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Lecture 1

Bound charmonium & bottomonium

states and their properties



Constituent Quark Model

1964 The model was proposed independently by Gell-Mann and Zweig
Three fundamental building blocks 1960’s (p,n,4) = 1970’s (u,d,s)

mesons are bound states of a of quark and anti-quark:
Can make up "wave functions" by combining quarks:

7 - ()

n*=ud, © =du, n° =L (uu-d d), k"'=d5, k°=ds

baryons are bound state of 3 quarks:
proton = (uud), neutron = (udd), A= (uds)
anti-baryons are bound states of 3 anti-quarks: A= (UdS

p=00d A=0dd A=0dS



Make mesons from quark-antiquark

Y Y="hypercharge” = S+B Y

Q=0 Q=+

Q=-1

A 33-1®8



Ground state mesons (today)




H W . Construct baryon octet and decuplet
. combinations of three uds triplets

Finish the procedure



Answer =»2(8-tet)s + 10-plet @ singlet

3¥3IXR3I=18P8D10



Ground state Baryons

P=1/2+ IP=3/2*




Are quarks real objects?

or just mathematical mnemonics?
Bgss  7|1Ydtk=

Are quarks actually real objects?" Gell-Mann asked.

"My experimental friends are making a search for them

in all sorts of places -- in high-energy cosmic ray reactions
and elsewhere. A quark, being fractionally charged,
cannot decay into anything but a fractionally charged
object because of the conservation law of electric charge.
Finally, you get to the lowest state that is fractionally
charged, and it can't decay. So if real quarks exist, there is
an absolutely stable quark. Therefore, if any were ever
made, some are lying around the earth."

But since no one has yet found a quark, Gell-Mann
concluded that we must face the likelihood that quarks are
not real.




A prediction of the quark model:
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Mark | detector

T

At SLAC's “"SPEAR” e*e- collider

/ muon identifier

tracking chamber
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after a fine energy scan near 3 GeV:

A huge, narrow peak near 3.1 GeV
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The "J/y" meson




Another peak near 3.69 GeV
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Why J/y?

Event in Mark | Group leader of the
Brookhaven expt

v 2>t l/v
I% ete

Samuel C.C. Ting

Mark-l detector
. . /
Chinese character for Ting:  }



Interpretation of J/y and y’

charmed-quark anticharmed-quark mesons

( oo

sﬁ“\‘e n r= 0 sﬁ“eqe n= 1
M=3.097 GeV M=3.686 GeV

charmed quark = g= +2/3 partner of the s-quark

beditter 1974

A q=+2/3r9% partner
of the s quark had
been suggested by
many theorists




Charmonium

mesons formed from c- and c-quarks
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c-quarks are heavy: m. ~ 1.5 6eV ~ 2m,
velocities small: v/c~1/4

non-relativistic, undergraduate-level QM applies



QM of cc mesons

© -0
72

VY +V(r)¥ =EY
2m

I

What is V(r) ??

“derive” from QCD



“Cornell” potential

V(r)

2 parameters:

©60

o AN linear “confining”
Y long distance

~0.1fm e
l% component

(.
\l/r “coulombic”

short distance
component

slope & intercept



Charmonium (cc)

Positronium (e*e’)

Relative energy (MeV)
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The “ABC’s” of charmonium mesons

' : JPC guantum numbers
g |'|i__ gi S=5+9, G 571 triplet of state
~ r_r I S=0 = singlet

JHEL+S

P=(-D-" 4= Paity (xyz) < (x-.,2)
C=(-D-" == C-Parity quark < antiquark

Jhy (v):
JPC=1--

photon:
JPC=1--




ABC'’s part li

spectroscopic notation

. S=§,+5,
T r r r
R JHEL+S

— Y’ =235,
2180 23 I1I %
L ! S=spin (0Oor1) J=total ang. mom.
Py [x,l

/n (2S+1) I,i‘J /

— Jy =1°S; | n=radial quant. nmbr

L=S,P,D,F ...
0,1,2,3




ABC’s part lli

“wave function at the origin”

In J/y decay, the ¢ and ¢ quarks
have to annihilate each other

This only can happen when they
are very near each other:

Many J/y processes are o |'¥(0)[?,
the “wave function at the origin,”

or, in the case of states with ¥(0)=0,

derivatives of ¥(0), which are
usually small.

