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Introduction:

A wee bit of history

Roughly 30 years ago, at Fermilab (E288) a hint of something
odd near 9.5 GeV was seen in online-reconstruction of
ete &utpu~ events:

- . " . . [UTHER
For a very interesting history of the discovery of the T: OLEGE

http : //history.fnal.gov /jyoh_docs/e288_internal_notes.html
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Introduction:

A wee bit of history

Subsequent History
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Introduction:

A wee bit of history

Motivations

Among the many things motivating our further study of
bottomonium are:

@ Test Lattice QCD - masses, hyperfine splittings, ¢/ widths,
other rates

@ Develop QCD and potential models: spin-orbit coupling,
color octet/singlet

@ Develop decay models (particularly hadronic transitions)
@ Compare to charmonium (particularly radiative decays and

¢¢ widths) R
We now undertake a survey of results obtained over the past el
few years

CJ
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The Renaissance: CLEO Il New CLEO Data at T(nS)
T(nS) Leptonic Widths

The Renaissance

@ During the first 20 years of bottomonium spectroscopy,
much of the spectroscopic map was laid out

@ Subsequently (as CLEO-III) CLEO has ushered in a new
period in the study of the T system

@ Recently, the B-factory experiments have joined the fun,
reporting new hadronic transitions from T(4S) to
bottomonium daughters (and BELLE has taken an
engineering run at T(3S))
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The Renaissance: CLEO III New CLEO Data at T(nS)
T(nS) Leptonic Widths

CLEO T(nS) Data Sets

= Yas) | 1.5fb1, 22M
2 B
.5 :% ; . Yeas) 1.2fb1, 10M
S5 I ~ Ysy | 1.2fb1, 6M
= .U _:‘ ".‘ = Y(as)
ew et 7 ame’ Tierme v ccssfflesc 3o . -
oo
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CLEO-IIl

CLEO 1l ran on the T
Resonances for a year be-
tween 2001 and 2002, col-
lecting samples of T decays
2 larger by factors of 10-20 Ol
e e compared to previous best
(CLEO 1)
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The Renaissance: CLEO III New CLEO Data at T(nS)
T(nS) Leptonic Widths

Recent CLEO Il bottomonium spectroscopy results

@ E1 Transitions (including T (3S)—~xuo(1P)) PRL 94, 032001 (2004)

@ 1D Discovery (first CLEOIII 'confrontation’ with LQCD) PRD 70,
032001 (2004)

@ Discovery of xp1,2(2P)—wT(1S) PRL 92, 222002 (2004)
@ Discovery of yp(2P)—7" 7 xp(1P) PRD 73, 012003 (2006)

@ New Studies of T(nS)—¢¢ Widths and BRs PRL 94, 012001 (2005),
PRL 96, 092003 (2006), hep-ex/0607019 (sub. to PRL)

@ New Measurement of B(T(1S)—n'X), hep-ex/0610032, sub. to PRD

@ Studies of T(1S) Radiative Decays and Direct Photon Spectra, PRD [
73, 032001 (2006), hep-ex/0512003, sub. to PRD (OLIEGE

@ B, Studies at T(5S), PRL 95, 261801 (2005), PRL 96 022002
(2006), PRL 96 152001 (2006), PRD 74, 012003 (2006)
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The Renaissance: CLEO Il New CLEO Data at T(nS)
T(nS) Leptonic Widths

T(nS) Leptonic Decays

b ¥ ¢ \3_ ¥ b
T(s) { E:E)\/\/\A/< /;}-\/\ﬁ.f\f(fjgjg } T@s)
b AR b

@ The leptonic width of a quarkonium state is one of the
basic parameters calculable in LQCD.

