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CESR-c and CLEO
-c Physics

Extending the energy reach of CESR

D
.Rubin, Cornell U

niversity

•  CLEO
-c physics program

•  A
ccelerator physics at low

 energy
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Physics O
bjectives

• Tests of LQ
CD

• Charm
 decay constants  fD

, fD
s

• Charm
 absolute branching ratios

• Sem
i leptonic dcay form

 factors
• D

irect determ
ination of Vcd & Vcs

• Q
CD•Charm

onium
 and bottom

onium
 spectroscopy

•Glueball search
•M

easurem
ent of R from

 1 to 5GEV
•CP violation?
•Tau decay physics
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•
Leptonic charm

 decays  
         D

- Æ
l  -n, D

-s Æ
l  -n 

•
Sem

ileptonic charm
 decays 

         D
 Æ

 (K
,K

*) l  n, D
 Æ

 (p,r,w) l  n, D
 Æ

 (h,j) l  n,    
•

H
adronic decays of charm

ed m
esons

         D
 Æ

 K
p,   D

+ Æ
 K

 p p
•

 Rare decays, D
 m

ixing, CP violating decays
•

 Q
uarkonia and Q

CD

          

M
easurem

ents
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•
Precision of m

easured D
 branching fractions lim

it 
        any result involving B -> D

•
D

eterm
ination of CK

M
 m

atrix elem
ents and m

any
        w

eak interaction results lim
ited by 

       theoretical (Q
CD

) uncertainties
     (B -> \psi K

_s is the “gold plated” exception)
          

H
eavy quark physics
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•
B

 Æ
 p l  n

           G
ives V

_ub in principle w
ith uncertainty

            approaching 5%
 w

ith 400 fb-1 from
 B-Factories

•
But form

 factor for u quark to m
aterialize as p

         has 20%
 uncertainty

Exam
ple - theoretical lim

it
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Lattice Q
CD

 ?

Lattice Q
CD

 is not a m
odel

    O
nly com

plete definition of Q
CD

 
    O

nly param
eters are alpha_s, and quark m

asses
    Single form

alism
 for B/D

 physics, y/°, glueballs ,…
    N

o fudge factors

Recent developm
ents in techniques for lattice calculations

     prom
ise m

ass, form
 factors, rates within ~few %

• Im
proved discretizations (larger lattice spacing)

• A
ffordable unquenching (vacuum

 polarization)

Critical need for detailed experim
ental data in all sectors

    to test the theory
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Lattice Q
CD

N
ew theoretical techniques perm

it calculations at the 
  few %

 level of m
asses, decay constants, sem

ileptonic form
 factors

  and m
ixing am

plitudes for

•D
,D

s,D
*,D

s*,B,Bs,B*,Bs* and corresponding baryons
•M

asses leptonic widths, electrom
agnetic for factors

     and m
ixing am

plitudes for any m
eson in

     y,° fam
ily below D

 and B threshold
•M

asses, decay constants electroweak form
 factors, charge

    radii, m
agnetic m

om
ents and m

ixing angles for low lying
    light quark hadrons
•Gold plated processes for every off diagonal CKM

 m
atrix elem

ent
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Lattice Q
CD

Progress is driven by im
proved algorithm

s, (rather than hardware)

U
ntil recently calculations are quenched, sea quark m

asses -> •
     (no vacuum

 polarization) -> 10-20%
 decay constant errors

Current sim
ulations with 

• Lattice spacing a=0.1fm
• realistic m

s , and m
u ,m

d  ~m
s /4

Require 3 m
onths on 200 node PC cluster for 1%

 result  
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Lattice Q
CD

CLEO
-c program

 will
Precision m

easurem
ents in y,° sector for which few %

     calculations possible of m
asses, fine structure, 

     leptonic widths, electrom
agnetic transition form

 factors

Sem
ileptonic decay rates for D

, D
s plus lattice Q

CD
• Vcd to few %

 (currently 7%
)

• Vcs to few %
 (currently 12%

)
• few %

 tests of CKM
 unitarity

Leptonic decay rates for D
,D

s plus lattice Q
CD

 give
    few %

 cross check

Glueball - need good data to m
otivate calculations

If theory and m
easurem

ents disagree -> N
ew Physics
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CK
M

 early 2000

W
ith 2-3%

 theory
    errors
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CLEO
 - c will provide precision m

easurem
ents 

     of processes involving both b and c quarks against
     which lattice calculations can be checked