0.8
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—0.1

— S-wave
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Immediate questions:

eCan the other meson states be found?

*Why are the J/y and y’ so narrow?



Finding other states

These states have
been identified
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The Crystal Ball Detector
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E. Eichten et al., PRL 34, 369(1975)
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Transition - Iy (keV)
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IE":E ka - 313.
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Crystal ball results

Relative energy (Meyw)
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E Crystal Ball expt: Phys.Rev.D34:711,1986.

“smoking gun” evidence that
quarks are real spin=1/2 objects




V' 2VY, radiative transition

] Expect 1+c0s?0

BESII PRD 70, 092004 (2004)



Discovery of the P-wave
states (), 1 o) convinced everyone
quarks were rea
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Immediate questions:

eCan the othé ates be found?

*Why are the J/y and y’ so narrow?



Problems with the quark model:

* Individual quarks are not seen
 why only qqq and qq combinations?

* violation of spin-statistics theorem?



(s
N\

three s-quarks

in the same
quantum state




The strong interaction “"charge” of each
quark comes in 3 different varieties

Y. Nambu

M.-Y. Han

i
pa'hY

the 3 s-1/3 quarks in the
Q- have different strong
charges & evade Pauli



Attractive configurations

Baryons:
8ijk eiejek
iz jzk (K

same as the rules for combining colors to get white:

add 3 primary colors -0Or- add color+complementary color

quarks: eee, = color charges

antiquarks: EEGEEEY anticolor charges

Eijk €i€;€ " 0;; € E




Quantum Chromodynamics

r a
e
QED: scalar charge e QCD triplet charge: er
b
e
g
Non-Abelian ~ ’
extension of QED
single
photon
QED gauge transform QCD gauge transform
—» — . — e — + . . _’
1 vecto/ eight 3x3 SU(3) 8 Yector
field matrices fields

(photon) (gluons)



Vacuum polarization QED vs QCD

(Ieff QED
1 ”
137 :
n;% q?
oy
H?é q*
: \\ QcCD
e LG N\
g g \
i \“‘41:'17_‘ .
in QCD: C,=3, & this dominates *« ¢

o increases with distance



QED: photons have no charge

coupling decreases at large distances

QCD: gluons carry color charges
gluons interact with each other
coupling increases at large distances

o, Coupling strengths
1.5
QCD
1
0.5
S~—_QED
% 0.5 1 1.5 '

distance



Test QCD with 3-jet events

(& deep inelastic scattering)

rate for 3-jet events should
decrease with E_,



“running” o,

short |
distance

0.1 Ll distande T |




Color explains the discrepancy in R

R

] _ 'hadrons
s q
lowest
. + 0] ordef=—

= Qf

e v
flavor
~ & color
e’ r

Each quark has
3 colors
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why are the J/y and y’ so narrow?

103 ;— Jiwp | | ap(25)
1w 2l
= b
R - . I
e E A
= ey "
1 =— *
E _|_.|.|r'|’ll{.ﬁ'
T -|'u|' L 11 | \
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How does the J/y (y’) decay?

violates color symmetry

violates C parity

\%‘éww ‘,

A

Lowest-order o €suppressed by o ®
allowed QCD process: Yy S«

This is called “OZ|"*

a’S
YYYYY' 8m -
C suppression
*Okubo-Zweig-lizuka
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How wide is 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

: Mark-1 PRL 34, 1357 1975
cross section for e*e 2> J/y—>X iRt {97) E

et -
000 L X=hadron$s ] .
. L M| o dE
= 1L, 27%23+1)
100 | 4 5
2 Te) _WL i 1 1 ! ] l | [ IH
e 27%(2] +1) T, T, : maigos
J‘O-XdE: 2 : - Tr m)o,dE
m F’[Ot ee” uu _ ; M
1T, 27%@i+))
[ — |
200 Icosel 06
3 100 X ete" . , ZJ— dE
2009 values o | * % I :m Oge
1 L, 2723+