@ At CLEO, we have recently measured leptonic widths
or branching ratios for all three T(nS) states that lie

UTHER
below open-bottom threshold to all three lepton flavors (OLEGE
(ete ,utp—, 7).
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The Renaissance: CLEO Il New CLEO Data at T(nS)
T(nS) Leptonic Widths

ut i~ Branching Fractions: PRL 94 012001(2005)

@ In 2005, we published

new measurements of : .
B(T(nS) =t i) 100000 T0S) 45000
125000}
@ Basedon 1.1 —1.2fb—1 50000F E .
wn ] P
at each T(nS) S Ot ot
= 1(2S) 1 i "
. 550000 410000 o
@ Open histograms: all 5 ] i ,
on-resonance data Y o LA ] i
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@ Shaded: scaled { 5000 "
. ] g
I L ol | %
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@ Points with errors: whe ! Fom
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The Renaissance: CLEO Il

New CLEO Data at T(nS)
T(nS) Leptonic Widths

ut i~ Branching Fractions: PRL 94 012001(2005)
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The Renaissance: CLEO Il New CLEO Data at T(nS)
T(nS) Leptonic Widths

e'Te~ Partial Widths

More recently, we have reported measurements of the I'¢e for
T(nS) with significant improvement in precision
(c.f Relative Uncertainty on PDG 2004 Averages):

T(1S): 2.2% T(2S):4.2% T(3S): 9.4%

Method:
@ Observe Hadronic Cross Section as function of /s
@ Lineshape scanned by varying Epeam
@ Area under lineshape  lNgelhad /Ttot -

Approx 1.25 fb~! invested in the 3S, 2S and 1S scans

[uTHER
(OLIEGE
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The Renaissance: CLEO Il New CLEO Data at T(nS)
T(nS) Leptonic Widths

ete~ Partial Widths: PRL 96 092003(2006)

3070406-004
30 T T T T

1(29) 1(3S)

Events / nb '

Lo i bt b1
9.44 9.46 9.48 9.5 9.52 10 10.0210.0410.0610.08 10.3410.36 10.38 10.4 10.42

Center-of-mass Energy (GeV)

Use Lepton universality: Mee = (l'eelhad /Ttot)/(1 — 3Bu)
(OLIEGE

Stat err: T(1S,2S,3S) : 0.3%,0.7%, 1.0%.
Chief Syst. Err: £ : 1.3%, €naq : 0.5%.
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The Renaissance: CLEO Il New CLEO Data at T(nS)
T(nS) Leptonic Widths

ete~ Partial Widths: PRL 96 092003(2006)

Tl had/Ttot(15) (1.252 & 0.005 £+ 0.019) keV
Il had/Ttot(25) (0.581 & 0.006 <+ 0.009) keV] %
Tl haa/Ttot(35) (0.413 £ 0.004 + 0.006) keV’

Tee(1S) (1.354 & 0.005 + 0.020) keV|1 5

Tee(25) (0.619 & 0.007 & 0.009) keV|1 9

I..(39) (0.446 & 0.004 £ 0.007) keV|1 8
T.e(25)/Toc(18) (0.457 + 0.006 + 0.003) [1.5
Iee(35)/Tee(18) (0.329 £ 0.004 + 0.002) [1.3
I..(35)/T..(25) (0.720 £ 0.011 + 0.006) [1.7
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The Renaissance: CLEO Il New CLEO Data at T(nS)
T(nS) Leptonic Widths

Comparison to Previous Measurements of [ee
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The Renaissance: CLEO Il New CLEO Data at T(nS)
T(nS) Leptonic Widths

Comparison to unquenched LQCD

: ; . Tee(T(29))M2(T (29))
The best object for comparison is: Foe (T(19M2(T(19))

CLEO-c: 0.514 + 0.007 PRL 96, 092003 (2006).
LQCD: 0.48 £ 0.05 PRD 72, 094507 (2005).
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The Renaissance: CLEO Il New CLEO Data at T(nS)
T(nS) Leptonic Widths

T(nS)—7"7: hep-ex/0607019 (sub to PRL)

@ We have recently measured 77~ decays at all 3 lowest
T(nS) resonances

@ Previously: B(T(1S)—7"77) known to 10%, T(2S)—7" 7~
"seen", T(3S)—7"7~ unknown.

@ Use 1-prong 7 decays (r—hv, 7—/{vv), about 75% of the
total.

