots:

Where, When, and How to Look for Butterflig
Wrhete to TUOOK: . .oneeesssisassimmpisssssivseisinsse snguiraady
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i with small \pu[x

- see page 89 see page 91 | see pages 125-127 see page 127
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12 Whites
Cabbage White (Pieris rapae rapae)

A

Identification:

1 Forewing with dark tip

2 Forcwing with one spot (male) or two spots (female)

3 Forewing spots ()Fspring and fall forms often /w/c’

4 Hindwing pale yellow (summer), gray-green (spring/fall)

Habitat: Fields, yards, gardens, woodlands

Larval hosts: Cabbage (Brassica oleracea), Garlic Mustard

(Alliaria petiolata), Yellow Rocket (Barbarea vulgaris) [143], and other mustards
Notes: Abundant; can be a pest on cabbages. Native to the Old World; first
introduced to North America at Quebec City in 1860. From there it advanced
across the continent: moving south it colonized Maine by 1865 and Massa-
chusetts by 1870; then additional introductions occurred at New York City
in 1868 and Charleston in 1873. Moving west, often as a stowaway aboard
trains transporting cabbages to market, it arrived in Indianapolis in 1872 and
Evansville in 1874 (Scudder 1887). By 1892 when Blatchley compiled the first
Indiana checklist, it was common throughout the state, as it is today.

West Virginia White (Pieris virginiensis virginiensis)
& g

ﬁltl.\s A .\1|| l,| |,\ls|ul.\|n|
Identification:
Flight more buoyant than Cabbage White

1 Forewing unmarked, occasionally with very faint spots

2 Hindwing with faint grayish-green veins

Habitat: Moist forests and moist ravines in dry forests

Larval hosts: Toothworts and bittercresses (Cardamine) [142],

rockcresses (Bouchera) [143], and other mustards

Notes: Similar to spring form Cabbage Whites which have pale forewing spots,
but note underside hindwing pattern. Uncommon in southern Indiana, ap-
parently absent from the northern counties, although it does occur in central
Michigan. West Virginia White has a single flight in early spring; Cabbage
White has many flights from spring through fall. Although Cabbage Whites
can be seen in woodlands, West Virginia Whites rarely stray from their forest
haunts to the gardens and disturbed habitats where Cabbage Whites abound.

Mustard White (Pieris oleracea oleracea)

Ii_lllil:\'ll.\_l._\ilIJ_JI;\ s]ulxlnl

Identification:

1 Both forms unmarked above, occasionally with faint spots
2 Spring form with distinct gn{yi:/?»gm'// venation

3 Summer form without venation (or, if present, very faint)
Habitat: Fens and adjacent uplands

Larval host: Watercress (Nasturtium officinale) [143]
Notes: State endangered; rare or uncommon in fens.

Medium, white

female

summer form spring/fall form

Cabbage White

2 Gk . ;»*-j'i""éég

. é// ‘
Rt spring form

&

I

-

7 Y \ ~
- \ summer form

Mustard White

see also:
Clouded/Orange Sulphur, female form “alba” [17]
Lictle Yellow [21]
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I. What are Mesons?

HADRON SPECTROSCOPY: the study of
the spectrum of hadrons

=—> masses, widths, decay patterns, connections

to models and theories

HADRONS: composite particles made from

quarks (g), antiquarks (g), and gluons (g)
= strongly interacting particles,
held together by the strong force

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 = 0

QUARKS generations
I IT 111

S 2 u c t

% +§ (up) (charm) (top)

§ 1 d ) b

< 3 (down) |(strange) | (bottom)
BARYONS

conventional baryon pentaquark
MESONS

OJOBNOIO

conventional meson

hybrid meson

OONONO

88

glueball

0100

OONOXNOIO0IO

tetraquark

meson molecule

baryonium




I. What are Mesons?

UARKS generations
A few famous baryons... Q
I II II1
2175 | @p) |(charm) | (top)
sl _1 d s b
< 3 (down) |(strange) | (bottom)
p (proton) n (neutron) A (lambda)
~ e M =~ 940 MeV M=~ 1116 MeV
Vo e ™~ BARYONS
A few famous mesons... @ @ @@@
@ @ @ ‘ conventional baryon pentaquark
MESONS

D% (D meson)
~ 1870 MeV

7zt (pion)

K* (kaon)
~ 140 MeV

M =~ 494 MeV

OJOBNOIONE

conventional meson hybrid meson glueball

OONONO
56 ® GEVE

tetraquark

0O 00 00

B* (B meson)
M ~ 5279 MeV

Y(1S) (bottomonium)
M =~ 9460 MeV

J/y (charmonium)
M =~ 3097 MeV

meson molecule baryonium



I. What are Mesons?

Inside a meson: QUARKS generations
I il I
Mesons are held together by the strong force, s .2 u c t
which 1s fundamentally due to quark-gluon sl 3 [ G» [(cham | (op)
and gluon-gluon interactions. .. sl _L d s b
%’ 3 (down) |[(strange) | (bottom)
BARYONS

@ @@
oo o 20

conventional baryon pentaquark
MESONS
| OJONNO s
The theory of Quantum Chromodynamics (QCD)
conventional meson hybrid meson glueball

describes the strong force.

| W@ @O ® OO
Standard Model of prticle posics) @ @

tetraquark meson molecule baryonium




I. What are Mesons??

QUARKS generations

I II I1I

Inside a meson:

Mesons are held together by the strong force,
which is fundamentally due to quark-gluon
and gluon-gluon interactions...

C 5

QCD Lagrangian

) 1
Zaco = Lo = 8V " Tj¥giAy = 7 GuCa”

‘g() — v_/qi(i}/’uélu _ mq)l//qi
G4, =6,Al — 6,A% + g, fabCA/{;Ag

OO OO

conventional meson hybrid meson

88

The theory of Quantum Chromodynamics (QCD)
describes the strong force.

glueball

W@ @ 00
00 @Qg)@

tetraquark meson molecule baryonium

(It’s probably the most complex corner of the
Standard Model of particle physics.)



