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Emphasis is on

• insights

• turning points

• interactions with ARGUS, and

• measurements that are still competitive.
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http://www.lns.cornell.edu/public/CLNS/2002/CLNS02-1784/history.pdf

ARGUS Symposium – November 9, 2007



CLEO History

CLEO Physics: Discovery or co-discovery

(B0B̄0 Mixing) Confirmation

Also: Many other results on Υs, charm, τ s, and QCD

First observation of 2/3 of the charmed baryons

Some CLEO-c Physics

First Observations:
hc(

1P1)
fD

Confirmations:
ηc(2S)
Y (4260)

Precision Measurements:
fDs

MD0

Branching Fractions:
Absolute Hadronic: D0, D+, Ds

Semileptonic: D0, D+

Some statistics:

• 455 refereed publications

• 211 CLEO Ph.D. theses

• 30 CESR Ph.D. theses



CLEO I and CLEO II.V Detectors
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CESR

Electrons
Positrons
Horizontal Separators
Electron Injection Point
Positron Injection Point

IP

1430601-002

Two Cornell accelerator innovations

• Pretzel orbits Littauer 1985

• Bunch trains Meller 1990

• Utilized in LEP and LEPII



Υ(3S) and Υ(4S)

DESY contributed to observations of the Υ states by CLEO and CUSB

• DASP and LENA measured MΥ(2S) − MΥ(1S) accurately

• Once we found the Υ(1S), finding the Υ(2S) was quick and easy

• The Υ(3S) and Υ(4S) required more time and effort

1979 Holiday Card Υ(1S), Υ(2S) & Υ(3S) Υ(4S)
Plot  added  in  proof  11Dec '79
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Υ(5S) and Υ(6S) and Evidence of B mesons

Observation of Υ(5S) and Υ(6S)
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Υ(1S), Υ(2S) & Υ(3S) in 2006

Evidence of B Mesons

• Leptons come from weak decays (thresholds)

and e+e− annihilation (smooth)

• A new flavor enhances lepton yields

• CLEO saw enhanced lepton yields at the Υ(4S)

• B(B → Xeν) = (13 ± 3 ± 3)%

• B(B → Xµν) = (9.4 ± 3.6)%

CLEO 1981



Exploring B Physics

The period 1981-1986 was an exciting time in B physics!

• Since nothing about B mesons was know, everything was new

• The the long ( ∼> 1 ps) lifetime of B mesons was the big surprise

• Meant that |Vcb| was small compared to sin(θC)

• Led to the Wolfenstein Parameterization of the CKM matrix

• Many B decay modes were discovered and branching fractions were measured

• PDG 2007 lists 347 B0 and 300 B+ modes and submodes (including upper limits)

• Hard to pick out any one hadronic mode as particularly significant

• In 1984 CLEO used partial reconstruction of D∗+ to measure B̄0 → D∗+π−

• Variations on and improvements on the theme are still used in B physics

Partially reconstruct B̄0 → D∗+π− using:

• ph of the π−

• ps of the π+ from D∗+ → D0π+

• Don’t need to measure pD by reconstructing the D0

• Small branching fractions for D0 to few hadrons



CLEO and B0B̄0 Mixing

ARGUS’s discovery of B0B̄0 mixing came as a surprise to CLEO

• Large B0B̄0 mixing opened the door to observation of CP violation in B decay.

• CP violation is the principal raison d’être for the high interest in B physics

• CLEO published two upper limits before the ARGUS discovery

• CLEO had slightly more luminosity than ARGUS at that time, but the

ARGUS (next generation) detector was much better suited for the measurement

• CLEO required two more years and a new detector to confirm ARGUS.

Experiment χd (%)

CLEO I 1984 27

CLEO I 1987 19

ARGUS 1987 17 ± 5

CLEO I.V 1989 16 ± 6!
ARGUS 1992 17 ± 5

CLEO II 1993 14.9 ± 2.3 ± 2.2!
ARGUS 1994 16 ± 4 ± 4

CLEO II & II.V 2000 19.8 ± 1.3 ± 1.4!
PDG Υ(4S) Average 18.2 ± 1.5!

