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The Bottomonium Spectrum

Mo T Xb 1600605-002

7 @ T (bb) states are part of the
106001~ . — 3, 3%y 7|  Bottomonium family
> Dy 22y = QCD analogy of
g 3% . ) ] _
10400738y T Positronium: ete~ < bb

10200 1 1D, 1°D, - @ For n > 4, the T’s decay
% 2's, wn 1 predominantly to B mesons
émooof_ g, 1 e Forn=1,2,3: the bb system
9800 |- - annihilates and can produce
. 1 hadrons or lepton pairs
9600 - 7|  Orcascades to other n25+1L
ss00| -0 — Signalswv) | States mostly via y or 77, but
i wiee Background | also Xbd (J=1,2) — TAS)w
9200
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The T System (bb with J€ = 177)

CESR collides et e~ in order to
produce T (nS) states

@ b quark is heavy
= Non-relativistic QM

@ Most T decays unaccounted for
= Y BR(T(1S)) < 10% in PDG
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2230104-001

CLEO-III

/ﬁ\ Solenoid Coil Barrel
Calorimeter
“ /‘ \ Ring Imaging Cherenkov
I C Detector
KK!,, \ \\\ Drift
\ Chamber
Silicon Vertex Detector
SC Quadrupole .
Pylon / Beampipe
Endcap
SC Calorimeter
Quadrupoles
Rare Earth ron @ Excellent Calorimeter
Quadrupole Polepiece

@ Excellent Tracking
Magnet Barrel Muon @ RICH and dE/dx for PID

Iron Chambers
@ Muon Chambers
+ A Great Accelerator Team
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Introduction The T System

CLEO Il Detector
CLEO Il T Data Samples

CLEO T Datasets

@ CLEOIII has largest world T e —
sample of clean T events P ose sor ﬂ (CLEO)
below the BB threshold soF S resy ]

@ Off-resonance and scan data £ .f ** or f%‘f%;w

S T ¢
@ CLEO has also collected f o . “'51*‘02(4?-)‘102(‘65‘) ]
0.42 fb~! at the T(5S) w F ; =. A " Eom, GeV) ]
N S R N B S
ST S N i
x 108 21,0 55—’+ Aed ‘u;; e, ot ]

20,04 ob 09 YD L XOD L TES) ]
! 9.44 94170.00 10 0;0.33 103;0.53 10.62

15,04 L ’ " Mass (G;V/cz)

10, 0 2,8
5,01
0,0

T(1S) T(2S) T(3S)
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Photon Transitions in T(2S) and T (3S) Decays
T(1S) — h™h™ + A
Direct Photons in T Decays and R =

T(2S) — v xvou (1P) (J =2,1,0)

Radiative T Decays
N

Nggg

(x1 04) 1631004-094 T
851 ‘ @ Statistical errors
T Y A i E = smaller than point size
£t 4 @ Solid line: total fit
w 00 States are well separated E o Photon lines represented by
A CENTPEITEE 1D BOMEemeling . Gaussian + low—energy talil
@ °°L" fransitions in charmonium. ] .
S 4ok 1 @ Dashed line: background
e O R @ Photon spectrum observed
5 6 xo2(1P) 1} [} xwi1(1P) E in off-resonance data ...
St . @ ...andin T(1S) data
4 ]
§ : xeo(1P) . o Slowly varying background
2l . component
N A § = accounts for deviations
had b | CT | “W‘""\L'.\ v i
60 80 100 120 160 200 240 in decays of o
E,(MeV)
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Photon Transitions in T(2S) and T (3S) Decays
T(1S) — h™h™ + ~
Direct Photons in T Decays and R =

Radiative T Decays
N

T(3S) — v xvu (2P) (J =2,1,0)

«10%

( 615)7) ‘ ‘1631‘00470‘967

sab ~ @ Bottom plot:
c F 1  background subtracted data
2\346:’ 1 @ Three photon lines
[§V] L i
238 -7 @ Additional Peaks:
BaoerT + L ° T(28) — vxv(1P)
o - B
“03:7.5? f ® vuy(2P) — v T(1D)
E50F =
Z ]

2.5(- E

o 1

S —— B k1
50 60 70 80 100 120 160
E, (MeV)

V. Credé CLEO Bottomonium Results



Photon Transitions in T(2S) and T (3S) Decays
T(1S) — h™h™ + ~
Direct Photons in T Decays and R =

Radiative T Decays

Ng

T(3S) — ~ xvy (1P) and
Xbs (1P) = 7 T(1S) (J =2,1,0)