I. What are Mesons?

Why are only certain combinations of QUARKS
quarks and gluons allowed?
Quarks and gluons interact via a “color charge” L“;
that follows SU(3) symmetry: g
g7: 3®3=841

BARYONS

q99: 3®3Q®3=(603)®3
=108 8D1

The strong force is so strong that only “colorless™

(color singlet) objects appear in nature. MESONS

generations

II

I1I

(up)

C
(charm)

t
(top)

(down)

S
(strange)

b

(bottom)

O,
0)0.

conventional baryon

@

090

O,

pentaquark

OO OO

Compare this to angular momentum, which follows
SU(2) symmetry:

two spin-1/2 particles: 2@ 2 =3 1

two spin-1 particles: 3@ 3 =531

conventional meson

hybrid meson

W@ @ @
00 @QSD@

tetraquark meson molecule

88

glueball

baryonium




I. What are Mesons?

Why are only certain combinations of QUARKS generations
quarks and gluons allowed? I I I
go 2 U c t
Quarks and gluons interact via a “color charge” cl (up) | (charm) | (top)
that follows SU(3) symmetry: = _1 d s b
state color size 3 (down) |[(strange) | (bottom)

—4/3
+1/6
—2/3
+1/3

qq: 33 =801 q9
q4
q4
q4

q99: 3®3Q®3=(603)®3
=108 8D1

O,
0)0.

conventional baryon

@

The strong force is so strong that only “colorless™

(color singlet) objects appear in nature. MESONS

OJOBNOIO

conventional meson

Compare this to angular momentum, which follows
SU(2) symmetry:

hybrid meson

two spin-1/2 particles: 2@ 2 =3 1

two spin-1 particles: 3@ 3 =531

tetraquark meson molecule

090

OONOXO
0.0 @Qg}@

O,

pentaquark

88

glueball

baryonium
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ANTIQUARKS

II. Families of Mesons

QUARKS

) C b

SN

~I

el

Ol

S
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ANTIQUARKS

II. Families of Mesons

QUARKS
d u ) C b

d |2Inly| =t | K° Dt | B
i = |x° In|n'| K~ DY B~
9 KO K+ nln’ D+ RO

S S
C D~ DY DS Jy B
b B | B* | B Bf Y
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II. Families of Mesons

QUARKS
d U S C b K i famlly
(weak decays, no mixing)
- 0 |+ 70 + 0 K family
N d 4 | n | n 4 D b (weak decays, mixing)
~ _ — 0 / _ 0 _ 2° family
Eé u i 4 | m | m K D B (large electromagnetic decays)
D | / _ .
S 0 + |HIH + 0 J/y family
g & K K ¢ DS BS (strong decays, near or below open flavor threshold)
<Z: C D~ DY D- Jy B
b B’ B* B! B} Y
ELECTROMAGNETIC STRONG
q
Meson properties
are largely dictated
by how they decay. = - : —iQger” ;
q
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II. Families of Mesons

QUARKS .
Decays via the weak force are slow:
d u S C b
d |Plnlw'| = | & | D" | BO
¥
eé i = |Z’nln| K- DY B~
- ' _
o b KO K+ nln f DF Bg
-
Z. _ _ = _ _
< C D D D; JIy B
b BY B* B! Bf Y
ELECTROMAGNETIC STRONG
q

Meson properties
are largely dictated

by how they decay. Sy ~iQ,er"
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II. Families of Mesons

QUARKS
d “ S ¢ b Decays via the weak force are slow:
d |lnlg'| =t | K | D* | BO
¥
eé i = |Z’nln| K- DY B~
- / _
ol s k0 | k+ [ 5| Df | B
-
Z. _ _ = _ _
< ¢ | b0 | D° | Dy | Jw | B re=12x107%s 1y =37 m
b B’ B* B! B} Y
ELECTROMAGNETIC STRONG
. q
Meson properties
are largely dictated
by how they decay. = - : —iQger”
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II. Families of Mesons

BESIII Experiment Muon
(Beijing, China) 4" Detector

Event display for:

ete” = K'K z"n Electromagnetic
at Eq =~ 3.7 GeV Calorimeter

ANTIQUARKS

¥~ Time-of-Flight
Detector

Tracking
Me Detector

91919,
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II. Families of Mesons

QUARKS
d U S C b K i famlly
(weak decays, no mixing)
- 0 |+ 70 + 0 K family
N d 4 | n | n 4 D b (weak decays, mixing)
~ _ — 0 / _ 0 _ 2° family
Eé u i 4 | m | m K D B (large electromagnetic decays)
D | / _ .
S 0 + |HIH + 0 J/y family
g & K K ¢ DS BS (strong decays, near or below open flavor threshold)
<Z: C D~ DY D- Jy B
b B’ B* B! B} Y
ELECTROMAGNETIC STRONG
q
Meson properties
are largely dictated
by how they decay. = - : —iQger” ;
q
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II. Families of Mesons

QUARKS The weak force can cause oscillations:
d u S C b
d |Plnly| =t | K° D* | BO
¢
eé i = |Z’nln| K- DY B~
- / _
o b KO K+ nln f Ds+ Bg
=
Z. _ _ = _ B-
< C D D D, JIy ;
b B° B* B! Bf Y
ELECTROMAGNETIC STRONG
. q
Meson properties
are largely dictated
by how they decay. = - : —iQer"
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II. Families of Mesons

QUARKS

pp — BY/B? + hadrons

LHCb, Nature Physics 18, 1 (2022)

— B - Dyt — BY - BY - D;a" — Untagged

7p)
Ml _
|l u /A
<

21
ol 5 | K°
=

| ¢ D~

Meson properties
are largely dictated

by how they decay. ~igTi7* ®.QQQQQ

g
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II. Families of Mesons

QUARKS
d U S C b K i famlly
(weak decays, no mixing)
- 0 |+ 70 + 0 K family
N d 4 | n | n 4 D b (weak decays, mixing)
~ _ — 0 / _ 0 _ 2° family
Eé u i 4 | m | m K D B (large electromagnetic decays)
D | / _ .
S 0 + |HIH + 0 J/y family
g & K K ¢ DS BS (strong decays, near or below open flavor threshold)
<Z: C D~ DY D- Jy B
b B’ B* B! B} Y
ELECTROMAGNETIC STRONG
q
Meson properties
are largely dictated
by how they decay. = - : —iQger” ;
q
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II. Families of Mesons

QUARKS
d u S C b Decays via the electromagnetic force
are less slow:
d |lnlg'| =t | K | D* | BO
¥
eé i = |Z’nln| K- DY B~
- / _
ol s k0 | k+ [TV 5| Df | B
-
<Z: C D~ DY D- JIy B e
T,0= 85107 s CT 0= 26 nm
b BY B* B! B} Y
ELECTROMAGNETIC STRONG
. q
Meson properties
are largely dictated
by how they decay. = - : —iQger”
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ANTIQUARKS

Event display for:

ete™ - Jly

with:

Jhy — yn'
;7/ — ;771.071.0
n—yy

) = yy

(total of 7y)

II. Families of Mesons

Muon

4”1 Detector

Electromagnetic

/ Calorimeter

_+:._-

¥~ Time-of-Flight

Detector

Tracking
Detector

91919,
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II. Families of Mesons

N
N
>~ .
é Event display for:
o ete” = Jly
- :
yd with:
<
Sy — yi
;7/ — ;771.071.0
n—vy
7 = yy
Me (total of 7y)
arc
by |

o)}
o
o
o

Combinations / 5 MeV/c?