χd (%)
0 5 10 15 20 25 30

Experiment L (pb−1)

CLEO I 1984 41

CLEO I 1987 120

ARGUS 1987 103

CLEO I.V 1989 212

ARGUS 1992 234

CLEO II 1993 951

ARGUS 1994 246

CLEO II & II.V 2000 9100

L (pb−1)
0 200 400 600 800 1000

• χb values from HFAG reevaluation

• δmd from these measurements superseded by others, particularly BaBar and Belle



Measuring |Vcb| with Inclusive B → Xc`ν Decay

Large background from D → Xs`ν decays below p` = 1.2 GeV/c

• Model dependent |Vcb| from models required to extrapolate to p` = 0 GeV/c

• ARGUS technique: Tag B events with high p` leptons and charge correlations

• Tagging B’s down to p` = 0.6 GeV/c essentially eliminates model dependence.

CLEO No Tag (1992)

This paper included a

measurement tagged

with high momentum

leptons.

Did not attempt to

decrease the minimum

momentum for B decays.

ARGUS Tag (1994)
Volume 318, number 2 PHYSICS LETTERS B 2 December 1993 

0.1 

0.08 

0.06 

0.04 

0.02 

0 

1 dN [ 1 ] 

. . . .  I . . . .  

1 2 

pc- [GeV/c] 

Fig. 4. Final result for the electron spectrum of primary 

B ---, euX decays, all backgrounds subtracted and corrected 
for efficiency, momentum resolution, external and internal 
bremsstrahlung. The solid line is the fit of the ACCMM 
model to the data, the dashed line that of the ISGW model. 
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Fig. 5. Final result for the electron spectrum of cas- 
cade decays B ~ D ---* euX, all backgrounds subtracted 

and corrected for efficiency, momentum resolution, and 
bremsstrahlung. The curve represents the fit to a cascade 
decay model as described in the text. 

solving the l inear equation set for dB(b  ~ e v X ) / d p  

and d/3(b ---, c ---* e u X ) / d p  leads to the final results 

as shown in figs. 4 and 5. The actual resolving pro- 

cedure takes into account that there is also a small 

number  of  tags, about 5%, from cascade leptons with 

different tagging efficiencies and different oscillation 

dilutions for neutral  and charged B mesons, and that  

~/e (P) is a matr ix with bins of  true momenta  and 

observed momenta.  This efficiency matr ix has been 

determined by the Monte Carlo simulation using 

external and internal bremsstrahlung, momentum 

resolution of  the detector, and electron reconstruc- 

t ion efficiencies as determined experimentally from 

radiat ive Bhabha events. 

Integration of  the obtained electron spectrum in 

fig. 4 leads to 

/3(B ~ euX, p¢ > 0.6 GeV/c )  = (9 .14-0.54-0.4)%,  

where the statistical error takes into account corre- 

lations between neighbouring bins arising from the 

efficiency matrix and the systematic error is domi-  

nated by contributions from the background determi- 

nat ion (table 2) and the error on X0. The result is 

independent  of  any B meson decay model. Extrapo- 

lation to Pe = 0 requires a model, but  the momen-  

tum region below 0.6 GeV/c  turns out to contain only 

(5.74-1.0)% of  all electrons [ 10,11 ] owing to the con- 

straint d13/dp = 0 at p = 0. Our  final result 

B(B ---, euX) = (9.6 4- 0.5 + 0.4)%, 

is therefore essentially model- independent .  

The ACCMM model  [ 10 ] with parameters  as found 

in our inclusive analysis [ 1 ] describes the data  points  

in fig. 4 very well. The X 2 value is 12.0 for 8 degrees of  

freedom and the integral obtained by the fit is B(B --, 

evX)  = (9.6 4- 0.5 4- 0.4)%. With GSIW [11] we 

obtain X 2 = 4.0 a n d / 3 ( B  ---, euX)  = (9.9 4- 0.5 4- 

0.4)%. Both fits are shown as curves in fig. 4. 

The curve in fig. 5 is the fit o f  a model  for secondary 

decays to the data  points. This model  uses the mo- 

mentum spectrum of  inclusive D O and D + produc- 

tion in B meson decays as observed by A R G U S  [24] 

and D ---, euX decays described by BSW [12]. The 

fit gives a total secondary decay fraction 

B(B ~ D - - - *  e - )  = (7.9-4-0.8-4- 1.0)%, 

where the systematic error contains the systematic er- 

rors on the data  points in fig. 5, the experimental  er- 

rors in the D O and D + spectra, and the BSW model  un- 

certainty in the electron spectrum o l D  ~ euX decays. 