20

ENERGY Egp (G&V)

Ty 932 keV 30929 keV r

tot — 1_‘ee + F,u,u + 1_‘X
I 5.55%+0.14 keV 5.1+0.5 keV /’

4 eqns, 4 unknowns



ete 9 hadrons at higher E__

a 3" peak: they” (\|1(377O))

/ : I',o: ~150x bigger

Tyl / W | 2009 values

L L T

j %T‘M*Hw ﬁ%” I, 93 keV 209keV  27.3+1.0 MeV
ﬁ ﬂw M% k I, 555keV  5.1keV  0.26+0.02 keV
Y

o \

I'.e ~20x smaller

LGW PRL 39, 526 (1977)



Why is I', . (¢”) much bigger?

s eSON°

New decay channel is available: y”->DD

.C\ [) <€D°orD* ; i w %
I ! iy
\q s |- ' o
! |
\ll”’ ~ : ;i s gﬁjﬁ%
e ) = |t LH:' ;
1) ord I
\C/ - I
no “OZI” suppression I — © =a T = alo
¢ D ¢brorp ZU
7/ “open charm”
threshold

(M,,=3775 MeV ) ——
- &— 2m,,=3739 MeV

SRR "Fall apart”
Mpo =3729 MeV Decay modes
(M, =3686 MeV ) ——




does y” fit in the cc spectrum?

must be JPC =1--
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['.. (") considerations

o
\e
S-wave D-wave N("’s\ s\@
2 ne
ey 16 ,|PO) sy 50 a7 |P¥(0) 109 h0)
l_‘ee( Sl) - 9 a Mczé r:ee( Dl) - 9 MEE OTZ ‘o‘ ‘\\e \ie‘“e \\’\
“\a\\ w0
"00‘5 \ ‘o(
Y ee’ &\_Oob
all in keV
v y”(D-wave)
Fee(Theory) 12.13 5.03 3.5 0.056

I'..(expt) 5.55+x0.14 5.1+0.5 0.26+0.02 0.26+0.02



Mass (MeV)
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v’ and y” = 23S, — 13D, mixtures

W’ — W(2381) COS emix — l//(13 Dl) Sin emix
W” = W(lg Dl) COS emix + W(ngl) Sin emix

preferred”

emix :10'60 i1'30K value

This mixing was predicted by Eichten et al, PRL 34, 369 (1975)
-- before the y” was discovered --



Finding other charmonium mesons

0‘1-+ 1 ++ 2|++ 2I-+ 1 .- 2I- . 3|- -
. ]
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Xtal-ball: J/y(y")=2n. n.2 inclusive
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Mark Il ' =27vn., n.2exclusive

20
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Mark Il PRL 45, 1146 (1980)



The n.in 2010 (30 years later)
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Mass (MeV)

Search for the n/’

1+ 0L+ 1 -||-+ 2++ zl--n- 1-- 2-- 3-- _
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Orbital levels



v’ vy 1. in the Crystal Ball?
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M=3592 MeV 1. not seen elsewhere

pPp=>n. vy (@ Fermilab) yy>n,~>hadron (@ LEP)
—~ 45 3 _ Yy — hadrons
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C i \l/

5 |
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E835 PRD 64, 052003 (2001) DELPHI PL B441, 479 (1998)



The Belle experlment at KEK




Belle in 2002 (20 yrs later)
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Confirmed by other measurements

Belle: yy 2> 3(n*w) vy 2 K*K2(mn*r) v 2 KK'ntmm
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Belle PRL 98, 082001 (2007)



Mass (MeV)
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Search for the h_

