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Outline

• Pre-CESR Accelerators at 
Cornell

• CESR, CLEO, and CUSB
• Upsilon Spectroscopy
• B Mesons
• CESR & CLEO Upgrades
• Moving to Charm
• Some Conclusions
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CESR Prehistory
• 1935 --  1.5 MeV proton cyclotron
• 1949 --  0.3 GeV electron synchrotron
• 1954 --  1.2 GeV electron synchrotron
• 1962 --  2.2  GeV electron synchrotron

Directors:          Wilson            McDaniel       Berkelman     Tigner
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• 1979 – CESR 
Cornell Electron 
Storage Ring       
8+8 GeV e+e-

           

• 1967 – e- synchrotron                 
12 GeV in a 1/2 mile tunnel
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Two Detectors Initially

          CLEO (south)                          CUSB (north)

                                               Severely limited space



b Physics Before CLEO
•   At Fermilab Lederman et al. discovered the    states
•   DASP and LENA at DESY confirmed 

–   demonstrated that                       are narrow resonances
•                        splitting nearly equal to                      splitting

–       potential                        works well for      and 
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Fermilab LENA

ϒ
ϒ(1S)& ϒ(2S)

ϒ(2S)− ϒ(1S) ψ (2S)− J /ψ
qq

ϒ(1S)& ϒ(2S)

−4αs / (3r)+ br cc bb
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CLEO’s Final                                Results 

• This was the last CLEO paper with Karl as a principal author (2006).
His deep understanding of radiative corrections was essential. 10

ϒ(1S),ϒ(2S)& ϒ(3S)
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Other     States
• CUSB  discovered the

states in the γ spectrum from
radiative          decay

•             from          decay
•

CLEO 

          
        

bb̄ χb

ϒ(2S)

ϒ(2S)→ χb (1P)γ
→ ϒ(1S)γγ
→ e+e−γγ

Thursday, April 30, 2009

χb (1P)

χb (1P)

χb (2P) ϒ(3S)
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The           Resonance
•                    22 MeV above threshold
•                                     without extra particles
•             decay is suppressed by phase space
•                          1 nb peak
• Realized our hopes for a    factory like the                  factory

ϒ(4S)→ BB

ϒ(4S)→ΒΒ
ϒ(4S)→ B0B0 or B+B−

ϒ(4S)
e+e− → ϒ(4S)

ϒ(4S)

ψ (3770)B D
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b-Quark Serendipity

•  b is the fifth quark with 
•      t is much heavier than b
•   The t quark decays without forming bound states, so the 
         system is the most ideal NR      spectroscopy
•   t must decay weakly to u or c      
•   b is off-diagonal in the CKM matrix so the B lifetime 
    τB =1.6 ps, longer than expected due to small 
•   Most B decays go to D mesons with 
•                    seen yielding
•           mixing discovered by ARGUS yielding        , and implying
     a large value of      and the possibility of CP violation
•                and              (KB -- matches K meson quark content)     

bb qq

| Vcb |= 0.04
| Vcb |

 B→ Xuν | Vub |= 0.004
B0B0 | Vtd |

mt

M(bb) < ECESR

B+ = bu B0 = bd
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CLEO Detector Upgrades
•   CLEO-II: CsI EM calorimeter, dense small-cell drift chamber,             

particle identification with time of flight (ToF) & ionization (dE/dx), 
and muon chambers

•  CLEO-II.V: silicon          
vertex detector (SVX)

•  CLEO III: replaced    
ToF with a Ring 
Imaging Cherenkov 
detector (RICH)

•  CLEO-c: replaced SVX 
with a vertex drift 
chamber
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CESR Luminosity Improvements
• Multibunch pretzel orbits
• Superconducting RF cavities
• “µβ” IR focusing
• Single IR (no CUSB)

Previous Record
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Lepton Endpoint measurements of |Vub|

Source |Vub| (10−3)

CLEO II & II.V 2002 4.05 ± 0.47 ± 0.36!
BaBar 2004 4.41 ± 0.30 ± 0.32

Belle 2005 4.85 ± 0.45 ± 0.31

PDG 2007 4.40 ± 0.20 ± 0.27

|Vub| (10−3)
0 1 2 3 4 5 6

∗ HFAG Average includes BaBar and Belle measurements using other techniques

Discovery of              decays
• Search for              decays beyond the endpoint of              decays in the 

inclusive lepton momentum spectrum.
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 b→ uν
 b→ uν  b→ cν

2002
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Discovery of Radiative Penguin Decays
Penguin diagrams were 
proposed to explain the
             rule in    decay.
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ΔI = 1 / 2 K
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No hard experimental
evidence for penguin
processes was found 
for nearly 20 years, 
until CLEO observed
              decays.