@ Ratio to p i~ reported:

B(T(nS)—7"77)

R= B S i)
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The Renaissance: CLEO I v CLEO Data at T(nS)
nS) Leptonic Widths

T(1S)—7"7: hep-ex/0607019 (sub to PRL)

4090506-001
20000%: e T(1S) - T(2S) {6000
» 16000 %: J12000 ¢,
- E E +—
C 12000F- E c
) E Hs000 @
& 8000F- 3 3
s000F- J4000
ofs EN
& 12000 _ 4000 ¢
-— - -—
C = C
Q 5000 = E e
o E 2000 o
4000 E_ —E ]L”HI-—R
o 3 1 (OLIEGE
0 02 04 06 08 1 0 02 04 06 08 1
E(tt) / Vs

Todd K. Pedlar Recent Results in Bottomonium Spectroscopy ~ 18/45



The Renaissance: CLEO Il New CLEO Data at T(nS)
T(nS) Leptonic Widths

T(1S)—7"7: hep-ex/0607019 (sub to PRL)
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The Renaissance: CLEO Il New CLEO Data at T(nS)
T(nS) Leptonic Widths

R = B(77)/B(uu) : hep-ex/0607019 (sub to PRL)

R(T(1S)): [ 1.02+0.02 £ 0.05
R(T(2S)) : | 1.04+0.04 £ 0.05
R(T(3S)): | 1.07 +0.08 +0.05

RO/ Rgﬂ!heory RY 4090506-003
L ¥ (ee) e Hre—
fo B (i) o F—eo—
‘ € (ue) o e
o of (e) ol oA
(e,X) gl
s X b HH
o P (X,X) ¢ ol
06 1 1406 1 1406 1 14 06 1 1406 1 1406 1 14
Off T(1S)  Off Y(25) Off 1(38) T(1S) T(28) 1(38)

Todd K. Pedlar Recent Results in Bottomonium Spectroscopy ~ 20/45



The

Enlightenment: A New Host of Hadronic Transitions
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CLEO: New Hadronic Transitions
B-factory Contributions in 7= ™7~ Transitions
All Together Now: 7= 7~ Invariant Mass Distributions

@ Low g2 processes

@ Expt. serves different
role than in leptonic case

303119703
Hadrons

N
Hadronization

> (UTHER
Emission LOI_LEGE

odd K. Pedlar
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CLEO: New Hadronic Transitions
B-factory Contributions in = ™ 7~ Transitions

The Enlightenment: A New Host of Hadronic Transitions All Together Now: 7= 7~ Invariant Mass Distributions

New Transitions: xp(2P)—wT(1S), 7" 7 xp(1P)

With CLEO-III data, studies of previously unknown hadronic
transitions made possible.

@ Discovery of (yp1.2(2P)—wT(1S)) PRL 92, 222002 (2004)
B(xb2(2P)—wT(1S)) = 1.6 + 0.3 £ 0.2%
B(xb1(2P)—wT(1S)) = 1.1+ 0.3 £ 0.1%

Ratio of these consistent with Gottfried (PRL 40, 598 (1978))
and Voloshin (Mod. Phys. Lett A18, 1067 (2003))

@ Discovery of xp(2P)—n"7 " xp(1P) PRD 73, 012003
(2006)

M(xb(2P) =7t 7 xp(1P)) = 0.83 £ 0.22 4+ 0.08 + 0.19 keV

Consistent with Kuang/Yan (PRD 24, 2874 (1981)), which pre-
dicted ~ 0.4 keV)
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CLEO: New Hadronic Transitions
. . . B-factory Contributions in = ™ 7~ Transitions
The Enlightenment: A New Host of Hadronic Transitions -

All Together Now: 7= 7~ Invariant Mass Distributions

New Developments in T(nS) 77~ Transitions

Some new developments of late in 77~ transitions among
T(nS) states:

@ CLEO: finalizing high-statistics studies of 77~ transitions
T(nS)—T(mS)rw. Plots shown today are preliminary
@ Belle: Observed T(4S)—T(1S)r 7~