1 T T | T T T T T T
. 0 1 1+ 0++ 1++ 2++ 2+ 1-- 2-- 3-- _
- ~y(4S) — _
—— -
?.
B - Ll]{?)S) — N
| el —— \V” |
[ NS
. e W . (1p,). Tepe= _(2p,) . (I'Ps) -
i (2% ¥ X J
| (21S,) {0 lo.-oo:ilr-r (13p,) —
L N FEEPEERERS (13P1} —
(1°Py) -
- ——— predicted .
n o 0 e measured .
— nc e (i'fgsf;}'f =
- —
[ (1's,) -
] ] ] | ] ] ] ] ] 1
1 3 1 3 3 3 1 3 3 3
S 5, P, P, P, P, D, D, D D,

Orbital levels



Strategy

PC N-—1" "~
IHW): 1+ = vy’ 2 yh, not allowed
JPC(hy) =1""
v’ 2>n h, allowed but suppressed
Gev] v -7 . .
:6 - expected branching fraction = 103
C
34 preferred h, decay mode is h,2>yn,
3.2] expected branching fraction = 0.4
3.0
Expected mass = “center-of-gravity” of M(Y o 1)
2.81 =[M(X.co) + 3 M(Yc1) +5 M(Xc2)]/9 = 3.525 MeV




CLEO detector at Cornell Univ

solenoid coil
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ring imaging
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h.: CLEO 2005 (exclusive)

Exclusive analysis: )" — 7L, — (vv)(yn.) . 1. — hadrons

I f
! !
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=283, ¥
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2. Siastohiluti e — 2727
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gﬂ“é“”ﬂ 346 3.55 r e
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Recoil mass (or “Missing mass”}

undetected * detected
=t
recoiling |
or “missing’” 4-momentum conservation
E E +E. 2E = E -E,
72'
W ph +p :>ph p(// pHO
In the cm: W—O
=M, =Mz’ recoil)":\/(Ecm B -o.




Recoil mass (or “missing mass”



Inclusive analysis:

P mm—
300}
200}
100}

h.: CLEO 2005 (semi-inclusive)

\

detect the n® - yy & the I/ from h.2>yn.

3960505003
IIIIIIIIIII|:

'{:..-fr" — h . —

- (b)-

— h. 2 yn_. signal

und?ected

(YY)(Yn.) , M. — hadrons

0I|||||
3.50 3.52 3.54

Mass recoiling from the n°

Inclusive Exclusive
Counts 150 % 40 17.5 £ 45
Significance ~3.80 6.l
M(h.) (MeV) 35249 0.7 £ 04 3523.6 £ 09 £ 0.5
B,B, (107%) 35 L0077 531510

CLEO PRL 95,102003 (2005)



BESIII experiment at IHEP(Beijing)




h.: BES 11l 2010 (fully inclusive)

Semi-inclusive: \|!77'CO h, Fully inclusive: W}no r|]9
)Y e Detect: 0 only e

Detect: ¥ &

4000 ¢ 50000 F

3500

3000 40000 |

2500

2000 300005—

1500 20000 F

1000 ;

500 ¢ . 10000 [

I S AR T T T N N S S S S N S S S SN M T | 0'..|....|....|....|.
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?)

Measures: Bf(y’—=2>n° h )xBf(h.2v 1) Measures: Bf(y'—=2>7n° h )

BES IIl PRL 104,132002 (2010)



h.: BES Il results

agree with theory

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

M(h_) = 3525.4 + 0.22 MeV
['(h,) = 0.73+0.53 (< 1.44) MeV

—YP Kuang PRD 65 094024

Meog(Xc0,1,2)=3525.3 Mev

BES IIl PRL 104,132002 (2010)



Mass (MeV)

All states below “open charm”
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threshold are identified

Orbital levels
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JPC = 1--states produce peaks in R, _,

7~
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BES Il PL B660, 315 (2008)



All 1 - states below 4500 MeV are

identified
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Orbital levels



Y., discovered by Belle

© : - (c)
H s M(DD): 3.91 - 3.95 GeV/c2

14 | ——

12
L &._
10 F
N ‘--"‘—‘--\.
L —_
L —— T
L T
- — T

“two-photon”
collisions

8

6 F
b
2

0

L o1 ;-%

3 4.2 4.3
D) (GeV/c?)

