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Lect. 4: QCD & overview of Quarkonium
-- the simplest hadons --

& A few remarks about QCD
@ Discovery of the J/y and charm

& Properties of Charmonium
-- detailed (sorry, but important for BESIII )
>> BESIII’s “bread and butter” (EZ A EHEKR)

@ A little bit about Bottomonium



Summary (lecture 3)

* The gqg=mesons and qgg=baryon prescriptions work well
for the lowest-lying mesons & baryons, but fail otherwise

- the mass hierarchy of the lowest-lying scalar mesons
is opposite to expectations for gg=mesons

- The masses of the N*(1440), the 1%t excited state of the
nucleon, and the A(1405), the lowest excited sate of the A,
defy simple QM predictions for qgg=baryons

* The quark model seriously violates the Pauli Principle
* Quarks come in 3 “colors” & are held by 8 colored gluons

* Do quarks really exist?



hadrons in QCD
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A prediction of the quark model:
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Mark | detector (1974)

At SLAC’s “SPEAR” e*e” collider




R data in June 1974
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Inconsistent data

Let’s do a
careful energy
scan
From the Mark- I;_
experiment’s
notebook =~ Y1 ——
Roy Schwitters | 8010 higher
-- post-doc -- energy.

Burton Richter
- group leader -



OK, do an energy scan, but only for
one weekend



What?

From the Mark-I
experiment’s
notebook




do a careful ﬁne-step energy scan
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A needle in a haystack!!
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Same time, at Brookhaven

huge 3.1GeV M(e*e’) peak in pN2>eteX
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The "J/y" meson
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Mark-I: Another peak near 3.69 GeV
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Why is the J/y called the J/y?

Event in Mark |
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Why is the J/y called the J/y?

Event in Mark |

Group leader of the
(o2l A Brookhaven expt
L eve .

samuel C.C. Ting
Mark-I detector Chinese character for Ting: T



Why is the J/y called the J/y?

Event in Mark |

Group leader of the
(o2l A Brookhaven expt
L eter '

samuel C.C. Ting
Mark-I detector Chinese character for Ting: ‘T'

how, the Particle Data Group has claimed the right o name all particles.
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Interpretation of J/y and y’

charmed-quark anticharmed-quark mesons
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Interpretation of J/y and y’

charmed-quark anticharmed-quark mesons
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Interpretation of J/y and y’

charmed-quark anticharmed-quark mesons
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Charmonium

mesons formed from c- and c-quarks

c-quarks are heavy: m. ~ 1.5 GeV X 2m,

velocities small: v/c~1/4

non-relativistic, undergraduate-level QM applies



QM of cc mesons
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“derive” from QCD



“Cornell” potential

A linear “confining”
V(r') long distance

~0.1 fm e
l% component
(o
\ 1/r "coulombic”

short distance
component

2 parameters:
slope & intercept



Charmonium (cc)

Positronium (e*e’)
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ABC’s of Charmonium mesons



ABC part I: JP¢ of charmonium mesons

O

JPC quantum numbers

5 = Sl + Sz : S=1 = triplet of state
j _ Z+ S; S=0 =» singlet
P=(-1)"" €= Parity (xy2) ©(x-y-2)
C = (_1)L+S ¢=m C-Parity quark © antiquark
. Iy (y):
g | [P



ABC part I: JP¢ of charmonium mesons
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ABC’s part Il

spectroscopic notation
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ABC’s part Il

“wave function at the origin”

In Jly decay, the ¢ and c quarks
have to annihilate each other

This only can happen when they
are on top of each other:
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ABC’s part Il

“wave function at the origin”

In JIy decay, the ¢ and ¢ quarks
have to annihilate each other

This only can happen when they
are on top of each other:

many J/y (& ') processes are > |y(0)]?

the “wave function at the origin,”
or, in the case of states with y(0)=0,
derivatives of y(0), which are
usually small.

Radial wave functions (R,;)

—0:1
0

[ A |

10 15

S-wave

P-wave W(r —=0)ocr

S-wave
P-wave

/ D-wave W(r —0)c< r’

0 e N 1 o T Y S D ) I |
5 10 15

Radius (ag)



Immediate questions:

Can the other meson states be found?