CLEO 1993

CLEO 2000

B0 → K*0γ

B+ → K*+γ

B→ K2
* (1430)γ

B→ K*γ



B(B → Xsγ)
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Inclusive                    is much 
more important than                    
•  SM rate can be calculated.
• Rate sensitive to Higgs and

Beyond SM effects in the loop.
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b s
B(B → K∗γ)

B(B → Xsγ)

2 Heavy Quarks and Leptons, Melbourne, 2008

FIG. 1: Feynman diagrams for radiative penguin decays, showing the standard model loop and various new SUSY physics
scenarios.

FIG. 2: Summary of theoretical predications and experi-
mental results for the b → sγ branching fraction.

FIG. 3: Photon energy spectrum for b → sγ decays mea-
sured by the BaBar collaboration using a recoil method [5].

by the Belle collaboration, using 605fb−1 of data [6].
The technique used is a fully inclusive one, where only
the signal photon is reconstructed and the background
from non-B decays is reduced using lepton tags from
the tag B. Vetoes are used to remove photons from
π0s and ηs by rejecting high energy photons if, when
paired with any other photon in the event, they pos-
sess an invariant mass near that of a π0 or η. Topolog-
ical event information is used to suppress continuum

backgrounds - BB decays tend to be spherical in shape
in the centre-of-mass (CM) frame, whereas continuum
events are more jet-like. After cuts have been made,
there still remains some background events which are
subtracted using off-resonance data for continuum
background, and Monte Carlo simulated events for
other B backgrounds. Figure 4 shows the photon en-
ergy spectrum after background subtraction.

The branching fraction for b → sγ is found to be:

BF (B → Xsγ) = (3.31 ± 0.19 ± 0.37 ± 0.01)× 10−4

(Eγ > 1.7 GeV)

where the first error is statistical, the second system-
atic and the third due to uncertainty in the boost. Ex-
trapolating to photon energies above Eγ > 1.6 GeV
gives:

BF (B → Xsγ) = (3.31 ± 0.41)× 10−4

(Eγ > 1.6 GeV)

From the photon energy spectrum, shown in Fig. 4
the first and second moments are found to be

< Eγ >= 2.281± 0.032 ± 0.053± 0.002 GeV

< E2
γ > − < Eγ >2= 0.0396± 0.0214± 0.0012 GeV2

respectively.

C. Semi-inclusive Method

BaBar recently presented an updated measurement
of the CP asymmetry in b → sγ decays, made using a
semi-inclusive method and 383×106 BB pairs [7]. In
this type of analysis, the inclusive decay is approxi-
mated using a reconstruction of many exclusive final
states. This analysis uses 16 exclusive B → Xsγ fi-
nal states which cover approximately 50% of the to-
tal width within the hadronic mass range of 0.6 <
M(Xs) < 2.8GeV/c2, which corresponds to a pho-
ton energy cutoff of Eγ > 1.9 GeV. Continuum back-
ground is reduced by combining a number of event
shape variables into a boosted decision tree, and fake
high energy photons from π0 or η decays are removed
using vetoes as described above. The CP asymmetry
is measured from a fit to the beam-constrained mass
mES in the b → sγ and b → sγ channels, as shown

HFAG Summary

W

t
γ

Inclusive



Charmed Baryons

• In 1989 CLEO initiated a charmed baryon 
program with the discovery of  

• CLEO’s charmed baryon results: 
discovered 15                     confirmed 3
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Some Early CLEO* and CUSB* Results
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1980 * * Potential models

* * Wide so it is above the       threshold

Inclusive leptons at the 

1982 * Confirmed      are  

1983 * Found in                 at the right mass

* Measure         and           dominance

1984 * * Sources of     and 

1985 * Found in 

1988 * Initiated charmed baryon program

* Golden CP violation channel

1989 *         determination

1993 * Verified existence of penguin processes

1995 * Sensitive to Higgs & SUSY

ϒ(3S)