> ®)

JIp — vy n' with n'—>n0n°n and no—>yy and n—vyy

°
4
°
]

¢

BESIII MC

L 4

n

8
K 4
o
%

:

*

[
0‘~

ri
.0

01 02 03 04 05 06 07 0.8
Mass(2y) [GeV/c?]
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ANTIQUARKS

II. Families of Mesons

Event display for:

ete” = Jly

with:

Jhy — yn’
;7/ — ;771.071.0
n—yy

) = yy

(total of 7y)

Combinations / 5 MeV/c?

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

+

! BESIIMC

o))

1.1 1.2 1.
Mass(6y) [GeV/c?]
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II. Families of Mesons

QUARKS
d U S C b K i famlly
(weak decays, no mixing)
- 0 |+ 70 + 0 K family
N d 4 | n | n 4 D b (weak decays, mixing)
~ _ — 0 / _ 0 _ 2° family
Eé u i 4 | m | m K D B (large electromagnetic decays)
D | / _ .
S 0 + |HIH + 0 J/y family
g & K K ¢ DS BS (strong decays, near or below open flavor threshold)
<Z: C D~ DY D- Jy B
b B’ B* B! B} Y
ELECTROMAGNETIC STRONG
q
Meson properties
are largely dictated
by how they decay. = - : —iQger” ;
q
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11 . Famlhes Of Decays via the strong force are
generally fast:

QUARKS
d u S C b

| d 2lnln| =t | K° D* | BO
%

eé i = |Z’nln| K- DY B~
8 5 KO K+ nln’ D+ B0
= »| S
<Z: C D~ DY D- Jy B

b B° B* B! Bf Y
ELECTROMAGNETIC STRONG
q

Meson properties
are largely dictated

by how they decay. Sy ~iQ,er"
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11 . Famlhes Of Decays via the strong force are
generally fast:

. M
BESIII Experiment Detector
(Beijing, China)
N
N
3]:4 .
= Event display for: Electromagnetic
g Calorimeter
— ete” — 7?
Z.
< .
with:
b Time-of-Flight
M>7n'rn J/l// g Detector
Jhy — pu”
Tracking
Me Detector
arc
by 1

XY View
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11 . Famlhes Of Decays via the strong force are
generally fast:

BESIII Experiment
(Beijing, China) BESIII, PRL110, 252001 (2013)

-+ Data
— Fit
---- Background

Event display for:

ete™ — 29

ANTIQUARKS

with:

Events / 0.002 GeV/c?

2? > ata Jly

Jhy — pu”
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II. Families of Mesons

QUARKS
d U S C b K i famlly
(weak decays, no mixing)
- 0 |+ 70 + 0 K family
N d 4 | n | n 4 D b (weak decays, mixing)
~ _ — 0 / _ 0 _ 2° family
Eé u i 4 | m | m K D B (large electromagnetic decays)
D | / _ .
S 0 + |HIH + 0 J/y family
g & K K ¢ DS BS (strong decays, near or below open flavor threshold)
<Z: C D~ DY D- Jy B
b B’ B* B! B} Y
ELECTROMAGNETIC STRONG
q
Meson properties
are largely dictated
by how they decay. = - : —iQger” ;
q
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ANTIQUARKS

excited
states

ground
state

II. Families of Mesons

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©)

For a gg’ meson: J=L +SandP = (=D and C = (= DEFS
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Decays via the strong force are
generally fast:

II. Families of

QUARKS
d u ) C b
w(3770)
7 0 + 0 + 5
d |='Inly| = K D B
o
a4 i = |Z’nln| K- DY B~
5 i
- 0 + "IN + R0 — —23
—
I = 27 MeV
_ + 3770
b B | B* | B) | B Y vere
ud, uit, dd, ss cé bb ds, us cii,cd c§ _ db, ub sb
v 17 p700) | w1650) |[ ¢1680) || w3770) || Y@S) |[K*(1680) Ry
2+ [ay(1320) || £1270) || £(1525) || x.,(1P) 1(1P) || K(1430) Di(2460) DER5T3" | Bx(5747) |[B%(5840)°
1+ q,(1260) || £(1285) || f,(1420) 201 (1P) 2 (1P) || K, (1400) D,(2430) D,,(2536)"
0+ | a(1450) || £(1370) || £1710) || x.,(1P) 20(1P) || K(1430) Di#(2300) D*(2317)*
excited 177 ©1(1235) || h(1170) || hy(1415) h.(1P) h,(1P) || K,(1270) D,(2420) D,,(2460)" || B,(5721) || B,;(5830)°
states 1~ | p(770) w(182) || ¢(1020) || Jrp(1S) Y(1S) || K%(892) || D*(2007)° 1 D*(2010)* DY B* B0
ground (~® | 7% | #t nln' nln n.(18) 1np(1S) KV | Kt D° D* Df B | B* B?
state ]P(C)

For a gg’ meson: f: 7: + § and P = (— 1)L+1 and C = (— 1)L+S
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11 . Famﬂies Of Decays via the strong force are
generally fast:

QUARKS
C
d U Ky C b '
w(3770)
= 0 / + 0 + =
4| inln'| = K D B° :
C
M — — 0 / — 0 _
1 z— (minln’| K D B
S ’ -
= 7
- — - o I | -
Z < N A ¥ (25) o C .
Ol x 6 |- Mark-T | .
TR - Mark-T + LGW ‘ i
= + 5 [ Mark-TI E
1 - ® PLUTO -
O | _:S') - v Crystal Ball ‘ -
o Q') 74 ]
! ;+<+) o> 4 * B | -
> b B ¢ KEDR -
1+ e} = ‘ |
o L S \ i
excited 1) < [ o l QJ I ‘ % | 7
states  1=C) 2 r | ‘\ -
g}"OI/H’ld O_(+) [ ‘ \ ‘ \ \ ‘ ‘ \ \ \ \ _
state ]P(C) 3 35 4 45 5

Center-of-Mass Energy [GeV]




ANTIQUARKS

excited
states

ground
state

II. Families of Mesons

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©)

For a gg’ meson: J=L +SandP = (=D and C = (= DEFS

42




ANTIQUARKS

excited
states

ground
state

II. Families of Mesons

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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ANTIQUARKS

excited
states

ground
state

II.

