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Bottomonium and Charmonium
as a QCD Laboratory

spectroscopy: energy levels and types of QCD bound states
hadronic decays: hadronization of gluons

hadronic transitions: access to “soft” gluons

di-lepton widths: probing wave-functions at the origin

EM transitions: interpreting the nature of bound states

light quark dynamics: narrow “onia” states provide a clean
and well-understood source of light quark states

interesting comparisons: bottomonium vs. charmonium vs.
the qq continuum.

elc... etc...
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This Talk

hadrons

Using Upsilon decays to — &
study gluon hadronization.
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Bottomonium at CLEO-III

Dedicated running at the

Y(1S), Y(2S), Y(3S)

(and off-resonance regions):
November 2001 - December 2002.

Samples:
Y(1S) ~21M events

Y (2S) ~ 10M events
Y(3S) ~ 5M events

Analysis efforts include:
e quark and gluon hadronization

e hadronic transitions
radiative transitions

spectroscopy
di-lepton widths

searches for exotic particles
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Charmonium at CLEO-c

Samples:
3.97-4.26 GeV ~ 60 pb'!

4.17 GeV ~ 300 pb-!

P(3770) ~ 300 pb-!

P(2S) ~ 3M (1.5M CLEO-1II) +
~ 25M events

currently running at Y (3770)

Analysis efforts include:
spectroscopy
light quark dynamics
hadronic decays
hadronic transitions
radiative transitions
di-lepton widths
searches for exotic particles
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[. Bottomonium and Fragmentation

Compare particle production in a “glue-rich” environment:
Upsilon decays: Y — ggg, ggy
to a “quark-rich” environment:

the continuum: e*te- = qq, qqy .

Study the production of (anti-)deuterons in Upsilon decay
(“coalescence” of p and n in a dense environment).

gluons hadrons
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Comparing Quark and Gluon Environments

* In 1984, CLEO I found an excess of baryons per event in
Y(1S) = ggg over ete™ = (q.

Hard to interpret:
comparing 3 partons vs. 2 q ’\’
comparing 3 strings vs. 1
* Recent analysis:

e Confirms and extends 1984 results.

* Plus, compares ggvy to qqv in bins of Ey by tagging photons
(compares 2 partons vs. 2, 1 string vs. 1):

b - g

Y(1S) Y

b —— g
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Comparing Quark and Gluon Environments

preliminary Integrated ggg/q( Enhancement  Integrated ggv/(qYy Enhancement

3031106-003a 3031106-014a

(hep-ex/0607052) | | | 4 | | | | I
B 1S Data B 1S Data

3S Data € 3S Data
O

Compare to MC: 1S MC TS MG

JetSet 7.4 string

model tuned
to LEP data at

Vs =90 GeV

CLEO’84

3S MC + <& 3SMC
|

BE

& * )

| | | | | | | | | |
A D D o f(1270) A P b o f(1270)

Y _ production(p) p f Y _ production(E)
continuum _ production(E},)

dE

14

“Enhancement” = f
continuum _ production(p)

1. Baryon enhancements decrease in ggvy/qqy.
Conclusions: 2 N, and N are important; not just V.
3. JetSet 7.4 (using a string model) does not reproduce this effect.
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Anti-Deuterons in Y (1S) Decays

PRD 75, 012009 (2007) 5
30 dE/dX |

CLEO observes an enhancement of anti-deuterons in
Y(1S) decays.

0.45 1.45

momentum
(GeVl/e)

_d

N
(=]
T T T T T

Events/0.16
T vav T

Use anti-deuterons to reduce backgrounds (and use

: il e
deuterons as a cross check). ; ' o

Cleanly select anti-deuterons using dE/dx.

e Ehﬂﬂmlﬂ.d
6 4 -2 0 2 4 6 8

We find: (dETdX) yasured — AL T AX) 0 ocred a

_ O ak 1dx
B(Y(IS) > 888.887 dX) _ (336 +023+ 025) %107 r ar
B(Y(1S) — ggg.ggy — X) :

: ARGUS
e: CLEO

Comparing to the continuum:
G(e*e_ — dX )

O’(€+€_ — hadrons)

ole’e” — dX) <0.031pb <~1x107°

Theoretical models are based on “coalescence”.

Momentum (GeV/c)
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II. Heavy Charmonium

Exciting times in charmonium spectroscopy.

Hybrids? Molecules? Four quark states?

3901105-021

Al 1~ p(4415) -

: 17— 2 (4160)
Recent CLEO results address: 1 p(d040)

. Y(4260)

1 _ YP(3770)

«  X(3872)
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Experiment

i 1 iy Nonrelativistic Relativized 1
Potential Model Potential Model
(Barnes, Godfrey and  (Godfrey and Isgur :
Swanson PRD 32, 189(1985))

PRD 72, 054026(2005))
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Y (4260)

PRL 96, 162003 (20006). PRD 74, 091104 (2006).

2540606-004 3850606-001

First observed by g @150) Y(;%O)é
BaBar in Initial State ’ ’ /N
Radiation (ISR)

decaying to strm-J/p.