ϒ(4S) BB

B0&B+ ϒ(4S)

ϒ(5S)&ϒ(6S)

χb (1P) ϒ s bb

Ds Ds
+ →ϕπ +

 b→ cν |Vcb | b→ c
Bs Λb

B* → BγB*

Ξc
0

B→ψKS
0

|Vub |

b→ sγ
B→ K*γ

 B→ Xuν
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CLEO & CUSB B Physics Accomplishments

•      spectroscopy fits the same potential as 
– QCD      coupling is flavor independent
αS(s)  at  s = MY

2  determined

• B and B* mesons discovered
– mb  determined

• Many B hadronic and semileptonic decay modes measured
• Discovered               so              
• Discovered               and            penguins
• |Vcb|, |Vub|, |Vtd|  measured & A, ρ, η determined

– Open CKM triangle implies CP violation

bb cc
qq

B→ K*γ b→ sγ
 b→ uν | Vub |≠ 0
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CLEO Moves to the      Threshold Region
• CLEO eclipsed at      energies by PEP-2 and KEK-B

– CESR optimized for the charm threshold region
– Inserted wigglers to increase luminosity
– Much higher luminosity than previous charm experiments
– CLEO-c detector superior to previous charm detectors

• Principal motivations for the CLEO-c program include:
– Precise    and     hadronic branching fractions                      

They are required for                 branching fractions
– Validate Lattice QCD where      and      are known:       

Determine the decay constants         from                decay.  
Determine branching fractions and form factors for exclusive 
semileptonic    and     decays.

– Obtain strong phases from       quantum correlations to 
understand          mixing and measure the CKM angle

– Improve understanding of      spectroscopy and decay  

cc
bb

cc

DD
D0D0 γ /ϕ3

D

D

Ds

Ds

 
D(s) → ν

B→ D(s)X
Vcs Vcd

fD(s)
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Charmonium Physics Opportunities
• Bound state spectroscopy

– ηc(1S), ηc(1S), hc(1P), χc(3P)

– Many new decay modes
• Resonances above       threshold are 

sources of             events  
–                                                5.3  M                                                 
–                                                                                                            0.57 M                                                                                   
            0.9  nb  peak in    

ψ (3770)→ DD

DD
D(s)D(s)
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Double Tagging

• Reconstruct one       in 
                            or
                           

    to get a clean sample of the
    partner       decays 
• Enables accurate, absolute
    branching fraction
    measurements
• Technique pioneered by 

Mark III

ψ (3770)→ DD
D(s )

D(s )

         Single Tags for D−

ψ (3770)→ DsDsγ

D+ → µ+ν (fD+)
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• Using double tags, measured absolute branching fractions for 
3     , 6     , and 8     modesD0 D+ Ds

D0

E = mc2

D+

Ds



Absolute      Branching Fractions
• First measurement of absolute      branching fractions

–                          poorly defined due to interfering scalar contribution
– Replace with                                         within a mass window         (MeV)
– For example, 

26

                      

Ds
+ → K +K −π +

Ds
+

Ds
+

B(D+
s → φπ+)

B∆M(D+
s → K+K−π+) ∆M

B10(D+
s → K+K−π+) = (1.99 ± 0.10 ± 0.05)%
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FIG. 2: U distributions in data (points) for D0 → π−e+νe, with fit results (histograms) showing signal (clear) and background
components: (from lowest to highest) D0 → ρ−e+νe (darkest gray), D0 → K−e+νe (lightest gray), other DD̄ (medium gray),
and non-DD̄ (black).

FIG. 3: U distributions in data (points) for D0 → K−e+νe, with fit results (histograms) showing signal (clear) and background
components: (from lowest to highest) DD̄ (gray) and non-DD̄ (black).

malized using the U fits. All of the distributions show
good agreement between data and MC simulations.

We also check consistency between isospin conjugate
pairs D0 → π−e+νe and D+ → π0e+νe and D0 →
K−e+νe and D+ → K̄0e+νe. Because there are small
differences in phase space, we compare not rates, but
form factors, as shown in Fig. 8. We obtain the f+(q2)

at the center of q2 bin i using

f+(q2
i ) =

1

|Vcd(s)|
·

√

∆Γi

∆q2
i

24π3

G2
F p3

i

, (11)

where ∆q2
i is the size of q2 bin i, |Vcd| = 0.2256± 0.0010

and |Vcs| = 0.97334 ± 0.00023 are from Particle Data
Group fits assuming CKM unitarity [19], and the effective
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FIG. 4: U distributions in data (points) for D+ → π0e+νe, with fit results (histograms) showing signal (clear) and background
components: (from lowest to highest) D+ → K̄0e+νe (light gray), other DD̄ (dark gray), and non-DD̄ (black).