| M(DD) ™

FETTEFTRTE TR FEETE TR PR FTTE RETS PETrs P
0 01 02 03 04 05 06 0.7 08 09 1

|coso|

results:  M(x,) =3929 £5 MeV
['(x.,) =29 =10 MeV



Mass (MeV)

Charmonium spectrum today

Masses in pretty good agreement with theoretical expectations
-- biggest discrepancies ~ 50 MeV --
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mass (GeV/ c?)

v Transitions

M1 transitions (I'(keV))
Th. Expt
Jy2yn. 24 16+04
v 2yn. 46 11x02

3.2 - -
E1l transitions Iy
Transition : ry Th. [ke‘i.f'}EXpt
. 2°s—3p, 5Lk 24 27+ 4
- —3p, 3L,0k’ 29 27+ 3
—3p, 1Lok® 26 27+ 3
3p,— 138 Lok 313 426 + 51
L=0 0 3};1_..135 Igﬂks 239 291 +48
114 110 + 19

2.8 ipy—~17%s Lok’



mass (GeV/c?)

3.0

Hadronic transitions

v’ =2 J/y +hadrons

2.8

[ ep(keV)
y'o>ntn l/y 887
v 2Nty 91
v’ 2> /vy 0.4+0.1

nm, M, 70
.a-—-q.c:r#xf’
"\;
|/H ]
N
£E

ST

) —p-—."f \ -
v | MGE

/ \\__J/
b
n(13)

Ispin violation:
v 2>nlIhy

Jhy

&

- 1 ] 0

=
+
+

L=0 0 1 1

=

~1/200

v >nnd/y



Predictions & measurements for the y”

Fexp(keV)

th. Expt
v )y ~80 55+15
VDY A 77 70x17
\ljne ’YXcO 2]3 172 iSO

mass (GeV/ c?)

J/p(1S)
o
3.04 mn18)
JFE = D_+ 1_ 1-|— ﬂ++ l++ 2++
L 0 1 1 1 -

2.8



Bottomonium: nistory repeats itself

2 3 narrow states near 10 GeV
T ‘ L ' L E|

¥(2S)

T [mb]

6.0 ',T(-rms} where -
Jd' B factories run.
. 55/10860 |
Plus broad states at . H+ y yo
higher masses 50 } HJM?
o Sl CLED 85" PRL 1

ICLEI IC'T iﬂg (1|
CENTER OF MASS ENERGY (Gev)



Same potential works

© 60

15 : w —
V(r') ,A("e’\‘ linear “confining

(.
\l/r‘ “coulombic”

short distance

component
2 parameters: P

slope & intercept



Mass (GeV/c?)

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

BOor B*
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Bottomonium spectrum 2011
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: Y{11020) :
1o - 10860 ~ recently
[ r{_ ) ] discovered
1079 1 —— stillnot
: | iscover
2Mg = 10.56 MeV e o M discovered
1050 i 20) -
1025} -
T yC1D)
% Tt 7
& 1000 » B
= xE( )
[¥5]
(44]
>

Most of the states below
B | “open bottom" threshold
4 have been identified

o
~J
v

9.50 |

(0,1,2)** (1,2,3)""
1 2




Summary (lecture 1)

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

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

*Above the threshold, most of the 1-- states, but only one of the
others (the y.,’) 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

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

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

e The subject of lecture 2



Thank You

Merci
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Quarkonium
experimental overview |

\If’eﬂJrTC'J/\II in the BESIII detector
B ey (eve)

BesDis PesDis
Run 85198 Run #1598
Evert 1066046 Event 389311
e 0072 e GRS
o .

T Py 4 e T tafE
Tikg Enannel 2 OFF Trig Eharmed 58 CFF
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Ty Channel_18 OFF Ty Chanssd_18 OFF

Stephen Lars Olsen

Seoul National University

France-Asia Particle Physics School, Les Houches, FRANCE
October 11-12, 2011



outline

Lecturel: The bound charmonium & bottomonium states and their properties

Lecture 2: The non-quarkonium, quarkonium-like states & the future
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