Recent results from
 H

PQ
CD

+M
ILC collaborations

   n
f  = 3, a=1/8fm

   tune m
u =m

d ,m
s ,m

c ,m
b , and a

s

    using m
p , m

K ,m
y  m

°  and DE
° (1P-1S)

Establish credibility of Lattice Q
CD
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  B-Factory (400fb-1)
  and 10%

 theory errors
        (no CLEO

-c)

A
nd w

ith 2-3%
 theory

      errors
     (w

ith CLEO
-c)
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•  ~ 1fb
-1 each  on °

1s, °
2s,  °

3s
             spectroscopy, m

atrix elem
ents, G

ee
•  y(3770) - 3 fb

-1

      30 m
illion events, 6M

 tagged D
 decays

           (310 tim
es M

ark III)
•  √s ~ 4100M

eV
 - 3 fb

-1

        1.5M
 D

s D
s  , 0.3M

 tagged D
s

           (480 tim
es M

ark III, 130 tim
es BES II)

•  y(3100) - 1 fb
-1

       1 billion J/y 
           (170 tim

es M
ark III, 20 tim

es BES II)

CLEO
-c Run Plan
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°

1s 
°

2s
 

°
3s

Target
950

500
1000

A
ctual

             1090
          >500

1250
O

ld
 79

 74
110     (pb

-1)

Status
taken

       in progress
processed

Status °  Run

A
nalysis

      D
iscovery?  - D

-states,  rare E1 transitions
      Precision      - Electronic rates, ee, m

m branching  fractions,
                                    hadronic transitions
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First observation of 1
3D

M
easure

       G
ee to 2-3%

      B
mm  -> 3-4%

        G
tot to 5%

        pp transitions
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Sam
ple:

      y(3770)  3fb-1  (1 year)
           30M

 events,
          ~6M

 tagged D
 decays

D
s D

s   3fb-1  (1 year)
              1-2M

 events,
           ~0.3M

 tagged D
s

Pure D
D

, D
s D

s  production

H
igh net tagging efficiency ~20%

D
 -> K

p  tag. S/B ~5000/1

D
s  -> j

p (j-> KK) tag. S/B ~100/1

Charm
ed hadrons
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CLEO
 (°

4s ) 4.8fb
-1

      f
D

s =280±14±25±18

B-factories (400fb
-1)

      df
D

s /f
D

s  ~4-8%

D
s  -> m

n
cs

V
cs fD

s
m n

†
 

G
=

G
F 2

8p
M

D
s m

m 21
-

m
u 2

M
D

s

2

Ê Ë Á Á 
ˆ ¯ ˜ ˜ fD

s 2
|V

cs | 2

CLEO-c
     3 fb

-1 (900 events)
     10 tag m

odes, no m ID
dVf

D
s /Vf

D
s   (2±.25±1)%
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D
+ -> m

n

CLEO
-c 3 fb-1 (3770)

     ~900 events

dV
cd f

D /V
cd f

D   ~ (2±.3±.6)%
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D
ouble Tagged Branching

 Fraction M
easurem

ents 

D
- tag

D
0 tag

N
o background in hadronic tag m

odes
M

easure absolute Br(D
->X

) with
    double tags
Br = #

 of X
/#

 of D
 tags for other

m
odes

M
ode

PD
G

CLEO
-c

( B/B%
)

( B/B%
)

D
0-> K

- p+
2.4

0.6
D

+ -> K
-p+p+ 

7.2
0.7

D
s  -> j

p 
25

1.9
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Sem
ileptonic decays 

Rate ~ |V
cj | 2|f(q

2)| 2
Low background and high rate

M
ode

PD
G

CLEO
-c

( B/B%
)

( B/B%
)

D
0-> K

ln
5

2
D

0-> pln
16

2
D

+ -> pln
48

2
D

s  -> jln
25

3

Vcd and Vcs to ~1.5%
Form

 factor slopes to few %
 to test theory
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M
ore tests of lattice Q