FIG. 5: U distributions in data (points) for D+ → K̄0e+νe, with fit results (histograms) showing signal (clear) and background
components: (from lowest to highest) DD̄ (gray) and non-DD̄ (black).

p3 in q2 bin i is given by

p3
i =

∫

i
p3|f+(q2)|2dq2

|f+(q2
i )|2∆q2

i

, (12)

where f+(q2) and f+(q2
i ) are calculated using the three

parameter series parameterization with parameters mea-
sured in the data (see Sec. VC).

The procedure for measuring partial rates is tested us-
ing the generic MC sample, from which events are drawn

randomly to form mock data samples, each equivalent in
size to the actual data sample. In each case, the measured
partial rates are consistent with the input rates and the
distributions of the deviations are consistent with Gaus-
sian statistics.

|Vcs| = 0.985 ± 0.009 ± 0.006 ± 0.103(LQCD)

                   Decays
• Measure semileptonic decays to validate LQCD calculations of form factors

Needed for determining        from exclusive                  decay  
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D→ Keν

|Vub |  B→ Xuν
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FIG. 2: U distributions in data (points) for D0 → π−e+νe, with fit results (histograms) showing signal (clear) and background
components: (from lowest to highest) D0 → ρ−e+νe (darkest gray), D0 → K−e+νe (lightest gray), other DD̄ (medium gray),
and non-DD̄ (black).

FIG. 3: U distributions in data (points) for D0 → K−e+νe, with fit results (histograms) showing signal (clear) and background
components: (from lowest to highest) DD̄ (gray) and non-DD̄ (black).

malized using the U fits. All of the distributions show
good agreement between data and MC simulations.

We also check consistency between isospin conjugate
pairs D0 → π−e+νe and D+ → π0e+νe and D0 →
K−e+νe and D+ → K̄0e+νe. Because there are small
differences in phase space, we compare not rates, but
form factors, as shown in Fig. 8. We obtain the f+(q2)

at the center of q2 bin i using

f+(q2
i ) =

1

|Vcd(s)|
·

√

∆Γi

∆q2
i

24π3

G2
F p3

i

, (11)

where ∆q2
i is the size of q2 bin i, |Vcd| = 0.2256± 0.0010

and |Vcs| = 0.97334 ± 0.00023 are from Particle Data
Group fits assuming CKM unitarity [19], and the effective
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FIG. 4: U distributions in data (points) for D+ → π0e+νe, with fit results (histograms) showing signal (clear) and background
components: (from lowest to highest) D+ → K̄0e+νe (light gray), other DD̄ (dark gray), and non-DD̄ (black).

FIG. 5: U distributions in data (points) for D+ → K̄0e+νe, with fit results (histograms) showing signal (clear) and background
components: (from lowest to highest) DD̄ (gray) and non-DD̄ (black).

p3 in q2 bin i is given by

p3
i =

∫

i
p3|f+(q2)|2dq2

|f+(q2
i )|2∆q2

i

, (12)

where f+(q2) and f+(q2
i ) are calculated using the three

parameter series parameterization with parameters mea-
sured in the data (see Sec. VC).

The procedure for measuring partial rates is tested us-
ing the generic MC sample, from which events are drawn

randomly to form mock data samples, each equivalent in
size to the actual data sample. In each case, the measured
partial rates are consistent with the input rates and the
distributions of the deviations are consistent with Gaus-
sian statistics.