BESIII Experiment
(Beijing, China)

Event display for:
ete” = 1?7
with:

2? > ata Jly

Jhy — pu”

Z.(3900)" — ztJly

Families of Mesons

Muon
Detector

Electromagnetic
Calorimeter

Time-of-Flight
Detector

Tracking
Detector

XY View

Z_(4000)* — K*J/ly Z,(10610)* — zthy, 7Y T,.::(6900) — J/yJly
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ANTIQUARKS

excited
states

ground
state

II. Families of Mesons

BESIII Experiment
(Beijing, China)

Event display for:
ete” = 1?7
with:

2? > ata Jly

Jhy — pu”

Z.(3900)" - #tJ/y

Events / 0.002 GeV/c?

BESIII, PRL110, 252001 (2013)

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

-+ Data
— Fit
---- Background

Z,(10610)* > zth,, n+Y

T,.::(6900) — JiyJly
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ANTIQUARKS

excited
states

ground
state

II. Families of Mesons

BESIII Experiment

(Beijing, China)
BESIII, PRL110, 252001 (2013)

—4— Data
— Total fit
---- Background fit

-.= PHSP MC

_]_ [ Sideband
\

Event display for:

(0]
o

ete™ — 29

N
o

with:

Events / 0.01 GeV/c?
(@)
(@]

N
o

79 > 7¥Z(3900)*

: I3.ISI N I3.I9I o
Z,(3900)* — n*J/y M) (GeV/o)

Jhy — pu”

M, 5, = \/ (E, + Ep)* — (P, + DBp)’

Z.(3900)" — ntJly Z_(4000)" — K+ J/y Z,(10610)* > zth,, n+Y T,,::(6900) — Jiydly
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ANTIQUARKS

excited
states

ground
state

II. Families of Mesons

UARKS
Q 7 (3900)*
d u S C b Tetraquark Candidate

= Ol | / + KO D™ =0

d T {nin T B

i = |Z’nln| K- DY B~

/
§ K° k+ |1 7 b DT B) @ @
c D~ DY D Jly B . N
Z.(3900)" - =7 J/y
- +
b B° Bt B B; Y
ud, uit, dd, ss cé bb ds,us cii, cd cs db, ub sb
1= T p1700) || w(1650) || 4(1680) || w(3770) Y(4S) |[ k*(1680) D} 2700y
2+ [ay(1320) || £1270) || £(1525) || x.,(1P) Xn(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)"
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= 1 p@10) || @82 || #1020) || Jrp(1S) Y(1S) || K%(892) || D*(2007)° 1 D*(2010)* D;* B* B0
o®| 20| z* nin' nin' n.(1S) np(1S) K° | K* D° D Df B° | Bt BY
JP©O)
Z.(4020)* — 7*h, Z.(4430)* — 7ty (2S) Z,(10650)* — z*hy, 7Y X(2900)° — D*K-
Z.(3900)" — 7t Jly Z_(4000)* — K*+J/y Z,(10610" — 7+h,, 7+Y T,..-(6900) — JiyJly
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ANTIQUARKS

excited
states

ground
state

II. Families of Mesons

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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A Field Guide to the Mesons
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I. What are Mesons?

II. Families of Mesons

. Looking for Mesons

IV. The Plates: cc and cc mesons

V. The Plates: bb and bb mesons

VI. Why Mesons?

49



III. Looking for Mesons

Step 1: Produce mesons...

.using a sledgehammer: ... using a scalpel:

Large Hadron Collider (LHC) Beijing Electron Positron Collider (BEPCII)
pp collisions at very high energy (7-14 TeV) ete™ collisions at low energies (2-5 GeV)

Beljmg, Chlna

seisSE __ -

S

‘ -
BESIII 0 :L. 3‘
g ‘a N P

pp — many many hadrons (baryons and mesons) y

+ q
eg., ete s> atn Jly -t utu”
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III. Looking for Mesons

Step 1: Produce mesons...

... using a scalpel:

Beijing Electron Positron Collider (BEPCII)
eTe™ collisions at low energies (2-5 GeV)

‘ I
Y(25)
Mark-1

Mark-1 + LGW
Mark-I1
PLUTO
Crystal Ball

olete= = utu-)

~
N
o=
©)
=
=]
<
=
I
Y]
+
Y
~—
S

R =

ing, China
e

o
s s

Center-of-Mass Energy [GeV]

4.5

+ J
eg., ete s> atn Jly -t utu”
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III. Looking for Mesons

Step 2: Detect mesons.

BESIII Detector (a standard high-energy physics experiment
(1) Tracking detector = charged particle momentum Beijing Electron Positron Collider (BEPCII)

(2) Time-of-Flight (TOF) = charged particle mass ete™ collisions at low energies (2-5 GeV)
(3) Calorimeter = photon energy and direction —

Muon Detector - R 5 China

= -~ ’ - o J . -
= =
- R
—— . - s - e
= = e s ~ie 5 < » -~

— = - "ty - - > - - : - > — - . g 3 - H -
- : “ _ s TP WYt groserg e - » -

. a7 e _ . R s . - : = > -

, : - B e e e . . - Y .
. 8 AT . :'.- (93 Sane - - -y = o A -
wqy : . N ) - — e A - o A

: T - p - e - = e e - ? »
: 7, U ' . - o B —
- s -
] N ~ .
= | ‘w Oy 2 - - //
X - {
Sy ; - TS 3 2 - ——
\ t N
3
J

Time-of-Flight
Detector

Beam Pipe

Electromagnetic Calorimeter

+ a
eg., ete s> atn Jly -t utu”
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III. Looking for Mesons

Step 2: Detect mesons.

ete”™ = ntxJly with J/l//—>,u U=

Muon
Detector

Electromagnetic
Calorimeter

Time-of-Flight
Detector

Beijing Electron Positron Collider (BEPCII)
eTe™ collisions at low energies (2-5 GeV)

Beljlng, Chma

* J
eg., ete s> atn Jly -t utu”
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III. Looking for Mesons

Step 2: Detect mesons.

ete”™ - ntn Jly with Jlw —» u*tu~ ete™ -t Jhy with Jly — utu~
Muon
Detector

BESIII, PRL110, 252001 (2013)

-+ Data
— Fit
---- Background

Electromagnetic
: R Calorimeter

\.