*Why are the J/y and y’ so narrow?



Finding other states
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The Crystal Ball Detector
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Crystal ball results
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V' 2Y),, radiative transition
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Discovery of the P-wave triplet
states () 1 ,) convinced everyone
quarks were real

Crystal Ball expt: Phys.Rev.D34:711,1986.



Color explains the discrepancy in R
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Color explains the discrepancy in R
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above the charmed particle threshold, add another (35)?

to account for the ¢ quark



R measurements near charm threshold
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why are the J/y and y’ so narrow?
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How does the J/y (') decay?
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How does the J/y (') decay?

violates color symmetry



How does the J/y (') decay?

violates color symmetry



How does the J/y (') decay?

violates color symmetry

violates C parity



How does the J/\y (') decay?

violates color symmetry

Lowest-order oL
allowed QCD process: Y Y YY 8
as



How does the J/\y (') decay?

violates color symmetry

violates C parity

c
\’a

Lowest-order ol €suppressed by a2
allowed QCD process: YYYYY¥ Ba

%mﬁd g This is called “OzI”*
/ m suppression

*Okubo-Zweig-lizuka




How wide are the J/y & y'?
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The observed widths of these peaks
are due entirely to experimental resolution,

which is typically a few MeV



Determining the J/y (& ') widths

cross section for e*e" 2> J/y=>X
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Determining the J/y (& ') widths

Mark-I PRL 34, 1357 (1975)

ET =TT T

cross section for e*e" 2> J/y=>X

e+

(a) ;

JPC=1- Kl X=hadrons

5 ]

100 £ ¢ ;

) 2 ° _L‘ T Jcos;: .l |

e J‘GXdE: 27T (2.2]+1) FeeFX |oo§ )I(=u‘+f; o) %
m FIOZ

IR

(@ JL N S — S I SR R (R NN |

3050 3090 300 310 320 3/30
ENERGY E¢pm, (GeV)



Determining the J/y (& ') widths

cross section for efe" > J/y=>X

Mark-| PRL 34, 1357 (1975)
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Determining the J/y (& ') widths

Mark-I PRL 34, 1357
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ete 9 hadrons at higher E__

a 3" peak: the y” (\|I(3770))

I',o: ~150x bigger
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+ j
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Why is I, (”) much bigger?
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does y” fit in the cc spectrum?

must be JP¢ =1
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does y” fit in the cc spectrum?

must be JP¢ =1
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does y” fit in the cc spectrum?

Mass (MeV)
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I'.. (W’) considerations
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I'.. (") considerations

e
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JPC = 1--states produce peaks in R, _,
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Finding other charmonium mesons
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Xtal-ball: J/w(y’)=>yn. M. inclusive
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Mark Il ' =2>yn. : n.2exclusive
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RV B S SF

Mark 1l PRL 45, 1146 (1980)
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Then.in 2010 (30 years later)
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N. resonant parameters from y’=2yn_
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v 2. N.2KKm

BESIII experiment
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Breit Wigner resonance + constant
background

phase structure of Ay,
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Interference in .~ hadrons
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similar pattern in all n.2> hadron decay modes



Interference in .~ hadrons
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Mass and width of n_

Mass = 2984.3+0.6-0.6 MeV/c?

Width = 32 0£1.2.1.0 MeV BESIIT PRL108, 222002 (2012)

L Belle yy Belle yy

CLEO yy CLEO yy
BaBar yy —®—— BaBaryy

—O— CLEOc J/y —O0— CLEOc J/y
(stat.only) (stat.only)

—— BESII y’ — BESII v’
e. | |
I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1
2980 2982 2984 2986 2988 2990 2992 20 25 30 35 40

n_mass (MeV) n, width (MeV) *



Mass (MeV)

Search for the

I I I I
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Orbital levels



V' > v1,. in the Crystal Ball?
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V' 2> . in the Crystal Ball?
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M=3592 MeV 1.’ not seen elsewhere

pp=>n.2>7Y (@ Fermilab) vy>1.>hadron (@ LEP)
45 3 yy —> hadrons
i::,240 — . E;gg cos®¥'<0.4 ; E P DELPHI
_ | ;
o ;"ﬂ".
” : L Lomd
| | ‘

