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Introduction
Context:  Late 1970’s, J/ψ had been discovered in Nov. 
1974, we knew about open charm & τ, but not about 
existence of b, t, W or Z !
Idea: explore e+e- collisions in 8 -16 GeV center-of-mass 
range, hope for something new
Competition: PEP/Petra at higher energy (up to 32 GeV) at 
SLAC & DESY, later ARGUS at DESY
CESR proposal May 1975 for single                               
ring collider with L=1032 cm-1s-1

Surprise – After detector design started                                
discovery of b quark 1977 (Lederman) at                         
FNAL via Y(1S) & Y(2S) (hint of Y(3S)).                        
Could there be a nice state for threshold                       
BB production like the ψ(3770) for D’s?

Uneno et. al, FNAL μ+μ− mass,
background subtracted  (1979)
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b Physics Goals
Would b’s decay as “predicted” or could we 
see new phenomena?
Could we learn something seminal about 
QCD studying Upsilon transitions & decays?
Was there anything to learn from charm 
decays, since e+e- → cc is 1 nb, 40% of 
total?
Is there anything unexpected?
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What it Takes to Build a Detector 

I will not talk much about Trigger, DAQ, Online, Software, 
etc... even though they are critically important; apologies to 
Selen, Galik, Honscheid, Kreinick, Kutschke, Katayama, 
Hetsley, Skwarnicki, & many others (& other apologies...)
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Detector Philosophy
e+e-→hadrons: lots of charged tracks & γ’s, ≈10 
charged tracks & 10 γ’s on average per event
Maximize acceptance
Have best possible p & E resolution
Identify leptons: e± & μ±

Identify charged hadrons
Learned later: Detect vertices from short lived 
particles, e.g. D’s 
Main detector design issues: cost, detector 
material, our understanding as detector was 
designed without knowing about e+e-→BB
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CLEO I Detector
Tracking components: DR, IZ, OZ
γ detection: Octant Shower – choice over Pb-scintillator
PID: TOF + dE/dx, originally High pressure Č 2/8 & atmos Č 2/8 (for e- only) 
μ id from muon chambers
e id from shower & dE/dx
Some parts never used

1 m
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The Super-Conducting Coil
We started for about 18 months with a 0.5T 
conventional coil
Thin (0.7 r. l.) super-conducting coil at 1.0 T was 
critically important 

TPC detector for PEP was building such a large coil
Dave Andrews studied their design made several crucial 
improvements. This was a typical CLEO adventure, in 
that he had almost no help (~ factor of 10 less 
manpower), & managed to get the thing to work. 
Unfortunately, TPC was delayed to some nasty failures.
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The Drift Chamber
Measure time for 
ionization to drift 
to sense wire

.

z coordinate 
found using 
stereo wires, 
with 20x worse 
resolution

Hartill, Larson...

stero +

stero -

axial

ambiguity

•
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IZ: Inner Chamber for Z Measurement
Built at 
Syracuse 
(Horwitz)
along
with 
never 
used OZ 
(Others)

Eventually used for dE/dx
& 1st measurement of B→pX
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Charged Particle Tracking
17 Layers, hits 
are spread 
apart “non-
local” ambiguity 
resolution
Stereo for z
No dE/dx
IZ: 3 layers with 
cathode strips 
for z meas.
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Performance
DR resolution 250 μm
Δp/p~12% at 5.2 GeV
Problems

Efficiency was good but not 
great. 
Left/Right ambiguities often 
solved incorrectly

Eventually ~1985 “Solo”
tracking (Berkelman) 
replaced by “Duet” (Ogg
& Cassel) 



Symposium Celebrating CLEO & CESR, May 31, 2008 12

Electromagnetic Calorimeter
Need to measure position and energy of γ’s, 
most of which result from πo decays
Idea is to use the                        
“electromagnetic                                          
shower” generated by                               
high Z materials
Energy is proportional                                     
to the number of charged particles and 
these can be sampled
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EM Calorimeter
Choices

Pb-scintillator sandwich                                  
read out with waver shifter
Pb-proportional tube                               
sandwich. This system had crossed                   
x & y tubes that ran over the entire             
octant. Causes problems, when more                       
than 1 track or γ is present 

Lead

1 m

30
 c

m

Energy resolution is ~17%/√E
This was our choice, called RS,                       
for “Rutgers Shower,” F. Sannes...