                      Decays
• Same motivation as                decays
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D→πeν

|Vcd| = 0.234 ± 0.007 ± 0.002 ± 0.025(LQCD)

D→ Keν



FIG. 15: The results of the two-dimensional fit to the case (i) data. The data are shown as points
with error bars. (a) The projection of the invariant mass distribution; the straight dashed line
shows the background while the curve is the sum of the background and a two-Gaussian signal
function. (b) The projection of the MM2 distribution; the dotted (black) curve is the two-Gaussian
signal function for µ+ν, the long-dashed (purple) curve shows the τ+ν, τ+π+ν signal, the dashed
(red) line shows the background from non-D−

s events below the signal peak, while the dot-dashed
(green) curve shows the background from real D+

s events. The solid (blue) curve represents the
sum of all contributions.

fraction due to the uncertainty on the τ+ decay fraction to π+ν. Additional systematic
errors arising from the background estimates are at the 1% level. The error on the radiative
correction is taken as 100% of its value of 1%. When we use only one of the two cases to find
a result an additional 1% error is included due to the minimum ionization discrimination of
300 MeV in the calorimeter.

TABLE III: Systematic errors on determination of the D+
s → µ+ν branching fraction.

Error Source Size (%)
Track finding 0.7
Particle identification of µ+ 1.0
MM2 width 0.2
Photon veto 0.4
Background 1.0
Number of tags 2.0
Tag bias 1.0
Radiative Correction 1.0
Total 3.0
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fD+ or fDs (MeV)

CLEO-c D+ → µν(τν), τ → πν 205.8 ± 8.5 ± 2.5!
LQCD Follana et al. 2008 208 ± 4!
CLEO-c Ds → µν(τν), τ → πν 263.3 ± 8.2 ± 3.9!
CLEO-c Ds → τν, τ → eνν 252.5 ± 11.1 ± 5.2!
CLEO-c Ds Average 2008 259.5 ± 6.6 ± 3.1!
Belle Ds → µν 274 ± 16 ± 12

CLEO-Belle Average 2009 261.2 ± 6.9"
LQCD Follana et al. 2009 241 ± 3!
BaBar Ds → µν 283 ± 17 ± 16

BaBar Included Average 2009 263.0 ± 6.6"

fD+ or fDs (MeV)
180 200 220 240 260 280 300 320 340

D+ → µ+ν D+
s → τ+ν, τ+ → e+νν

 and 
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fDsfD+

Ds
+ → µ+ν(τ +ν ), τ + →π +ν
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    Quantum Correlations

• A strong phase    rotates the
         mixing parameters x and y.

• CLEO measures    by comparing
quantum correlated yields with
uncorrelated branching fractions

• Using about 35% of the 
data, CLEO finds
  

DD

δ
D0D0

δ

cosδ = 1.10 ± 0.35 ± 0.07
xsinδ = (4.4−1.8

+2.7 ± 2.9)×10−3

ψ (3770)



Exclusive hc Events
• The     was the last      bound state to be observed

– Seen by E760 in 
• CLEO reconstructed
• Hyperfine mass splitting 
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cc
pp→ J/ψ π 0

hc

ψ (2S)→π 0hc , hc →γηc , ηc → hadrons
〈M(χcJ)〉−M(hc) = +0.02 ± 0.19 ± 0.13 MeV

CLEO
 2005

CLEO
 2008



Dalitz analyses of 3-body decays
• Interfering 2-body resonances in Dalitz plot analyses of D(s)               

decays to 3 hadrons.
• Strong phases determined from quantum correlations used in 

measurements of the CKM angle 
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D+  K-π+π+

141k events

γ /ϕ3
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CESR & CLEO Accomplishments

• 498 papers, 225 CLEO & 32 CESR PhD theses
• 6-quark Standard Model works well

– 3x3 CKM matrix is apparently unitary – A, ρ, η measured
– Measured |Vij| imply CP violation  in B decays

• Gluon exchange works well for     and      binding
–  αs(s) varies smoothly, as expected
– Lattice QCD works well

• No evidence for physics beyond the Standard Model
– Many limits on forbidden processes

• CESR luminosity tricks have benefited other facilities
– Multibunch pretzel orbits, crossing angle, microbeta focusing,
– superconducting  RF cavities, wigglers

cc bb
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Cornell x-ray ERL

Cornell 

Electron 

Storage Ring 

Tunnel

The ERL is an extension of the CESR ring

(1) Injection, (2-4) acceleration, (5-7) x-rays, (2-4) deceleration, (8) beam dump.

34



35

CLEO-c Physics
Observations

Confirmations

Precision 

Absolute 

  Hadronic &
  Semileptonic

f
D+

hc (1P)
ηc (2S)
ϒ(4260)

fDs
& f

D+

M
D0
,Mη ,&Mη '

B

D0 ,D+ ,&Ds

η&η '
J /ψ →γγγ