10 0]
1

5

- 0
0.'5525 3550 3575 3600 3625 3650 3675 2.6 .4 3,
vs (MeV) mass ( GeV/c™)

E835 PRD 64, 052003 (2001) DELPHI PL B441, 479 (1998)



The Belle experlment at KEK
=2 = fl»‘




Event in the Belle Detector




Belle in 2002 (20 yrs later)
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Belle PRL 89, 102001 (2002)



Belle in 2002 (20 yrs later)

b »— T 21N, (M. ??) 2KK'TT
\
B meson Mo M, =3654+10 MeV
N, <55 MeV
80 — oyt T T ]
s | (0 !

q - 2K § .0 ¢ b
0 *e? %’/\"‘*

2900 3100 3300 3500 3700

. . M(K. KT
“invariant mass” _—— ( S 71:)

MKK'n") = \/(EKS +E +E, ) ~(Pg +P.+D.) Belle PRL 89, 102001 (2002)



Belle: yy=> 3(n*m)
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Mass (MeV)
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Strategy

Py’ ):=1--
) = V' = yh_ not allowed
)PC(h.) =1+
Y’ >7n? h, allowed but Ispin-suppressed
GeV/ 1
:6 expected branching fraction = 103

3.4] preferred h_ decay mode is h.>yn.

321

expected branching fraction = 0.4

3.0}

Expected mass = “center-of-gravity” of M()Y , ,)
2.81 =[M(Xc0) + 3 M() 1) +5 M(X,)1/9 = 3.525 MeV




CLEO detector at Cornell Univ

solenoid coil

barrel calorimeter
ring imaging

II' ‘ Cherenkov detector

._;;:/ drift chamber
SC quadrupole & et gt
5l chamber/
beampipe
SC quadrupoles endcap calorimeter

rare earth quadrupole
iron polepiece

-----
4



h.: CLEO 2005 (exclusive)

Exclusive analysis: (’ — ‘71‘()]‘),(_.,_ — ("fj)(ﬁ ‘//(_.._) s Ne — hadrons

n. — KTK ntrx

ne — K K*nT

n. — KK 7Y

ne — 227

% °F DGenerlc o Ne —2 ntm n, n—=Y
N 4: |:|Data Ne = 7t p—atrow
%) ] E .
§ 2 1 clean hc - 'YT]C Slgnal about 20 events
T 3

0 . :

3.40 3.46 3.52 0 L

M(ze0 recoil) (GeV) M(z fecoﬂ)—\/(Ecm -E,) -|p,




semi-inclusive h_reconstruction

undetected
detected

detected
(or “tagged”)

4-momentum conservation

Measures: Bf(y’—=>n° h )xBf(h.2>m.)

In the cm: ﬁv,'zo

:> Mn - "M(noytag reCOll)" - \/(Ecm B Eﬂ'o - Etag—J/ )2 -




h.: CLEO 2005 (semi-inclusive)

und‘e)ected
Inclusive analysis: "(:,.v’f,'/ — 7T() /) c — (j’“{ ) (", 77(:. ) . 'I’](__._ — ]’2‘.(1‘ (] 7ons

\
detect the ° = yy& the yirom h.2YM.

400 3960509-009

l]lIlllllllllllllllllllllll-

(b)-

I h. > yn,signal

200
Measures: Bf(y’=>7° h_)xBf(h,.2>n.)
1 00 Inclusive Exclusive
Counts 150 *= 40 17.5 =45
‘ Significance ~3.80 6.10
M(h.) (MeV) 35249 0.7 £ 04 3523.6 £ 0.9 £ 0.5
3.50 3.92 3.94 B,B, (107%) 35+ 1.0+0.7 53 15*10

Mass recoiling from the p°

CLEO PRL 95,102003 (2005)
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fully inclusive h_reconstruction

undetected
detected

_._-—-—'—;

recoiling
or “missing”
Measures: Bf(y'=>1° h )