y

x
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dE/dx: Expected Energy Deposit
Ehrlich, 
Gentile, 
Talman, 
Stein, 
Stone + 
Vandy
(Csorna & 
Panvini)
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dE/dx Construction
Consists of 124 1”
thick modules
Wires at same 
position in 10 
modules ganged 
together
Pressurized to 3 
atm
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dE/dx: Results

A useful device, but 
compromised by 
material in coil
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dE/dx & RS: Also e- Identification
Good for 
e-

detection
RS match 
Energy 
with p
dE/dx ask 
for large 
ionization 

e+e-→ e+e- e+e-→ μ+μ-

Ghost track problem
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Muon System
Efficiency vs p
Designed for high p 
tracks, before Y(4S) 
was found (by us). 
Acceptance not well 
matched to B decays
Maximum efficiency 
was 54% for p>1.7 
GeV/c
Rochester group: Olsen, 
Thorndike, Melissinos, 
Poling,....

�- from
B decay
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CLEO I Budget
Maybe double for 
labor costs
No contingency
Inflation is 265%
So maybe           
= 19.5 M$ in 
2008 dollars
Absurdly cheap
Total for CESR + 
CLEO ~20 M$

CLEO I Leader
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In The Beginning
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Magnet Assembly
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CLEO I During Assembly
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CLEO I Almost Together
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First Results (Narrow Upsilons)

Xmas card
1979

Y(3S) 1st

sighting in e+e-

collisions 

Y(1S)

Y(2S)

Y(3S)

L=0.4 pb-1
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Discovery of Y(4S)       
Y(4S)

Y(5S)  Y(6S)
BB*

In 1985, Y(5S), etc..

Mystery: mass differences:
Y(5S)-Y(4S) > Y(4S)-Y(3S)

L=1.1 pb-1

41 pb-1 on Y(4S)
70 pb-1 above

( )R
( )
e e hadrons

e e
σ

σ μ μ

+ −

+ − + −

→=
→

σ
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Further Expectations (~1983)
B meson lifetime will be short
Bo mixing will be small
CP violation will be small
B’s will decay in very high multiplicities 
making full reconstruction difficult
But in 1983, the B meson lifetime was 
measured as relatively long ~1 ps by PEP & 
PETRA experiments 
We did have tracking & particle id to exploit 
measurements beyond cross-sections
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b-quarks Decay As Expected
First observation of 
semileptonic decays
Exotic decays not 
dominant – We are 
still looking for non-
SM decays. New 
Physics, must 
produce these & 
their pattern will tell 
us a great deal  
about the NP.

Evidence for New Flavor
Production at the Y(4S) - 1980

e- spectrum

b
W-

q c or u
q

e, µ,  
ν

τ

B→Xe-ν

B→DX,
D → Ye-ν

B(B→Xe-ν)=
(13±3±3)% 

DeWire, Gittleman, Thorndike....
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Fully Reconstructed B Mesons (1983)

Br’s too large (partially due to ~x2 wrong Do rate)
Two-body modes had real events
3-body were wrong
Many new techniques developed – learned better tracking 
software was in order
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Discovery of the F≡DS

Mass of 1970 MeV
Previously thought to 
be at 2020 MeV (See . 
arXiv:hep-ph/0010295
for details)
Soon confirmed by 
ARGUS and HRS
Beginnings of much 
charm & τ physics

K+K-π+ mass (GeV)

K+K- near φ

(Also in 1983)

K+K- not near φ
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ARGUS

Detector 
compact: not 
so many 
K,π→μ fakes
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ARGUS Calorimeter

ΔE/E= in test beam
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Better L, Competition From ARGUS

B physics
ARGUS has better lepton identification
CLEO made first observation of B→ψX, & 
B→ψK(*), (ARGUS just about simultaneously)

μ+μ−

e+e−

sum

(1985)
61 pb-1

•In 1984: dE/dx in Drift 
Chamber, new 10 layer 
Vertex Detector (wires), 
a total of 119 pb-1
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CLEO I.V
ARGUS promised real competition
First upgrade CLEO  I.V: In 1984 OSU group 
builds new VD 10 layers around same beam pipe, 
later in 1986 they add a VD insert (Kagan, Kass ...)
Coupled to New Drift Chamber (1986)