Al
&)
~~
=
O]
Q)
Al
o
Q
o
S~
[92]
e
C
(O]
>
LL

Time-of-Flight
v Detector
+\‘

\\

Tracking
Detector

\/

XY View I

My, =/ Eys + B, = (B + 5,
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III. Looking for Mesons

Step 2: Detect mesons.

ete™ -t Jhy with Jly — utu~
ete”™ - xtn Jly with Jhy — [T~
BESIII, PRL110, 252001 (2013)

BESIII, PRL110, 252001 (2013)
—4— Data

— Total fit
---- Background fit

Z.(3900) 1y -~ PHSPMC

_]_ [ Sideband
\

-+ Data
— Fit
---- Background

(0]
o

N
o

Events / 0.002 GeV/c?

o
=~
>
CD
Q)
o 60
o
S~
12
C
O
>
L

N
o

P T T TR T A T R
3.8 3.9
M., (Tt Jw) (GeV/c?)

- - M =\/E++E_2_—>++—>_2
MJZ'J/I//=\/(Eyz+Ell)2_(pﬂ+p”)2 HHU (//l //l) (py p'u)
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III. Looking for Mesons

Step 2: Detect mesons.

Large Hadron Collider (LHC)
pp collisions at very high energy (7-14 1eV)

Vertex
Locator

pp — many many hadrons (baryons and mesons)
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III. Looking for Mesons

Step 2: Detect mesons.

B* — Jlw¢K* with J/w - u*u~ and ¢p - K'K~

LHCb, PRL127,082001 (2021)
— 7T

LHCb I Data
9 fb! — Total fit

B Background

~~
>
=
Q\
~
~
9]
QO
—
<
o
o v—
)
S
<
@
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III. Looking for Mesons

Step 2: Detect mesons.

B — Jlw¢pK* with J/w — u*u~ and ¢p > KK~ B* = Jly¢pK* with J/w — u*u~ and ¢p - KK~

LHCb, PRL127,082001 (2021)
— 7T

LHCb I Data
9 fb! — Total fit

LHCb, PRL127,082001 (2021)
T T T T T T

LLHCDb
9 fb!

Background

B Y — Z,.,(4000)

r(4274) %!

(and many more)
1 I 1 1 1

~~
>
=
Q\
~
~
9]
]
—
<
o
o v—
)
S
<
@

(\®
-]
-]
-]

20 22 |
ms,,, [GeV?]
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III. Looking for Mesons

Step 2: Detect mesons.

BT — Jlw¢K* with J/w - u*u~ and ¢ - KTK~

LHCb, PRLL127, 082001 (2021)
X (4630) | | | |
X (4500)
X (4700)
X NR
X (4140)
X (4274)
X (4685)
X (4150)
= 7.5(4000)

|
—t r . . —

K1
-+ K2
K2

== Background

Candidates / (10 MeV)
(N T I I I I B

cecn]boreeber b b beeer v b
||||I||||I||||I||||I||||I||||I||||I||
||||I||||I||||I||||I||||I||||I||||I|r

+
= =
= S

]

Candidates / (10 MeV)

1
+
S
£
=

E_-i-Data9fb'1
4.6 48 3.6
[GeV]

Mg
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ANTIQUARKS

excited
states

ground
state

IV. The Plates:

cc and cc mesons

QUARKS
+ .
(weak decays, no mixing)
— 0 .
- 0 / + 0 + — K" family
T K D 0
d 7 | m | U b (weak decays, mixing)
0 .
_ — 0 / _ 0 _ z- family
u 7 7 | 7] | ;7 K D 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 | g B+ N Z (3900) family
C (exotic flavor quantum numbers)
ud, uit, dd, ss bb ds,us cii,cd cS db, ub sb
1720 p(1700) || w(1650) || #(1680) || w(3770) Y(4S) |[ K*(1680) D*(2700)*
270 ay(1320) || £(1270) || f5(1525) || xo(1P) J| x(1P) || K5(1430) D3(2460) DER5T3" | Bx(5747) |[B%(5840)°
1791 a,(1260) || £1285) || f,(1420) 2.1(1P) 2o1(1P) || K;(1400) D,(2430) D,(2536)"
0T | ay(1450) || fo(1370) || £,(1710) Xeo(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% | 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)" — 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

61




IV. The Plates: cc and cc mesons

The charmonium spectrum:

cC z|(4430)
—(=) 4.5 Nc(41S0) $(4°51)
! 1 (+) e | — (33P>)
+(+ Xc2 2
2 %CQ,( 1P) Y(4260) hc(31 P1) Xci (33P1)
1+(+) )(cl(lp) 4.2 Xc0(33Po)
P(23D1)
0+(+) )(cO(IP)
excited 1+ h.(1P) g 4 (Z:8020) s, | )
states 1=() JIy(1S) 3 5 5900 ——{X(3915) Xc2(23P2)
d - 1S . e (3872
grounda () ﬂc( ) % 3.8 |- v Xc0(23Po)
state  ;p(c) L gt D
P’(23S4)
¢'(21S
36 L Nc'(2'So)
. . 1 X02(13P2)
Spectroscopic notation: Tl ) Xt (13P1)
3.4 [ Xeo(13Po)
n 2S+ lL 3.2 - predicted, discovered
J JIP(18S4) predicted, undiscovered
3.0 |- Ne(11So) unpredicted, discovered
O+ 1-—- 1+ O++ 1++ D++
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IV. The Plates: cc and cc mesons

The charmonium spectrum:

One example of a potential model:

PHYSICAL REVIEW D 72, 054026 (2005)

Higher charmonia

T. Barnes,l’* S. Godfrey,z’T and E.S. Swanson>*

spin-spin (hyperfine)

- 4 32 ~ 5> o
V) = =2 2 4 br + 225598, - .
3 r f Om:
/V X — 22
“Coulomb” confinement 0,(r) = (U/ﬁ)3e
1 [2a, b\- = 4da;
Vspin—dep — m% |:< 1"3 T 27‘>L S + 1’3 T:|

/

spin-orbit (fine)  tensor (hyperfine)

-

L _
~ 6(2L+3)’ J=L+1
CLITPL)y ={  +¢ J=L
L+ _ .
6(2L—1)’ J=L-1

MASS [GeV/c?]