The result does not include secondary electrons of  the 

opposite sign from the decay chain B ~ DDs, Ds 

402 
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Measuring |Vcb| with Inclusive B → Xc`ν Decay
Measurements of B(b → c!ν) at the Υ(4S)

Experiment Model B(B → Xc!ν) [%]

CLEO I.V ACCMM 1992 10.3 ± 0.2 ± 0.4!
CLEO II ISGW** 1992 11.0 ± 0.3 ± 0.4!
ARGUS Tagged 1993 9.6 ± 0.5 ± 0.4

CLEO II Tagged 1996 10.49 ± 0.17 ± 0.43!
CLEO II & II.V Tagged 2004 10.90 ± 0.09 ± 0.24!
BaBar 2004 10.61 ± 0.19 ± 0.22

Belle 2006 10.44 ± 0.16 ± 0.06

PDG Average 2007 10.57 ± 0.15!

B(B → Xc!ν) [%]
8 9 10 11 12

Experiment Method |Vcb| (10−2)

CLEO I.V ACCMM 1992 4.2 ± 0.2 ± 0.4!
CLEO II ISGW** 1992 3.7 ± 0.2 ± 0.4!
CLEO II Tagged 1996 4.1 ± 0.1 ± 0.4!
CLEO II & II.V Moments 2001 4.04 ± 0.09 ± 0.09!
PDG 2007 4.17 ± 0.07!

|Vcb| (10−2)
2.5 3.0 3.5 4.0 4.5 5.0



Measuring |Vub| with Inclusive B → Xu`ν Decay

Measuring B → Xu`ν is even more challenging

• Only a very narrow window in p` is useful

• Measurable branching fraction is very small O(10−4)

• Background from B → Xc`ν decays is large

• CLEO and ARGUS both reported B → Xu`ν signals in 1990

• ARGUS fully reconstructed two events with B → Xu`ν decays

ACCMM Model
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be sharply reduced by exploiting the different topol- 

ogies of continuum and T(4S) events, and by using 

the fact that the presence of an energetic neutrino in 

the decay B-+X,Q+v manifests itself as large missing 

momentum in the event. The topology requirement 

was implemented in the original study by demanding 

a large sum of momentum transverse to the lepton, 

in a restricted angular region perpendicular to the 

lepton direction. The probability that the event con- 

tained an energetic neutrino was greatly enhanced by 

demanding that the missing momentum, Pmiss, ex- 

ceeded 1.0 GeV/c. Furthermore, the neutrino and 

charged lepton were forced to be back-to-back by re- 

quiring the angle p between the lepton and missing 

momentum direction to satisfy cos P-C -0.5. 

To enlarge the available sample further, and alter- 

native analysis has been devised which increases the 

overall acceptance for b+u leptons. This is achieved 

by first exchanging the topological cut with a require- 

ment that the cosine of the angle (Y between the direc- 

tion of the lepton and the thrust axis of the rest of the 

event satisfies ) cos a I < 0.75. As demonstrated in fig. 

1, continuum events are strongly peaked near 

8o < 
60 
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20 
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0.0 0.2 0.4 0.6 0.8 1 .0  

ICOS  al  

Fig. 1. Distribution of cos (Y for direct r( 4s) decays (points with 

error bars), continuum events (shaded histogram, before scaling 

by the luminosity ratio 2.42), and Monte Carlo generated T(4S) 

events where one B decays via B”~p”Pv (open histogram, nor- 

malized to the direct T(4S) data). (Y is the angle between the 

direction of the lepton (3.2 ~p~c2.6) and the thrust axis of the 

rest of the event. 

1 cos (Y 1 = 1, reflecting the two-jet topology of these 

events, in contrast to the uniform distribution of 

Y’(4S) events. Secondly, the requirement that the 

lepton and the missing momentum be back-to-back 

was replaced by a restriction that the squared mass of 

the hadronic system recoiling against the lepton and 

missing momentum, Mi z [Ebeam -Ep- -Pmlss12 - 

[pp- +Pmiss12, must lie in the interval ]Mi 1 < 1.5 

GeV ‘/c4. The detection efficiency for events which 

pass either the original, or the modified requirements 

amounts to (50 * 7)%. 