~

v(2S)

E L HHIPII_II'IHH

3.6 38 4 42 444648 5 52

»

¢

Events / 40 MeV/c?
S

Must have JPC = 1—,

il | il il ity

But no convenient ; : . 42 44 46 48 5
.. : M (n* 1 -Jhy) (GeV/c?
spot for it in (i) )

conventional ccC : ] CLEO-III ISR using Y data:
charmonium. : I ¢ reconstruct strrt-J/p(1+1-)

e confirmation of BaBar

Isita hYbrld? (CEg?) e confirms JPC = 1—

M =4284+17 16+ 4 MeV
CLEO-c efe~ energy scan: [ =73+39,s + 5 MeV

o J/prtrt—:J/PprnO ratio favors isoscalar
¢ cvidence for J/APK+K- (3.70)
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X(3872)

PRL 98, 092002 (2007)

Discovered by Belle in B=2KX, X—=mrt]/Ap.
CLEQO’s precise D mass
Quantum numbers likely 1++. measurement brings M(X) even
closer to M(D°) + M(DY%*).

3851206-007

Mass is very nearly M(D?) + M(D%):

M(X) - M(DP) - M(D%) PDG 2006 | D°= K.
= M(X) (3871.2 +0.5 MeV) | |
-2 x M(DY) (1864.1 = 1.0 MeV)
- (M(D%) - M(DY))  (142.12 +0.07 MeV)
= 0.9 2.1 MeV

Events/MeV

Molecule? 4-quark state? Coincidence?

1.86

M (K KK) (GeV)
New DO Mass = 1864.847 + 0.150 + 0.095 MeV

New mass difference = M(X(3872)) - M(DY) - M(D%)
=—0.6 0.6 MeV

= Coincidence is less likely.
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W(3770)

combined CLEOQO results
The radiative decays Y(3770)2yycy  _BWET70) vy
Y (3770) — YXcs

reinforce its interpretation as the 13D; J=0 J=1
. P, iy R
state of charmonium. (eV) L

Rosner non-relativistic 523 + 12 73+ 9
Ding-Qin-Chao
New CLEO measurements are in good non-relativistic 312 %
. o e . . Eichten-Lane-Qui
agreement with relativistic calculations. ronrelatiistic 254 163
coupled-channel 225 59
Barnes—Godffey-Swanson
non-relativistic 403
relativistic 213

PRL 96, 182002 (2006).
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Two independent analyses of
B(W(3770) 2 yxen):

N
o
TTT
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o
T[TTT

-
o
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1. Y(3770) = vycr with PRD 74, 031106 (2006).

Xer = YIAP(T)

[é)]

N
o o
T TTT
o]
O

—_
(6]
T TTTT T

2. P(3T770) = YY1 With =3
Ye1 = (2K, 2K2m, 47, 6T)
using P(2S) decays as
normalization.

Number of events/5 MeV

Y (3770) events / 5 (MeV)

150 200 250
Ey (MeV)
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III. x. Decays to Light Mesons

* Yo decays are: ¢

Yo hght
* Interesting in their own right; < mesons

ey hadronic decays are not well
known, in general.

. . (2S) Inclusive Photon Spectrum
A “controlled” source of light 4500011) P ot

hadrons, complementary to other
sources (e.g. J/ radiative
decays).

35000

25000

15000

Produced copiously (~9% BF’s
each) 1n the reaction:

ete™ = P(2S) = vy

10000

Number of photons / 2% bin

(o)
o
o
o

 CLEQO’s new ~25M (2S) dataset
1s ready for analysis. 100

o
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PRD 75, 032002 (2007)

A selection of 3-body decays
based on 3M Y (2S).

Events/(4 MeV)
Events/(4 MeV)

Many first observations.

M (- n) (GeV/ic?)
. | v v | . 1540806-000

Ye1 Tt T, K*K-mt%, and
KsK-7tt have sufficient
statistics for a substructure

=
@
=
=+
=
“
=
[
=
w

analysis.

1 o i ia
342 3.52 .62 J 332 3.42 352 3.62

M (pp) (GeVic?) M (e 1Y) (GeV/c?)

=

137 _—

events

hnn . [‘L..I.L.;J

3.32 3.42 3.52
M (K*Kn?) (GeVic?)

Events/(4 MeV)
Events/(4 MeV)

M (ppn®) (GeV/c?) .

KIK nt

- 234 7

events

Events/(4 MeV)

)
0

i,

[ KTpA

L PR
g 22 3.32 3.42 3.52 3.62
M (K2K-1) (GeVic?)

| f
3.32 3.42 3.52

M (K'BA) (GeVie?)