@ BaBar: Observed T(4S)—7T(1S)r 7~ and

T(4S)—T(2S)r 7~
and an interesting picture emerges... [UTHER
(OLIEGE

Todd K. Pedlar Recent Results in Bottomonium Spectroscopy ~ 23/45



CLEO: New Hadronic Transitions
B-factory Contributions in 7 * 7 — Transitions

The Enlightenment: A New Host of Hadronic Transitions All Together Now: 77— Invariant Mass Distributions

Belle: T(4S)—T(1S)n 7~ (hep-ex/0512034)

At EPS05, BELLE reported a study of 7 "7~ transitions at 17 (4S)

Luminosity On 4S (fb—1) 398
Number of 4S (x10°) 386
Luminosity Off 4S (fb—1) 40

@ Require i~ candidate, M +y consistent
w/M(T(1S)) = 9.460 GeV

+ - i = —
@ Also a n7n~ candidate, W/AM = M7T+7T—u+u_ MM+M_
@ Remove bkg from eTe~—~u™pu~, wiy—eTe~ in detector UTHER
by cut on O+ - (OLIEGE
@ Fit AM spectrum in region near M(T(4S)) — M(T(1S)) '
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CLEO: New Hadronic Transitions

. ) " B-factory Contributions in 7 * 7 — Transitions
The Enlightenment: A New Host of Hadronic Transitions Y nr Tr, DU _
All Together Nov 7 Invariant Mass Distributions

Belle: AM Spectra On and Off 4S (hep-ex/0512034)

"ono F NQ
E T(29)(ISR) E 2 T(29)(ISR)
Qws F >
m on-resonance §17v5 C off—resonance
T 150 - L
c =
L |fu 15
125 [
T(3S)(ISR) 125 [ T(3S)(ISR)
100 |
10 F
75 F
75 F
50 [ sh
»r T(4S)(direct) 251 NO Direct 4S
IS SUUUEII R, N obomol oo oo [UTHER
0 02 04 Ps o8l 1 Tiz 14 02 0.4 6 o8l 11 12 14 (DI.LECIE
AM, GeV/c? MM/, GeV/c?
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The Enlightenment: A New Host of Hadronic Transitions

CLEO: New Hadronic Transitions
B-factory Contributions in 7 * 7 — Transitions

All Together Now: 7= 7~ Invariant Mass Distributions

Belle: B(T(4S)—T(1S)r* 7 ~) (hep-ex/0512034)

Entries/5 MeV/c?

30
25 - 2 £ M=(562.0 £ .1) MeV/c £ AM=(893.5 + .2) Ma,
AM=(1119.0 £ 1.4) MeV/c : ez 4 e o a=(z(x:t.z)ue)v/c’/c‘
0=(5.9 + 1.5) MeV/c* e W(“”‘j‘ = X/NOF=18
or X/NDF=.5 wl » S
AM(PDG)=1120.0 ol *
15 £ 3.5 Mev/c? 0
ol i st oo s o el
From the fit to the 3rd peak:
°f Yield: 38.0 + 6.9 events (7.30)
B(4S—1Sx*tn~) = (1.1+£0.2+0.4) x 10
Bos 1 105 Ta 15 LzAMjléZv/cLJ |'(4S—>187r+7r*)) —224+1.0keV |UTHER

c.f Msper (T(2S)) = 8.1 4+ 1.2keV
Msrin— (T(3S)) = 1.2+ 0.2keV

(OLIEGE
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CLEO: New Hadronic Transitions
B-factory Contributions in 7 * 7 — Transitions

The Enlightenment: A New Host of Hadronic Transitions All Together Now: 77— Invariant Mass Distributions

Bottomonia at BaBar: PRL 96 232001

BaBar has reported a study of T(4S)—(7(2S,1S))r = ".
T(1S) and T(2S) candidates are identified via u ™~ decay.
Daughter decays to ete~ seen, but not as clean (or as
significant)

Luminosity On 4S (fb—1) 211
Number of 4S (x10°) 230
Luminosity Off 4S (fb—1) 22

@ Select events with 4 tracks w/in fiducial volume,
constrained to common vertex TR

@ Two tracks consistent with pu, two tracks NOT consistent
with eTe~; needed to reject x "~ events in which
~v—eTe™ in detector.