X
o
o

>

1631004-095
T

n
<

@ Six photon lines
= large overlap

@ One line is different and its
amplitude can be measured
= T(3S) — vxbo(1P)

—-
=)

L e B

I R R R R

Rate determined for the first time
B(T(3S) — v xbo(1P)) =
(0.30 £ 0.04 +0.10) %

—_
o

Number of Photons / 2% Bin
[{e]

PO N
LEAS v

o
T T T T
-
b
P
b
-
-«
4
-
-

h ! | I
300 400 500 600
E,(MeV)
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Photon Transitions in T(2S) and T (3S) Decays
T(1S) — h™h™ + ~
Direct Photons in T Decays and R =

Radiative T Decays
N

Further Results (PRL 94, 032001 (2005))

T(2S) — final state x0(1P) xo1(1P) | xb2(1P)

# of v's (10°) 198+ 6 407 +7 410+6

B (%) 3.75+0.12+0.47 6.93+0.12+0.41 7.24+0.11 £0.40
E, (MeV) 162.56 £ 0.19+0.42 | 129.58 +0.09+0.29 | 110.58 +0.08 £ 0.30
T(SS) — final state Xbo(zp) Xb1(2P) | Xb2(2P)

# of v's (103) 225+7 537 +7 568 + 6

B (%) 6.77 +£0.20 £ 0.65 1454 +0.184+0.73 | 15.79+0.17 £ 0.73
E, (MeV) 121.55+0.16 £ 0.46 | 99.154+0.07 + 0.25 | 86.04 +£0.06 & 0.27

@ E.’sin transitions to x,y(1P) and x,4(2P) in good agreement with
previous measurements = Most precise determinations

@ Branching ratios for T(2S) — ~ x,y(1P) also in good agreement with
previous measurements = Improved experimental errors

@ B’s for T(3S) — ~ xpy(2P) significantly larger than CUSB I
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T(1S) — h*th™ + ~
Direct Photons in T Decays and Ry =

Radiative T Decays
Ngg
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Photon Transitions in T (2S) and T(3S) Decays
T(1S) — h*th™ + ~ )
Direct Photons in T Decays and R, = 227

Radiative T Decays

T(1S) — h*h™ + ~

@ Radiative decays of heavy quarkonia useful in studying color—singlet
two—gluon systems
= For example, two gluons can hadronize into a meson or directly
form a glueball
@ Many interesting results from radiative J/v decays
o Tensor states f»(1270) and f,(1525) observed
@ In 1996, glueball candidate f;(2220) observed by BES
@ Enhancement observed at pp threshold — X(1860) (BES)
= Threshold effect or pp bound state ? (under investigation)
@ Experimental observation of radiative T(1S) decays challenging

= Rates suppressed by a factor ({*) 2(%) 2~ 0.025
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Photon Transitions in T (2S) and T(3S) Decays
T(1S) — h*th™ + ~
Direct Photons in T Decays and Ry =

Radiative T Decays

< 180 < %0 f4(2050) |
=3 =3
L i T
i @ SN
-160 '
2240 L I I I I I
03 08 13 18 23 28 15 2.0 25 3.0
at 7~ Invariant Mass (GeV/c ) " ata ™ Invariant Mass (GeV/c?)
(g +W— %L: 10F ] ~
S
k2 Bl
% g il H Olll ll%ﬂai l\lml“lﬂ
R LWl a \T LA TTW\
W ! ’-5, R ]
19 21 23 25 27 29 3.1

i . . .
1.0 1.5 2.0 25 3.0
KtK™ Invariant Mass (GeV/c 2)
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Photon Transitions in T (2S) and T(3S) Decays
T(1S) — hth™ + ~ :
Direct Photons in T Decays and Ry = ’:;;‘

Radiative T Decays

T(1S) — h"™h™ + ~: Results

@ Fit decay angles
= Decay helicities for f 5(1270) and f'5(1525) predominantly 0

@ Fit mass to spin dependent relativistic Breit Wigner (LP2005—-446)
@ B(T(1S)— ~f2(1270)) = (10.2+0.8+0.7) - 1075

o B(T(1S)— ~f,(1525)) = (8.7759 +0.8) - 10°° Q

o B(T(1S)— vK*K~) = (1.14+0.08 £ 0.10) - 10-5 @Q

o

(2 GeV < MKK <3 GeV) Q\\

R

vf0(980) — y7tn~) <3-107°

vf4(2050) — y7t7r~) < 0.6-107°
+fo(1710) — yK*+K-) < 0.7 -10-5
¥PP) < 06105 (2 GeV < My; < 3 GeV)