The lepton spectrum for events which satisfy either 

our original or the revised selection criteria is shown 

in fig. 2 for direct Y( 4s) decays and continuum data, 

respectively. In the signal region, defined as lepton 

momenta between 2.3 and 2.6 GeV/c, 109 leptons 

are observed in the l’( 4s) data. To obtain the num- 

ber of leptons from direct r( 4s) decays the contin- 

uum contribution has to be subtracted. This contri- 

bution is determined from the continuum data taking 

into account the different luminosities and center-of- 

N 
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Fig. 2. Lepton momentum spectra for (a) T(4S) data after con- 

tinuum subtraction and (b) scaled continuum. 



Measuring |Vub| with Inclusive B → Xu`ν Decay

Model dependence for |Vub| is much more serious than it is for |Vcb|
• ACCMM model used for

CLEO 1984 to CLEO 1993

• CLEO 2000, Babar, and Belle use more recent and rigorous theoretical techniquesLepton Endpoint measurements of |Vub|

Source |Vub| (10−3)

CLEO I 1984 5.6

CLEO I 1987 4.0

ARGUS 1990 4.0 ± 0.4

CLEO I.V 1990 4.7 ± 0.7!
CLEO II 1993 3.0 ± 0.3!
CLEO II & II.V 2002 4.05 ± 0.47 ± 0.36!
BaBar 2004 4.25 ± 0.30 ± 0.31

Belle 2005 4.85 ± 0.45 ± 0.31

HFAG∗ Average 2005 4.39 ± 0.19 ± 0.27

|Vub| (10−3)
0 1 2 3 4 5 6

∗ HFAG Average includes BaBar and Belle measurements using other techniques

• |Vub| values from HFAG 2007



Discovery of Radiative Penguin Diagrams

Penguin diagrams were

proposed to explain the

∆I = 1
2

rule in K decay.
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No hard experimental

evidence for penguin

diagrams for nearly 20

years, until CLEO

observed B → K∗γ

decays.
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B(B0 → K∗0(890)γ)

Experiment B(B0 → K∗0γ) (10−6)

CLEO II 1993 40 ± 17 ± 8!
CLEO II & II.V 2000 45.5 ± 7.0 ± 3.4!
BaBar 2002 42.3 ± 4.0 ± 2.2

Belle 2004 40.1 ± 2.1 ± 1.7

BaBar 2005 39.2 ± 2.0 ± 2.4

PDG Average 40.1 ± 2.0!

B(B0 → K∗0γ) (10−6)
0 10 20 30 40 50 60

Experiment B(B+ → K∗+γ) (10−6)

CLEO II 1993 57 ± 31 ± 11!
CLEO II & II.V 2000 37.6 ± 8.6 ± 2.8!
BaBar 2002 38.3 ± 6.2 ± 2.2

Belle 2004 42.5 ± 3.1 ± 2.4

BaBar 2005 38.7 ± 2.8 ± 2.6

PDG Average 40.3 ± 2.6!

B(B+ → K∗+γ) (10−6)
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B(B̄ → Xsγ)

Inclusive B(B̄ → Xsγ) is much more

important than B(B0 → K∗(890)γ)

• SM rate can be calculated

• Rate sensitive to Higgs and

Beyond SM effects in the loop
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Experiment B(B̄ → Xsγ) (10−4)

CLEO II 1995 2.32 ± 0.57 ± 0.67!
CLEO II & II.V 2001 3.29 ± 0.44 ± 0.29!
Belle 2001 3.36 ± 0.53 ± 0.67

Belle 2004 3.50 ± 0.32 ± 0.31

BaBar 2005 3.49 ± 0.20 ± 0.54

BaBar 2006 3.92 ± 0.31 ± 0.47

PDG Average 3.54 ± 0.26!
Recent NNLO Theory 3.15 ± 0.23
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Concluding Remarks

Congratulations to ARGUS for discovering B0B̄0 Mixing!

Some personal thoughts about ARGUS, CLEO, and my experience in CLEO.

• B0B̄0 mixing and the promise of CP violation were crucial for mustering the

community and agency support necessary for the last 20 years of the CLEO program!

• Competition between ARGUS and CLEO was very healthy for both collaborations.

• It kept us all on our toes and we learned from each other.

• Discovering something

• Converging upper limits may indicate that a discovery is near.

• Developing a new field

• Even experienced physicists have a lot to learn.

• Understanding how to study a new field takes time and creative effort.

• Sustaining an experiment requires detector and luminosity upgrades

• Heavy quark physics with CLEO

• It was (and still is) a wonderful experience!

• Now it’s time for CLEO members to finish CLEO-c and move on.

Thanks to ARGUS and DESY for including CLEO in this ARGUS Symposium!