51 layers of tracking – big improvement
Full dE/dx capability
However end plates 3 cm of Al
Cornell+: M. Pisharody, D. Cassel, R. DeSalvo, J. 
Dobbins, R. Galik, M. Gilchriese, S. Gray, D. Hartill, J. 
Mueller, D. Peterson, D. Riley and K. Kinoshita

Rest of CLEO II planned, but not finished until 
1989. (Existence of ARGUS crucial approval.)
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ARGUS: Bo-Bo Mixing Discovery
In 1987 long before we can get CLEO II
finished ARGUS finds 

Consistent with                                          
our upper limit                                              
r<0.24 (Alice Bean)

r

( ) ( ) 0.21 0.08
( )

o o o o

o o
N B B N B Br

N B B
+= = ±
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What we learned not to do
Magnet coil is a thick barrier: 
put particle ID & EM cal 
inside
Muon system is too thick at 
front, p acceptance full only 
>1.4 GeV/c; also too far away 
allows π, K decays
EM calorimeter has too many 
cracks, not enough 
segmentation & poor Energy 
resolution ~17%/√E

DR I Too few tracking                       
layers: tracking problems, pid...
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CLEO II Requirements
Improve B physics capabilities
Detect photons with ~same ability as 
charged tracks; identify e- cleanly
Improve momentum resolution on charged 
tracks B goes from 1.0 T to 1.5 T
Improve dE/dx and tracking flaws by filling 
up Drift chamber gas with detection layers
Lower muon id threshold & fake rate
(Project Director: Bernie Gittelman)
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CLEO II
All particle id: TOF 
& dE/dx inside coil
CsI(T ) inside coil
Lower p threshold 
on muons to ~ 1 
GeV/c
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The 1.5 T Super-Conducting Coil
Ehrlich, Nordberg...
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Tracking
3 tracking stations, DR, 
VD & PTL (6 layer straw 
tube device)
beam pipe radius 3.5 cm

e+e-→μ+μ−

δφ=1mr
δθ=4 mr
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Inner Detector Installation
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Crystal Calorimetry
Instead of sampling use “total” absorption. Need a high Z 
material that also produces a signal. Crystals scintillate, 
and energy is proportional to the amount of  light generated

Need >16 radiation lengths to                                   
“fully” absorb all shower energy
In CsI(T ) ~5000 γ’s/MeV
Can detect light with photodiodes                               
in B field, but gain=1 

Previous Crystal Calorimeters
Crystal Ball (NaI), small, used                                      
photomultiplier tubes
L3 (BGO), Light output ≈1/8 CsI
very expensive, purchase helped                                 
by Chinese government, & also small in comparison
CUSB mostly NaI + small amounts BGO
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CsI Calorimeter The New Part
Idea: reconstruct γ, πo’s & η’s, with “as good 
efficiency & resolution as charged tracks”
Actually, not quite as                                        
good, but really useful                                 
(compare to 17%/√E)

pt or E (GeV)

CsI (σE/E)

Tracking  (σpt/pt)

4

3

2

1

1           2            3             4            5
|

%

Great Adventure, nothing                                        
this size had been                                         
attempted before                                                
Crystal co.: 2 in Ohio (Bicron & Harshaw), BDH 
England, Horiba Japan

σ(θ,φ)=3mr at 5 GeV, 11 
mr at 100 MeV

“You will never get the crystals”
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Crystal Contracts

Crystals were delivered on time for contract price
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The Parts

wrapped crystal

Preamps

4 photodiodes
for 1 crystal

Data boards
(OSU)
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The Crystal Holder
Designed by 
McDaniel
Others in Crystal 
Project: E. 
Blucher, B. 
Gittelman,                              
B. Heltsley, J. 
Kandaswamy,                  
B. Kowalewski, 
Y. Kubota, N. 
Mistry, S. Stone, 
H. Worden
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Completed Holder
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Light Output Testing Apparatus
Had to 
test 
8000 
crystals 
for Light 
output & 
Size 
Glue on 
photo-
diodes…
Ed Blucher, 
Bob 
Kowalewski, 
Helen 
Worden...
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Assembly
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CsI Performance

CsI angular resolution 
& energy resolution 
close to MC prediction

Angular Resolution

Energy Resolution

Endcap
assem

bly
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CLEO II Performance Benchmarks