6 ¢ 0 ¢
o)
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Photon Transitions in T (2S) and T(3S) Decays

T(1S) — hTh™ 4 ~ N

Direct Photons in T Decays and R, = 20X
999

Radiative T Decays

Outline

9 Radiative T Decays

@ Direct Photons in T Decays and R, = %
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Photon Transitions in T (2S) and T(3S) Decays
T(S) — hth™ + ~

i i ‘ Nggy
Direct Photons in T Decays and R, = 2L

Radiative T Decays

Nggg

Direct Photons in T Decays: Motivation

@ Preferred decay mode for an T meson is through the production
of a BB meson pair (Zweig rule)
= Energetically impossible for resonances below T(4S)

@ Therefore, below B meson threshold, T decays can occur via:

@ Three—gluon decay (ggQ)

@ Single photon QED decay T — ~* — qq

@ Two—gluon + single photon (gg~y) mode

@ Cascades (e.g. two—pion transitions to other T states)

H 3 2
@ Since IMggg o< Qdep and Mgy, o abep Yem

R. — feov _ Nooy _

= = (67 «
v Fagg N ggg (qb7 em) QCD)

]
Experimentally determined = Results
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Pholon Transitions in T(2S) and T (3S) Decays
T(1S) — h™h™ + 1
Direct Photons in T Decays and Ry = N gy

Radiative T Decays

Nggg

Background and Procedure

<Y(4S) Continuum Check

10—
: o inclusive <Y(45) Idea: search for hadronic
ol Teenene P events with a nice isolated
E — MC ISR+PP phOton
10° = m“w‘u; i “‘ l" l, I-.'u-,
3 R ‘\‘”““H‘ B “V'Hm'll'l'l!llu
z ", " Sources of Background
10°F iy @ ISR (high X,)
E I
: by ‘ @ 70 Decays (low X.,)
10 X’y = Py / Epeam |||| )
: Photon spectrum using
i below—T(4S) data
PRI SR S T SR T S SR S R S |
(1).20 0.45 0.70 0.95 1.20
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Photon Transitions in T (2S) and T(3S) Decays
T(1S) — h™h™

i i Ngg~
Direct Photons in T Decays and R, =

Radiative T Decays

Nggg

Direct Photons in T Decays: Raw Photon Spectra

(1S) Incluswe Spectrum Incluswe Y(ZS) Spectrum
s T T T s T T T
107 + |nclu5|veY(1S) E 10" & + mclusweY(ZS) 4
F + resonant hadronic (PP) 1 + resonant hadronic (PP) 1
4 + Continuum ] n + Continuum
10 10 + Y(28)-Y(18)-9gy E
10° 10° |
=z =z
10? 10° |
10' 10'[
1 1 -
0.20 0.45 0.70 0.95 1.20 0.20 0.45 0.70 0.95 1.20
Raw Photon Spectra with %y Xy

@ Off-resonance data (continuum contribution)
@ MC resonant non—direct pseudo—photons
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r i in T(2S) a T(3S a
Radiative T Decays ?ZTLO,H Tratglswlzlgns‘mrl (2S) and T(3S) Decays

N

Direct Photons in T Decays and R, = 20X

999

Direct Photons in T Decays: Raw Photon Spectra

Inclusive Y(3S) Spectrum

[ houevas ] Raw Photon Spectra with

+ resonant hadronic (PP)
PP @ Off-resonance data
(continuum contribution)

@ Resonant non—direct
pseudo—photons from hadron
decays

el @ Cascade contribution from
0.20 0.45 0.70 0.95 1.20 T(QS) decays
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Pholon Transitions in T(2S) and T (3S) Decays
T(1S) — h™h™ + 1
Direct Photons in T Decays and Ry = N gy

Radiative T Decays

Nggg

Direct Photons in T Decays: Yield Determination

(1S) Exponentlal Subtract|on

(28) Exponentlal Subtract|on

T ] s[ 7T T "

s + contlnuum subtracted data 1 100+ contlnuum/cascade subtracted data

10° E -~ modified field (fitted) E F - modified field (fitted)
- exponential (fitted) af == exponential (fitted)

104 L ] 107 2 Y(25) 5 Y (15) =gy

3 [

z 10°F E z

10° L
10' L :