Todd K. Pedlar Recent Results in Bottomonium Spectroscopy ~ 27/45



CLEO: New Hadronic T|an>mon>
Transitions

B-factory Contributions in 7+ —
All Together Now: 7= 7~ Invariant Mass Distributions

The Enlightenment: A New Host of Hadronic Transitions

BaBar: AM vs. M(utu~) PRL 96 232001

-4;\‘wW*mewwwww
o i BABAR

[uTHER
(OLIEGE

S TR ICI

\\\\\\\Hm\um\uuhyu\uu

0304 0506070809 1 1112
AM (GeV/c)

ium Spectroscopy ~ 28/45
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CLEO: New Hadronic Transitions
B-factory Contributions in 7 * 7 — Transitions

The Enlightenment: A New Host of Hadronic Transitions All Together Now: 77— Invariant Mass Distributions

Results of fits to AM spectra PRL 96 232001

Highly significant signals (10.0¢ and 7.30), for 1S and 2S
respectively).

r\b ,H“H“‘HH“H“‘H,NQSO;‘HWHWH T T
% 60.4S-1S BABAR > 4SS, 2S
O [167+19 LW 1| O 40 ]
g 4o 1000 g
s s ]
2 2
8 8 20r b
o 20 o N Jr _____ _
i T I I
206108 11 ‘i.i‘z‘i.‘m‘i.‘lé‘; 05 052 0:54 056 0.58 0.6 ‘2‘
AM (GeV/c) AM (GeV/c)
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CLEO: New Hadronic Transitions
. ) " B-factory Contributions in 7 * 7 — Transitions
The Enlightenment: A New Host of Hadronic Transitions Y T

All Together Now: 7= 7~ Invariant Mass Distributions

Results of fits to AM spectra PRL 96 232001

Clear, but less significant ee~ peaks

=
1

BB ¢

%

=
)
o

S

o

D
3 3

3.60 I

Events/0.008 GeV/c?
[00]
o

Events/0.008 GeV
8.8

40~ ] ]
o0 BABAR 10- BABAR 1
455 1S ee | 145525 ee |
| R N IR IR I o) P I N N I |UTHER
106108 1.1 1.121.141.16 ) 0.5 0.52 0.54 0.56 0.58 0.6 ) (OLIEGE
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CLEO: New Hadronic Transitions

. ) " B-factory Contributions in 7 * 7 — Transitions
The Enlightenment: A New Host of Hadronic Transitions Y R 5 Tr, DU _
All Together Now: 7= 7~ Invariant Mass Distributions

Yields from fits to AM spectra PRL 96 232001

Transition  Ngjg signif.  €(%)
4S—-1S 167+19 10.0c 325+3.9
4S—-2S 97+15 730 249+30

From the above, BaBar reports:

B(T(4S)—T(AS)rt77)x B, +,~(T(19) = (2.2340.25+0.27)x 10

I

B(T(4S)—=T(2S)n "7 )xB 4 - (T(2S)) = (1.69:£0.26:£0.20) x 10 °

I
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CLEO: New Hadronic Tlansmons

The Enlightenment: A New Host of Hadronic Transitions [BHEERy Contrlbunoi\s IE o~ Transitions
All Together Now: 7= 7~ Invariant Mass Distributions

BaBar Results: PRL 96 232001

Using world average values for B(T(nS)—u*x ™), and a recent
measurement (BaBar) of ' (T(4S)) BaBar reports:
B(T(4S
rr
B(T(4S
r(r

)—=T(1S)r+7~) = (0.90 + 0.15) x 10~*
(4S)—T(1S)r 7~ ) = 1.8 £ 0.4 keV
—T(2S)rTn7) = (1.294+0.32) x 1074

)
(4S)—T(2S)r+n~) = 2.7 £ 0.8 keV
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CLEO: New Hadronic Transitions

. ) " B-factory Contributions in 7 * 7 — Transitions
The Enlightenment: A New Host of Hadronic Transitions Y R 5 Tr, DU _
All Together Now: 7= 7~ Invariant Mass Distributions