Z:(4430) 3
4.4 Ne(41S0) Y(4°S4)
Y(4360)
Xc2(3°P2)
Y (4260) | N<(3"P1) Xo1(33P1)
4.2 XcO(33P0)
Pp(23D+)
4 [Z:(4020) 15, 1 ¥ &S
X(3915) Xc2(2°P2)
3.8 Xco(23Po)
y"'(1°D1)
P21 ' 1
P’(23S1)
¢'(21S
36 | Mee0
Xc2(13P2)
he(11P+) Xc1(13P1) —
3.4 | X0(1°Po)
3.2 - predicted, discovered
JIP(13S1) predicted, undiscovered
3.0 - :
Nc(11S0) unpredicted, discovered
O+ 1-—- 1+ O++ 1++ 2++
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IV. The Plates: cc and cc mesons

The charmonium spectrum:
|

Z.(4430)
43
4.0 Ne(41S0) W(43S1)
Y (4360)
PHYSICAL REVIEW D 96, 032001 (2017) xc2(33P>2)
1
Branching fraction measurements of y(3686) — vy, Y(4260) | Ne(3'P1) Xc1(3°%P1)
(BESIII Collaboration) 4.2 - 557 Xc0(3%Po)
x10° s 1
3 g 4 [Z:(4020) [i5,) | V(*S0)
- s
— c2(23P
- G, Z(3900) he(21P+) X(3915) T Xc2(2°P2)
0 381 Xc0(2%Po)
2 P’ (18Dy)
% Mp [ " e
P(2854)

Xc2(13P2)

3.4 | Xc0(1°Po)
4,/ /5
3.2 - predicted, discovered
JIP(13S1) predicted, undiscovered
3.0 : :
Nc(11S0) unpredicted, discovered
O+ 1-—- 1+ O++ 1++ D++
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IV. The Plates: cc and cc mesons

The charmonium spectrum:

| \
$(2S)

Mark-I

Mark-1 + LGW

Mark-I1

PLUTO

Crystal Ball

BES

Center-of-Mass Energy [GeV]

Z:(4430)
43S4) | 4
4.4 Ne(41S0) W(4354)
Y (4360)
Xc2(33P2)
Y (4260) | N<(3"P1) Xo1(33P1)
4.2 Xc0(33Po)
(22Dy) |3
| P(33Sy) |2
X(3915) Xc2(23P2)
1 Xc0(23Po)
D
P’(23S1)
Xc2(13P2)
hc(11P1) XC1(13P1)
‘ Xco(13Po)
4.5
predicted, discovered
JIP(18S4) predicted, undiscovered
3.0 - . .
Ne(11So) unpredicted, discovered
O+ 1-—- 1+ O++ 1++ D++
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IV. The Plates: cc and cc mesons

The charmonium spectrum:
|

Z:(4430) 25 14
_ _ ) _ 4.8 1 Y(4°S1)
ete”™ - atn~Jly with Jlw — u*u N(450) Y(4360)
Xc2(3%P2)
Muon Y(4260) hC(31P1) Xc1(33P1)
Detector
4.2 |- Xc0(33Po)
W(2fDy) |3
% 4lz@020)]s,) WEpSY |2
Electromagnetic %
: X(3915) Xc2(2%P2)
o A Calorimeter O, Z+(3900) he(21P4) X(3872)
0)) 3 8 L|J"(13D1) 1 X 0( 0)
\* ) I
=
= P’ (FPS1)
Time-of-Flight Ne’'(21So)
S Detector 3.6 |-
he(1P i)
«(17P1) Xe1(13P4)
3.4 |- Xco(1°Po)
Tracking L
Detector T T
\/
I 3.2 - . .
XY View v predicted, discovered
JIP(13S1) predicted, undiscovered
3.0 - : :
Ne(11So) unpredicted, discovered
O+ 1-—- 1+ O++ 1++ D++
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IV. The Plates: cc and cc mesons

The charmonium spectrum:

Z4(4430)
4.2 =T 1e(41So) (s |4
. N . Y(4360) TR
- - < - c2 2
e e = nrn Jly with Jly — 7] Vze0 | he(G 1P (@
4.2 Xc0(33Po)
BESIII, PRL110, 252001 (2013) I W(23D1) |3
C —4— Data
! — Total fit e Y(3S) |2
NQ i ---- Background fit %
E B0 Z.(3900) h -~ PHsPwC o] ey O] e xR
- [ Sideband (3872)
5 60 B \ 0p)] 1 XcO(23P0)
S | 2 vl e
2 401 = $'(2381)
q) -
M of
: c2(13P
» he(11P1) Xc1(13P1) Xel1°F2)
I R ol T . i JT
3.8 3.9 : 34 L xco(13Po)
M ox (7EJ ) (GeV/cQ)
o) N > \2 3.2 - predicted, discovered
MJZ’J/I// — (E7Z' + Ell) _ (pyz + pll)
JIP(18S4) predicted, undiscovered
3.0 |- Ne(11So) unpredicted, discovered
O+ 1-—- 1+ O++ 1++ D++
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IV. The Plates: cc and cc mesons

The charmonium spectrum:

Z.(4430) -
+ + 45 [ nafdrsg WS |4
ete” - ' n J/ v/ Y(4360} | 6 Xc2(33P2)
1
BESIII, PRD106.072001(2022) Y(4260) 5“"“ P1) Xc1(33P1)
= 4.2 c0(33P
3 ~+- XYZ data oo B LR
S 3 —+ R-scan
Q -
— = {s=3.8713 N P(33S4) |2
—_ - Z:(4020
2_ E Y(4260) 5 — Fit § 4. ( ) 180)
2 = Q c2(23P2)
R 5oE G, [z4(3900 iy | X(3915) Xe2(
B OOUF 6 Y(4360) = E h(2P1) X(3872)
0 = 0 38| Xc0(23Po)
© 30 2 L )
© s 2Mp
© “F $’(2°S1)
= /(21
: 36 L Nc’(21So)
Xc2(13P2)
he(11P4) Xc1(13P1) -
3.4 | Xco(13Po)
3.2 - predicted, discovered
J/p(18S1) predicted, undiscovered
3.0 . .
Ne(17So) unpredicted, discovered
O+ 1-—- 1+ O++ 1++ D++
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IV. The Plates: cc and cc mesons