1 I L L -] 1 L I I

0.20 0.45 0.70 0.95 1.20 0.20 0.45 0.70 0.95 1.20

@ Subtraction of backgrounds using an exponential
@ Direct spectrum fit using model (Field)
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Pholon Transitions in T(2S) and T (3S) Decays
T(1S) — h™h™ + 1
Direct Photons in T Decays and Ry = N gy

Radiative T Decays

Nggg

Direct Photons in T Decays: Raw Photon Spectra

105 (3S) Exponentlal Subtractlon
3 ﬁ / d b dd .
: °°”"ﬂ”;i§fffjdijlz (‘fﬁ:‘; aa 1 e Subtraction of backgrounds
10 L -~ exponential (fitted) E us]ng an exponentia|
% -~ Y(38)=Y(18)—ggy 1 . . .
' ] = floating normalization to
3 R . .
107 o estimate non—direct
z N photon spectrum
10 E . . 0
g @ Direct spectrum fit using
o'l model (Field)
1 L 1

0.20 0.45 0.70

V. Credé CLEO Bottomonium Results



Photon Transitions in T (2S) and T(3S) Decays
T(1S) — hTh™ 4 ~ N
Direct Photons in T Decays and Ry = %%

Radiative T Decays

Nggg

Direct Photons in T Decays: Results

o r N
Determination of R, = rZZZ = ﬁ = f(qb, @em, @QcD)

(Nggg not mentioned = determined from Ny, PDG, and MC)

RN
R.(1S) = (2.90 £ 0.007 £ 0.22 + 0.15) % &
R.(2S) = (3.49+0.030 + 0.58 + 0.18) % @\\6\
R.(3S) = (2.88+ 0.030 + 0.38 + 0.12) % Q

Errors are statistical, systematic, and model (Field vs. Garcia/Soto) R.D. Field,
Phys. Lett. B133, 248 (1983)
X. Garcia, J. Soto,

@ R.(1S) consistent with previous value e
= similar systematic, but smaller statistical error

@ First measurements of R, (2S) and R (3S)
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Observation of xp,y(2P) — xpy(IP) 7" 7™

xb(2P) — xup(1P) w7~

| Dominant Background Reactions
1600605-002 @ T(3S) — T(2S)7wta~
2
10600} 451 9 - T(28) = xb7
*************** 3Py Sy g xp — T(18)~
i = 20,20y 1
10400 3's. 3, — =1 9 .7T@BS) — xp(@2P)y
0 Tl 2%, i xb(2P) = T(1S) w
i —_— +-—0
Stoo00f  wm 2P, 1'p, 1°p, - w—ntrTr
2 i — = | @ T3S — TE@S)rtr
Y 2 o T(2S) — T(18) 70=°
210000} — n
§ | 2_38c1\'\'\,\ 3 |
J
9800 - n
9600 | - S ¥
L4 R X
1's, _ '
9400 — Signal (S-wv) |
R Background | . . L.
9200 Single-Pion Di-Pion
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Observation of xp,y(2P) — xpy(IP) 7" 7™

o0 - Signal MC w- - T(2S) Background MC
160; 160;
50*140; %140:—
s S F
mi120- m20f

100; 100;

80; 80;

9 ;?C‘IO 350 400 - 4JSB 500 0 ;?C‘IO 35 41"]0 %0

Recoil Mass (MeV) Recoil Mass (MeV) a0 50

o0 Data Numerous Monte Carlo simulations
N3 o @ to evaluate selection criteria
Tt @ to predict eventual background
N < Example: 27 Analysis

350 400
Recoil Mass (MeV)
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Observation of xp,y(2P) — xpy(IP) 7" 7™

xb(2P) — xu(1P) 7t 7~ : Results

Results from two analyses using events with both and only one
soft pion, respectively:

@ 27 Analysis: 7 events seen, expected background 0.6 + 0.2

@ 17 Analysis: 17 events seen, expected background 2.2 + 0.6
s
PN\
&
[(xb(2P) — xp(1P) 77 ~) = (0.80 £ 0.21743) keV

First observation of a == transition outside of 3S; system
Work on xp(2P) — xu(1P) 77 in progress
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Summary and Outlook

Summary

Many interesting results from T physics
® T(IS) - h™h™ + vy
@ Photon Transitions in T(2S) and T(3S) Decays
@ Direct Photons in T Decays and R, = %

@ Observation of x,y(2P) — xpy(1P) 7t~

Many more CLEO results still in the pipeline ...
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