BaBar Results: PRL 96 232001

Using world average values for B(T(nS)—u*u ™), and a recent

measurement (BaBar) of 't (T(4S)) BaBar reports:

B(T(4S)—T(1S)x+7~) = (0.90 + 0.15) x 10~*
F(T(4S)—>T(1S)r 7 ) = 1.8 + 0.4 keV
With the more recent CLEO result of BH+M_(T(28)):
B(T(4S)—T(2S)rtn~) = (0.83 +0.16) x 10~*
F(T(4S)—-T(2S)rt7~) = 1.7+ 0.5 keV

c.f. Belle's
I'(T(4S)—>T(lS)7r+7r*) =1.14+0.2+0.4keV.
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CLEO: New Hadronic Transitions

. . . . B-factory Contributions in 7= ™7~ Transitions
The Enlightenment: A New Host of Hadronic Transitions All Together Now: 7+ m— Invariant Mass Distributions

The question of 77~ Invariant Mass

@ The subject of 777~ invariant mass distributions for transitions
among bottomonia has a long history of interest.

@ T(3S)—T(2S)r 7, T(2S)—T(1S)x* =~ well fit by an S-wave
model (Kuang/Yan PRD 24, 2874 (1981)), but NOT
T(3S)—T(1S)rT 7.

@ A better fit to T(3S)—T(1S)x+ 7~ is found with Moxhay’s model
(PRD 39, 3497 (1989)) and others (coupled-channel effects,

etc.)
@ New information on 4S decays from BaBar and Belle: a very [UTHER
interesting picture indeed. (OLIEGE
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CLEO: New Hadronic Transitions
B-factory Contributions in 7= ™7~ Transitions

The Enlightenment: A New Host of Hadronic Transitions All Together Now: 7+ m— Invariant Mass Distributions
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B-factory Contributions in = ™ 7~ Transitions

The Enlightenment: A New Host of Hadronic Transitions All Together Now: 7+ m— Invariant Mass Distributions

CLEO: m"#n~ Invariant Mass

Data shown are from T (2S) and T(2S), whereina 77~
candidate recoils against T(1S).

@ Open circles: T(1S) is observed via ¢¢.
@ Closed circles: T(1S) is unobserved.
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The Enlightenment: A New Host of Hadronic Transitions All Together Now: 7+ m— Invariant Mass Distributions

Belle: 77« Invariant Mass hep-ex/0512034

M (7t ) for selected AM regions near ISR peaks.
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BABAR: 77— Invariant Mass PRL 96 232001

M(7t ) for selected AM regions near 4S peaks
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The Enlightenment: A New Host of Hadronic Transitions

BABAR/Belle: 7" 7 Invariant Mass

For comparison: Note the Yan-type mass distribution of
T(4S)—T(1S)
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BABAR/CLEOQO: ™7~ Invariant Mass

For comparison: Note the Moxhay-type mass distribution of
T(nS)—"T([n —2]S)
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All Together Now: 7™ 7~ Invariant Mass Distributions

An aside: 77— Invariant Mass in cC
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Conclusions and Future Prospects

Conclusions and Future Prospects

@ 30 years after the discovery of bottomonium, a new era in
the spectroscopy of the system has been opened

@ New states (1D) and new transitions (xp(2P)—wT(1S),
xb(2P)—7 7~ xp(1P)) have been discovered

@ New, very precise measurements of all leptonic decay
modes have beem made

@ BELLE and BaBar have presented some tantalizing new
results involving 77~ transitions from T (4S)

@ Stay tuned for several upcoming results from CLEO
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RESERVE SLIDES
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Conclusions and Future Prospects

T(nS) Hadronic Transitions

Dipion Cascades: Hot News

or What's So Special About An=2 ?

Belle: hep-ex/0512034
BaBar: talk at QCD Moriond'06
CLEQ: very preliminary
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Conclusions and Future Prospects

T(nS) Hadronic Transitions

compare with

Dipion Transitions in cC
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