The charmonium spectrum:

|
Z+(4430)

43
4.4 Ne(41S0) p(#8) | 4
Y(4360) | 6
Xc2(33P2)
Y (4260) | N(3"P1) Xo1(33P1)
4.2 S Xc0(33Po)
Y(2°D1) |3
T 4. (20205, | ¥ES) |2
_ _ _ _ Xc2(23P2)
ete” - atn Jly ete” - T yw(2S) X(3872)
BESIII, PRD106,072001(2022) BESIII, PRD104,052002(2021)
;— Y(4260)? _+_ XYZ data —_— Eit tresult ---------------------------------------
C - ata
— Y(4230)? - R-scan - Single BW
- Vs=3.8713 Non-resonance
§_ 5 — Fit Inteference xc2(13P2)
3 Y(4660)? Xc1(13P4)

o(e’e’— /) (pb)
o(e’e >t my(3686)) (pb)

licted, discovered

ted, undiscovered

42 43 44 45 46

dicted, discovered

Vs (GeV)

1++

D++
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o(e’e’— /) (pb)

IV. The Plates: cc and cc mesons

PDG 2022  States

%‘ 200 C o 1 (4040), 1 (4160), y (4415)
— ABLIKIM 08D (BESII) R
E E H rAu 1:31?(32(;;0b) B — Kuu LIJ(4SS1) 4
< 180 | @ ABLIKIM21AJ (BESII) o) (28) )
S bl 1 maiE, Y(@S60)1 6 =
| W ABLIKIM 200 BESI) wiy c2 2
1401-] B hertmron e s 6 j% Y (4260) he(3'P1) Xc1(33P+1)
— /\  ABLIKIM 19V (BESIII) yX(3872)
120f ] § e ] l g Xeo(3°Po)
: (4360 - 3
100 __ [ ] ABLlK\M(21AJ)(BES|||) sy (2S) S é LIJ(2 D1)
- B ABLIKIM 21AK (BESII v,
il I + r
80 — (v) ABLIK\M17G((BESIH))114,-rhCJ 4 ) lIJ(3381) 2
) e ) 3 +
40 Xc2(23P2)
L + —_
20[- * T y(2S) X(3872)
B E | O raciovoseeie SR SR P S P 104,052002(2021)
100 ¢ §700 3800 3900 4000 4100 4200 4300 4400 4500 4600 4700 |~ p
90F Mass [MeV/c?] — Fit result
- —3— Data
80 = - 6 - Single BW
- (s=3.8713 ! - Y(4360)? Non-resonance
70 5 . ~ 60— . Inteference 3
C — Fit © - X02(1 P2)
60E Q 40F 5 Y(4660)? Xe1(13P1)
50 %) - Y(4230)? D 1
- 6 5 20 T e S\ e
40 & g A e NI T e T
O E } . . +l_~) O - _: ........... ::::::::-----.--.....-..._=.= ......................................
30R% Pl : T aEE :
2 : : {: o —20F: : X
20F : - : "o - = -
10E : - is © -40[: . -
0 - 2 3 4k ; _60F-: 2 :3 4: icted, discovered
4 E E E _:u E. L1 E | L | 1 Ii 1 | i |
: . e e et e AE L Lk e . . ted, undiscovered
O E.__.____.__' _______ ._ _:____.__;4“.._.:”__.___g.__.’:..._.;'%._.__._..._. = g::__:__l____i_.;li!l:.._l l___'_l._'_:________ PR L T T
r - . . ° :4 E E . . . , ) E - ) ) . .
Qe e 4 41 42 43 44 45 46 47 4g fdicted, discovered
3.8 4 4.2 4.4 4.6 s (GeV)

rmonium spectrum:

1++

2++
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IV. The Plates: cc and cc mesons

The charmonium spectrum:

|
Z+(4430)

ete”™ - yX(3872) = y(xtnJly)

3
4.4 Ne(41S0) Y(4°S4)
Y (4360) &)
Xc2 2
— (a) 4.15< E_, <430 GeV 4.2 Xc0(33Po)
3 i P(23D+)
L sof R P(33S1)
> Uk D 4.2:4020) 1)
= 40F X(3872) S —
S S 2@ X(3915) X2(2%Pz)
% 3 — 43900) No(21P1) X(3872)
o 20 0 38| Xco(23Po)
F 2 ’’(13D1)
- % P24 1Y/ Y 1 0
P’(23S1)
- Nc’(21So)
~ (b) 400 <E_ <4.15,4.30 <E__ < 4.60 GeV 3.6 |-
— CM CM X02(13P2)
E hc(11P1) XC1(13P1)
T SF
R 34 | Xco(13Po)
= 40
2t T
@ 30
5 |
- 3.2 - predicted, discovered
| JP(1381) predicted, undiscovered
390 3.0
[GeV/c?] 1 [ ne(11So) unpredicted, discovered
O+ 1-—- 1+ O++ 1++ 2++
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IV. The Plates: cc and cc mesons

The charmonium spectrum:
|

pp — bb + hadrons

— X(3872) + hadrons 4 RO
+ - Nc(4'So)
— (n"n~J/y) + hadrons Y(4360) T
he(3'P
LHCb, PRD 102, 092005 (2020) Y(4260) | 3P Xe1(3%1)
P b 4.2 - Xc0(33Po)
1(3872) I
F e ifackground lIJ (23 D )
B — total
% 4.(2:4020)fis,) | U
o
X(3915) Xc2(23P2)
0 381 Xc0(2%Po)
= 800 (<,E) P’ (13D4)
E i s 2Mp [ T e
= 600: P’ (23S1)
5400: 36 L Ne’(2'So)
= oo Xe2(19P2)
- h(17P1) P
3.4 |- Xco(13Po)
T
3.2 - predicted, discovered
-I3.I84I 386 a8 39 I-I3.I84I 386 s 39 - JP(1381) predicted, undiscovered
M jppnt+m— [Ge\/] M jppn+mr— [Ge\/} 3 O
- YV The(1 dicted, di d
Mpy(X(3872)) — M(D™®DP) = — 0.05 £ 0.12 MeV/c> n1%50) HPTECICec, CISCOVEre
I'gw(X(3872)) = 1.39 £0.24 £ 0.10 MeV/c? 0+ 1-- 1+- O+ {4+ Dt
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IV. The Plates:

pp — bb + hadrons
— X(3872) + hadrons
— (z*n~J/y) + hadrons

LHCb, PRD 102, 092005 (2020)

Xe1(3872)
- background

B — total

Candidates/(1 MeV)
N oy )
g =8 8

V)

(e}

(e}
T

I 39 II
(GeV]

39 3.84 3.86 3.88

[GeV]

3.84 3.86 3.88

M jppnt+m—
Mgy (X(3872)) — M(D™D°) = — 0.05 £ 0.12 MeV/c?
pw(X(3872)) = 1.39 £0.24 £ 0.10 MeV/c?