CD 

G(D
-> pln)/ G(D

+-> ln)   independent of V
cd

G(D
s -> jln)/ G(D

s -> ln)   independent of V
cs

Test Q
CD

 rate predictions to 3.5-4%

H
aving established credibility of theory

    D
0 -> K

-e
+n  gives  dV

cs /V
cs  = 1.6%

  (now 11%
)

    D
0 -> p

-e
+n  gives  dV

cd /V
cd  = 1.7%

  (now 7%
)
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J/y Radiative decays 

Calculated glueball spectrum
   M

orningstar and Peardon

Look for |gg> states

Lack of strong evidence is a
 fundam

ental issue for Q
CD

Tensor glueball candidate fJ(2220)
Expect J/y

 -> gf
J

Com
plem

entary anti-search in gg
Com

plem
entary search in ° decays
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CLEO
-c physics sum

m
ary

Precision m
easurem

ent of
      D

 branching fractions
      Leptonic widths and EM

 transitions
          in °  and y system

s

Search for exotic states

 ->  Tests of lattice Q
CD

D
 M

ixing
D

 CP violation
Tau physics
R scan
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CESR-c
Energy reach 1.5-6GeV/beam

Electrostatically separated
electron-positron orbits
accom

ate counterrotating trains

Electrons and positrons collide
with +-2.5 m

rad horizontal
crossing angle

   9 5-bunch trains in  each beam
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CESR-c IR

Sum
m

er 2000, replace
1.5m

 REC perm
anent

m
agnet final focus

quadrupole with hybrid
of pm

 and
superconducting quads

Intended for 5.3GeV
operation but perfect
for 1.5GeV as well



O
ctober 28, 2002

D
. Rubin - Cornell

27

CESR-c IR
b* ~ 10m

m

H
 and V superconducting quads share

sam
e cryostat

20cm
 pm

 vertically focusing nose piece

Q
uads are rotated 4.5

0 inside cryostat
to com

pensate effect of CLEO
 solenoid

Superim
posed skew quads perm

it fine
tuning of com

pensation

A
t 1.9GeV, very low peak b =>

   Little chrom
aticity, big aperture
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CLEO
 solenoid

     1T(y)-1.5T(°)

Good lum
inosity requires zero

transverse coupling at IP
    (flat beam

s)

Solenoid readily com
pensated

even at lowest energy

b*(V
)=10m

m
     E=1.89G

eV
b*(H

)=1m
          B(CLEO

)=1T
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CESR-c Energy dependence

Beam
-beam

 effect
• In collision, beam

-beam
 tune shift param

eter ~ I
b /E

• Long range beam
-beam

 interaction at 89 parasitic
         crossings ~ I

b /E
           (and this is the current lim

it at 5.3GeV)

Single beam
 collective effects, instabilities

• Im
pedance is independent of energy

• Effect of im
pedance ~I/E
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CESR-c Energy dependence

Radiation dam
ping and em

ittance
  D

am
ping

      Circulating particles have som
e m

om
entum

 transverse
         to design orbit (P

t /P)
      In bending m

agnets,  synchrotron photons radiated
         parallel to particle m

om
entum

     DP
t /P

t  = DP/P
       RF accelerating cavities restore energy only along
           design orbit so that transverse m

om
entum

 is
           radiated away and m

otion is dam
ped

       D
am

ping tim
e t ~ tim

e to radiate away all m
om

entum
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CESR-c Energy dependence
Radiation dam

ping
    In CESR at 5.3 GeV, an electron radiates ~1M

eV/turn
       ~> t ~ 5300 turns (or about 25m

s)

Power ~ E
2B

2 = E
4/r

2  at fixed bending radius
 1/t ~ P/E ~ E

3

     so at 1.9GeV, t ~ 500m
s

Longer dam
ping tim

e
•   Reduced beam

-beam
 lim

it
•   Less tolerance to long range beam

-beam
 effects

•   M
ultibunch effects, etc.