Muon efficiency
vs momentum

Excellent 
overall 
detector 
performance

dE/dx
ToF

Total K/π
separation

Not very good at
high momentum

Y(3S)→γχ(2p)

J=1

→γY(1S)
→�+�-
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Example of πo Resolution
D*-D mass 
differences≡ΔM
σ=0.9 MeV for 
πo modes
σ=0.7 MeV
D*+→π+Do (no Si
vetex dectector)
Calorimeter is 
very good on 
πo’s

D*o→πoDo, 
Do→K-π+

D*o→πoDo, 
Do→K-π+πo

D*+→πoD+, 
D+→K-π+π+

142.12±0.05±0.05

140.64±0.08±0.06
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B→K*γ
Rozen & 
Horwitz, 
Thorndike & 
Kim

Later b →sγ
+Skwarnicki, 
Ernst

b

W-

s,d

γ

t,c,u

aka’ “Penguins”

Rare B Decays
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More Penguins
B→η′X, where X is a light hadron
pη′ between 2 & 2.7 GeV/c
Huge rate found                                        
(Browder)
B(B→η′X)                                          

=(6.2±2.5)x10-4

Compare with e.g.
B(Bo→K-π+) =1.8x10-5

m(ηπ+π−)

η′→ η π+π−,
η→ γγ

ON Y(4S)

Continuum
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Another Upgrade: CLEO II.V
Replace wire chamber with Silicon strip VD to get 
precision vertex information

Best upper limits for a long time on Do mixing
Lifetime measurements of charm particles
Alexander, Artuso, Nelson, Morrison, Jaffe, Soffer, Asner, Cinabro, 
Henderson ...+...+
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B Factory Era
CESR-B proposal versus B factories

Ended in SLAC & KEK building high L two-ring 
machines
It was thought CESR could compete on time-
independent measurements, that the L after an upgrade 
would be ≈the same

Inner Detector Task Force Slogan: “Its the 
material, stupid.” (Alexander, Bebek, Kagan, Kubota, 
Miller, Peterson, Stone, Witherell...)
CLEO III

Space for interaction region dipoles close to collision 
point ⇒ new DR
New technology possible for particle id: RICH
New Si vertex detector
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Some Problems with CLEO II
Poor K/π
separation for p > 
0.9 GeV/c (some 
with dE/dx)
DR endcaps too 
thick & DR not 
quite long 
enough⇒
|cosθ|≤0.71 for γ’s
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DR Gas Change
He – Propane mixture 
(60:40)

Improves hit 
efficiencies
Improves dE/dx
performance

Test Chamber results 
(Kagan, Kass, Gan..)

Tests in B field    
(Peterson &                      
Tung Lee) 
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Detector Impact
CsI was copied by B factory detectors

BaBar resolution slightly worse
Belle resolution slightly better
Acceptances both worse due to asymmetric 
beams

DR used as model by other detectors
Construction techniques adopted
dE/dx became standard

Other Si vertex detectors built on CLEO II.V 
experience



Symposium Celebrating CLEO & CESR, May 31, 2008 59

CLEO III
Chris Bebek
project leader

Huge 
contributions 
from our 
mechanical 
engineer Jeff 
Cherwinka
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Needed to 
increase 
Luminosity
DR 
construction 
more 
complicated
pt resolution 
goes as track 
length2, so 
must make up 
for RICH 
New Si 
Vertex det
(OSU, 
Cornell, 
Purdue)

Dipoles inside Detector

cos θ
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DR III
Conical section 1.5 
cm thick
“Wedding cake”
section to allow 
dipoles

Peterson, Ecklund, Patterson, Briere, Cronin-
Hennessy Lyon, Meyer Urner, Thorndike, Sadoff...
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Si III Design
r-φ
view

r-z
view
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RICH Fundamentals
Use CH4-TEA gas to detect 
single photons. Sensitive in 
VUV 135-165 nm
Use LiF radiators
Use N2 volume 15.7 cm thick 
to allow Cherenkov cone to 
expand
Use MWPC with pad readout 
to measure γ positions
Original idea T. Ypsilantis & 
J. Séguinot , collaboration 
with Artuso & Mountain...
Minimize material; goal 
< 12% r.l. (achieved 13% r.l.) Measure β & p, so get mass  

cos Θ = 1/nβ
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RICH Mechanical