M jppmtan—

cc and cc mesons

NATURE PHYSICS | VOL 18 | JULY 2022 | 751-754 |
LHCb

Observation of an exotic narrow doubly charmed
tetraquark
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ANTIQUARKS

excited
states

ground
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V. The Plates: bb and bb mesons
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V. The Plates: bb and bb mesons
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principle quantum number (n) total angular momentum (J)

MASS [GeV/c?]

The bottomonium spectrum:
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V. The Plates: bb and bb mesons

The bottomonium spectrum:
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V. The Plates: bb and bb mesons

The bottomonium spectrum:
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V. The Plates: bb and bb mesons
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V. The Plates: bb and bb mesons

PHYSICAL REVIEW D 100, 014503 (2019)
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VI. Why Mesons??

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

Despite Rutherford’s quote:

(1) The diversity of mesons 1s beautiful and can be appreciated in
1ts own right.

(2) The collection of mesons provides countless opportunities to
hone 1n on specific fundamental questions.

(3) The patterns of mesons inform our understanding of how
quarks and gluons interact within hadrons.
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VI. Why Mesons?

Quick Key: Butterflies

“All science is either phy

Large; striped:
Swallowtails

g

see page 3

i arge; ; dark, with or withour yellow or orange spots:

utu.a,‘

“. 4

Despite Rutherford’s quote:

3 Sm \l] to medium; white:
Whites

& f/ o
: P
v 4

(1) The diversity of m] -~
1ts own right.

Swallowtails (and thejr mimics)
/

see pages 5-11

Small to large; yellow:

Sulphurs

v
BT

see pages 17-21

Large; orange with black veins:

Milkweed Butterflies and Viceroy

w 6 either ...

Lk

(2) The collection of 1
hone 1n on specific fu

T

4 inches

Quick Key: Skippers

Small; wings held at different “jet” angles while basking:

(3) The patterns of mg
quarks and gluons inte

Medium; forewing with

brownish ga/z/ or gold bands:

\
)
7

see page 81
Medium; unmottled;

forewing with white spots:

f Cloudywing§
(

~ see page'89

) Grass Sklppers

see Quick Key Boxes 21-33 next page

18 Small to medium; mottled |
brown; with or without |

3 : 5 ]
Small to Medium; wings held flat or |
at the same angle while basking: |

Spfread—wingsgippirs }

see Qulck Key Boxes 17-20 below‘

white spots: Duskywings
1§

see pages 83-87

2 Small; forewing with white

spots or checkered pattern:

IE [ I s

Large:% inches or larger ;

Quick Key: Butterflies
/ 7 Small to medium; orange or

black, with spots:
c:acems and Lesser Fritillaries

see page ‘ 63—67‘

Medium; forewing with white or orange \/m/\ or bands:
Ladies, Emperors, Buckeyes, and Snouts

Small o large; zan, gray, or brown, with eyespots:

Satyrs

Quick Key: Butterflies

Small; blue, dark gray, or tan above,

silvery gray, tan, or white below: |

|
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see pagés 23-29

Small; gray, tan, or brown below, with white streaks:

Elfins, Harvester, and Hairstreaks |

&

see pages 31-39

3

Small; underside green 4 Small; wings brown above

“ and orange below:

Metalmarks

or black below, with tails:
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&
see page 47
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Coppers

Large: 3 inches or larger
Sl ites or larger

Quick Key: Grass Skippers (wings closed)
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2 Small; hindwing dark,
or chevron-shaped pattern:

with violet or gray border:

\
see page 99

[ 4/

see pages 93-97

4 Small; hindwing with pale

stripes or /rw/:/m/uu/\uns

4

23 Small; hindwing with

checkered fringe:

>

see page 101 see pages 103-105
5 Small; hindwing yellow or
orange, without bold pattern:

26 Small; hindwing dark
brown or light gray,
without bold pattern:

see page 107 see page 109

2 Small; hindwing brown or Small to medium;

tan, without bold pattern: forewing elongated:

see pages 111 113

[
Small: 11/. inches or les

52

Quick Key: Grass Skippers (wings open)

Small; forewing orange,

; with distinct stigma:

see pages 115-117

Small; forewing orange,
without srigmil: or stigma indistinct:

see page 119

Small to medium; forewing with a
f/lllgllilzll row ()(”J/Yijl‘.&'
{ [

see pages 121-123

Small; forewing dark 33 Small; forewing dark,
\ with small spots: without spots:

|

-~ \

see pages 125-127

15 16

3 inches or larger

83



“All science is either phy

Despite Rutherford’s quote:
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Quick Key: Butterflies
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Swallowtails
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6 Large; orange with dark sp(m

Greater Fritilla |r|es‘

— no 0 — +
B, — B; = D_m
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pp — BY/B} + hadrons

LHCb, Nature Phys. 18, 1 (2022)
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see page 91

1

T

see pagé 107

2 Small; hindwing brown or
tan, without bold pattern:

seep'\ges ]11 113

e

see page 109
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forewing elongated:
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)/ see page 1 13
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see page 127

Large: 3 inches or larger

84



VI. Why Mesons??

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

Despite Rutherford’s quote:

(1) The diversity of mesons 1s beautiful and can be appreciated in
1ts own right.

(2) The collection of mesons provides countless opportunities to
hone 1n on specific fundamental questions.

(3) The patterns of mesons inform our understanding of how
quarks and gluons interact within hadrons.
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A Field Guide to the Mesons
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M0 eV Mgt ey I. What are Mesons”?
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D% (D meson) B* (B meson)
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/=0 =0 II. Looking for Mesons
‘ ‘ ‘ ‘ IV. The Plates: cc and cc mesons
Y(1S) (bottomonium) J/y (charmonium)
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=1 =1 V. The Plates: bb and bb mesons

VI. Why Mesons?

double-bottom The collecting/sorting/analyzing continues!
tetraquark

M ~ 10400 MeV
JP — 1+
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Hadron Spectroscopy
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