Mode Xc0 Xcl

X2

N < 0.021 0.52 &+ .03 £+ .03 £ .03
nK+TK— < 0.024 0.034 + .010 + .003 &+ .002
npp 0.038 + .010 + .003 + .02 < 0.015
n'ntna— < 0.038 0.24 £ .03 £ .02 &+ .02
mKTK—™ < 0.006 0.200 + .015 + .018 + .014
70 pp 0.059 + .010 + .006 £ .004  0.014 + .005 + .001 + .001

KoK+ * < 0.010 0.84 + .05 + .06 + .05
AK T p* 0.114 + .016 + .009 & .007  0.034 + .009 + .003 =+ .002

0.051 + .011 + .004 + .003
< 0.033

0.019 + .007 £ .002 + .002
< 0.053

0.032 £ .007 £ .002 £ .002

0.045 + .007 £+ .004 + .003

0.15 + .02 £ .01 £ .01
0.088 &+ .014 £ .007 & .006

* includes charge conjugate
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Xc = hth~h® (7t )

PRD 75, 032002 (2007)

\ Y-projection | 3540806-010a

: () Substructure in Y1 =TT
[ X a(980)

Z: a,(980)
Y: f,(1270)
Y:o-pole

Use a simple model of non-
interfering resonances coming
from a spin-1 parent. (this
describes the dominant
structure, but will be refined
© ] Luol with more statistics).

m2(nrt) (GeV/c?)?

\ X-projection |

Find significant contributions
from aoT, f21), and on.

o | No exotic structures apparent.

r~ “},-‘E-_ﬂ( —r\{i"ll_"

10
m2mn*) (GeV/c?)? m2(nr) (GeV/c?)?
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ve = h*h-h0  (KsK-7t+)

PRD 75, 032002 (2007)

_Y-projection | 3540806-012a
’ + S (b) Substructure in ¥ > KsK-m*
I ignal

X: K*(892)"
X: K,(1430)"
X: K,(1430)"
Z: a,(980)

Use the same non-interfering
resonance model.

1 Simultaneously fit KsK-rt+,
8 .
m2(ik?) (GeV/c®) KsK+*mt-, and K+*K-m¥ using
| X-projection | iSOSpin constraints.
: ©| % |

" Find significant contributions
: from apmt, K*(892)K,
K»>*(1430)K, and Ko*(1430)K.

; No exotic structures apparent.
i pp
?n2(KKg) (Ge1\(/)/02)2
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Yo — KKmr (BES)

Yy substructure analyses will soon
move to full partial wave analyses.

Example: %, M@

Yo — KK7tm 1s an excellent source
of scalars (fo) and tensors (f2).

f(>(1710) r

T 980)
] : b) |
| o220

o]

[=2]
(=]

- (a)

'y
o
[=]

This work was pioneered by BES.

EVENTS / 0.04GeV/c®
I
(=]

EVENTS / 0.05GeV/c’

%(1270) 1

%))
[=]

K+K-wt c I
1371 x::) o | BES results

PRD72, 092002 (2005)

2
N
o
o
n
o

l

+_
1 15 2 25 : 15 2
M(K'K) (GeV/c?) M(m*r) (GeV/c?)

o

14M (2S) e

EVENTS/0.005GeV/c

Rich Substructure!

K{*(1430)

EVENTS / 0.04GeV/c?
EVENTS / 0.05GeV/c’

3.4 3.6 . . . .
M(r'TK'K) (GeV/c?) . 15 2 25 1 15 2 25 3
M(Kr) (GeV/c?) M(Knr) (GeV/c?)
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Yo = KK (Building on BES)

“first look”
ALL CLEO-c Y(2S) data ( ~26M) i 6 KK modes!

Building on the BES results. S 40005 K+K-eir 4s0E K+K-mon?

“* 3000 350

. . . 2 2500F 300

Use Isospin constraints to gzuuu: ‘ 250
L E

5 200
simultaneously fit 6 KKt 1500

Events | 5 MeVic’

L L LY LAY LR LR R R R e
[&)
-
ol
wal
F-

3 150
1000 100

modes. 500¢ | 50

E PRI T b |||—|rI||
0=335 "534 345 35 355 36 0

L

= 3500 400
358

Mass(KKrr) Gevic’ Mass(KKrr) GeVic’

= - KKsmad

f\ﬁ i

Mass(KKrr) GeVic? Mass(KKrr) GeVic?

:—K‘st:'r:rtﬂ

BES: 14M (2S)

PRD72, 092002 (2005)

N
o
o

Events / 5 MeVic®
Events / 5 MeV/c’

K+*K-ntme ‘
(1371 o) J
a4 A 45

335

r..-...-,J'-"
3. 55 6 3.35

355

EVENTS / 0.005GeV/c’

800 KsKsmor Ks.KbJ'l.'”n"

Events | 5 MeV/c®
Events / 5 MeV/c’

3 3.2 34 36

M(z'nK'K) (GeV/c?) R L IS :U_Pl d,, , _
. J 3.5 3.55 36 3.35 355 3,6

Mass(KKr=) GeVic® Mass(KKr=) GeVic®
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Summary

« The bottomonium and charmonium efforts at CLEO
are very active, and span a very wide range...

« Fragmentation in Upsilon decays.
« Heavy Charmonium States.

« Light Quark Dynamics.

«  Many exciting results to come.
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