Photon Detector

LiF Radiator

Charged 
Particle

Cherenkov 
Photon

LiF 

Rad
iat

ors

Photon 

Dete
cto

rs

192 mm

CH  +TEA
 

4

CaF  Window
2

Fiberglass 
Siderail

 

Pure N
 

2

16 cm

101 cm82 cm

20 µm wires

250 cm

G10 Box Rib

Radiators Overview

A. Efimov & S. Stone NIM  A371, 79 (1996)
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Completed Radiator Assembly
Assembled at SMU: T. Coan, Y. Maravin....
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Photon Detectors
Syracuse: Ayad, Kopp, Mountain, Skwarnicki, Viehhauser ....

Gas system
Minnesota:
A. Smith &
S. Anderson
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Electronics
New chip developed: low noise a big deal
Big 
fight 
with 
Bebek
& Si 
Artuso,
Schuh, 
Wang..
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Outer Electronics Noise Shield
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Most Import Results  
But in 
2000 
KEK-B & 
PEP II 
win L
contest
Each 
with 
3xCESR
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A New Proposal → CLEO-c
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CLEO-c Task Force
CLEO leaders Marina Artuso & Ian Shipsey

Made Physics Case
Supervised simulations to show physics reach
Interacted with CESR-c group

Accelerator Design: Dave Rice
Wigglers (N. Mistry)
Optics
Beam Stability

Proposal Writing: Persis Drell
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Ef
fic

ie
nc

y 
of

 r
-φ

la
ye

rs
(%

)
One More Detector Upgrade

Replace Si III with low mass wire drift 
chamber (Ecklund, Galik, Peterson & Pivarski)
Due to premature radiation damage
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CLEO-c
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Rate for π faking K   
=
Rate for K faking π
=
Over entire time 
period Oct. 2003 –
July 2007

Efficiency for Pions = (97.3±0.3)%
Efficiency for Kaons = (90.6±0.7)% - difference 
due to decays in flight

( )0
0.11.2 0.4 %+

−±

( )0
0.12.6 0.5 %+

−±

RICH Performance in CLEO-c

May be best 
performance ever
of a RICH!
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RICH Use Example
Double Cabibbo Suppressed decay 
D+→K+πo

u
s
d
d

c
d

W+

D+ πo

Κ+

We find nice signals without reflections, due 
to RICH B(D+→K+πo)=(2.28±0.36±0.15±0.08)x10-4
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Physics in CLEO-c
D+→μ+ν

10

20

30

40

50

60

10

20

30

40

50

60

E
ve

n
ts

 / 
( 

0.
02

 G
eV

   
)

2

-0.1 0 0.1 0.2
2MM  (GeV  )2

μ+ν

τ+ν

Background
DS sidebands

Background
cocktail

π+πο

μ+ν
Koπ+

τ+ν, 
τ→πν

Fully reconstruct the D & 
then can measure D final 
states with a missing ν

DS
+→μ+ν
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Detector Themes
Developing technologies widely adopted 
applied to upgraded detectors CLEO I.5, II, 
II.V, III

Example: PID in outer dE/dx → in DR →
RICH
Example: Ever shrinking inner beampipe
radius; IZ started at 9.4 cm

These lessons were adopted by others 
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U.S Experimental Publications

Information compiled by 
Fermilab

Publications per M$    
(2006) FNAL 

Collider 
0.32

CLEO 
1.35

SLAC 
0.55 Most support for CLEO/CESR 

program provided by NSF, with 
important contributions from the 
DOE
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Conclusions
Pioneering efforts in detector technology 

Particle ID: dE/dx, RICH
Large scale crystal calorimetery coupled with 
excellent charged particle detection
Tracking & Vertex Detection at e+e- colliders

All of the above led to CLEO Physics: pioneering 
efforts in heavy quark decay, many discoveries 
leading to future studies of CP violation and a path 
toward finding or classifying new physics (unless 
CLEO-c has found it already in leptonic decays) 
Pursuit of Science, pursuing new detector 
technologies, & physics analysis techniques has 
been very rewarding

All in all, its been FUN!
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Luminosity Progress: Early Years

CLEO + CUSB
CLEO
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Argus Luminosity



Symposium Celebrating CLEO & CESR, May 31, 2008 83

Progression in Flavor Physics
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