4-momentum conservation

E, E+E:>E E £

—_

P, =D, 1D, =>Phc Py =Py

In the cm: ﬁv,'zo

2

=M, ="M(n" recoil)":\/(E -E )~

P



h.: BES 111 2010 (fully inclusive)

0 Fully inclusive: \|I' énohc
Semi-inclusive: \|I énhbyn / gvnnc
Detect: Tco &Y ¢ Detect: Tt° ONly

4000 ¢ 50000
3500 f _
3000 | 40000 | 2500
2500 F 20
2000 30000 e
1500 E 20000 F %
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500 F T ) 35 35t ]00002— 1000t —c 352 353 354
O:‘..i.-.-'l. PR R S S S S H S| O:..l....l....l....l.
3.51 3.52 3.53 3.54 3.51 3.52 3.53 3.54
7% recoil mass (GeV/c?) 70 recoil mass (GeV/c?)
] ’ 0 . , 0
Measures: Bf(y’—=>7° h )xBf(h.2>n.) Measures: Bf(y’=>1° h_)

BES Il PRL 104,132002 (2010)



h.: BES Il results

results: Bf(y'=>m®h ) = (8.4 + 1.3)x10*
Bf(h.2vyn.) =(54.3 +6.7)%

M(h,) = 3525.4 + 0.22 MeV

<

agree with theory

N

-

['(h.) = 0.73+0.53 (< 1.44) MeV

~YP Kuang PRD 65 094024

M og(Xc0,1,2)=3525.3 Mev

BES Il PRL 104,132002 (2010)



., discovered by Belle

W exclze DD 25 " (c) combined '8 : (C)

H { 16k M(DD): 3.91 - 3.95 GeV/c2
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collisions results: M()z,) =3929 +5 MeV

['(xs,) =29 +10 MeV




Mass (MeV)

Charmonium spectrum today

Masses in pretty good agreement with theoretical expectations
-- biggest discrepancies ~ 50 MeV --
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Orbital levels



Inter-charmonium transitions



mass (GeV/c?)
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mass (GeV/c?)

3.0

Hadronic transitions

' = J/y +hadrons
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Predictions & measurements for the y”

mass (GeV/c?)
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BOttO mon i LIM ¢ history repeats itself

2 3 narrow states near 10 GeV
S ! L ‘ LR E|

(28)

N
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e
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A(— (49), where o
H B factories run.

s 55/10860

Plus broad statesat . | |l ¥y
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Same potential works

V(r) 262

\ 1/r “coulombic”

short distance

component
2 parameters: P

slope & intercept



charmonium-bottomonium differences

Ground-state Radial wave functions (R, ;)
9 —

-wave

n=1

ol [ I
0 5 10 15 M/3g

a, = "Bohr radius" o< 1/m,

Mq ~1.5GeV ~4.5GeV
<R, s> ~0.15fm ~0.05 fm



Bottomonium probes deeper (stronger)
region of the potential

V(r) A©

harmonium
charmoniim — - 4— r, (notr/a,)
bottomonium—

Bottomonium is more tightly bound than charmonium




Mass (GeV/c?)

Bottomonium spectrum
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“Fall apart” decays to “B” mesons

.l T T T T T T
6.0 | ﬂ €Y (45), where X
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Bottomonium spectrum 2011
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Summary (lecture 4)

*The quarkonium spectra are the strongest evidence that hadrons are
composed of spin=1/2 constituent particles

*All of the charmonium states below the M=2m_ “open charm”
threshold have been found
-most of the bottomonium states below M=2m; have been identified

*Above the M=2m, threshold, most of the 1"~ states, but only three
of the others (the %, %" & W,,) have been discovered.

*The masses of the assigned states match theory predictions
-variations are less than ~50 MeV

*Transitions between quarkonium states are in reasonably good
agreement with theoretical expectations



General comments

 The charmed and bottom “quarkonium systems” are
relatively simple and reasonably well understood.
* The “hydrogen atoms” of QCD.

e Let’s try to use them to search for new and
unpredicted phenomena.

* If we find a meson that contains a cc (bb) pair
but doesn’t fit into one of the remaining unassigned

states, we have a candidate for an exotic hadron,
the subject of the next lecture