•   Lower injection rate
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CESR-c Energy dependence
Em

ittance
• Closed orbit depends on energy offset     x(s) = h(s)d
• Energy changes suddenly with radiation of
   synchrotron photon
• Particle begins to oscillate about closed orbit
     generating em

ittance
• Lower energy -> fewer radiated photons and lower
      photon energy

• Em
ittance  e ~ E

2
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CESR-c Energy dependence

Em
ittance
•

 L ~ I
B 2/ s x s

y  = I
B 2/ (ex ey b

x b
y ) 1/2

•
 I

B / ex lim
iting charge density

•
 Then I(m

ax) and L  ~ ex

CESR (5.3GeV), ex  = 200 nm
-rad

CESR (1.9GeV),  ex = 30 nm
-rad
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CESR-c Energy dependence

D
am

ping and em
ittance control with wigglers
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CESR-c Energy dependence
In a wiggler dom

inated ring

•
1/ t ~ B

w 2L
w

•
e ~  B

w  L
w

•
s

E /E ~ (B
w ) 1/2 nearly independent of length

       (B
w  lim

ited by tolerable energy spread)
Then 18m

 of 2.1T wiggler
     ->  t ~ 50m

s
     ->  100nm

-rad < e <300nm
-rad
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   7-pole, 1.3m
 

   40cm
 period, 

   161A
, B=2.1T

Superconducting wiggler
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O
ptics effects - Ideal W

iggler

p l
J

2
0

0
w

E ceB
=

B
z =

 -B
0  sinh k

w y  sin k
w z

Vertical kick ~ q B
z 

†
 

D
¢ 

y =
-

B
0 2L

2(E
0 /ce) 2

y
+

23
2pl

Ê Ë Á 
ˆ ¯ ˜ 2y

3+
...

Ê Ë Á Á 
ˆ ¯ ˜ ˜ 
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O
ptics effects - Ideal W

iggler

 Vertical focusing effect is big,   DQ
 ~ 0.1/wiggler

    But is readily com
pensated by adjustm

ent of
     nearby quadrupoles

 Cubic nonlinearity ~ (1/ l) 2
         W

e choose the relatively long period -> l = 40cm

Finite width of poles leads to horizontal nonlinearity
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Linear O
ptics

Lattice param
eters

1012.7
9.59
10.53
95141092.1
1.3
140.16
0.081

b
*v [m

m
]

b
*h [m

]
Crossing angle[m

rad]
Q

v
Q

h
N

um
ber of trains

Bunches/train
Bunch spacing[ns]
A

ccelerating V
oltage[M

V
]

Bunch length[m
m

]
W

iggler Peak Field[T]
W

iggler length[m
]

N
um

ber of w
igglers

ex [m
m

-m
rad]

s
E /E[%

]

1.89
Beam

 energy[G
eV

]
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7 and 8 pole wiggler transfer functions
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W
iggler Beam

 M
easurem

ents

First wiggler installed 9/02
Beam

 energy = 1.84GeV

   -O
ptical param

eters in IR
       m

atch CESR-c design

   -M
easure and correct betatron

       phase and transverse
       coupling

   - M
easurem

ent of lattice
        param

eters (including
        em

ittance)  in good
        agreem

ent with design
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W
iggler Beam

 M
easurem

ents

- Reduced dam
ping tim

e (X
 1/2)  ->  increased injection repitition rate

- M
easurem

ent of betatron tune vs displacem
ent consistent with bench

    m
easurem

ent and calculation of field profile
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B
 =0

Pr1 = 3000

B
 =0

Pr1 = 0

Q
x -Q

y =0

Q
x -Q

y +Q
z =0

2Q
y =3

Resonance condition
m

Q
x +nQ

y +pQ
z =r



B
m

ax =2.1T
Pr1 = 3000

B
m

ax =2.1T
Pr1 = 0
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W
iggler Status

-Second wiggler is ready for cold test

-A
nticipate installation of 5 additional wigglers

              (and CLEO
-c vertex detector) Spring 03

-Rem
aining 8 wigglers installed late 03
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CESR-c design param
eters
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Collide I
T ~ 12 m

A
 and scan

Identification of y
(2S) yields

   calibration of beam
 energy

Energy Calibration



B
m

ax =1.9T
Pr1 = 3000

B
m

ax =1.9T
Pr1 = 0



B
m

ax =2.1T
Pr1 = 3000

B
m

ax =1.9T
Pr1 = 3000



B
m

ax = 1.9T
Pr1 = 3000

B
m

ax = 1.7T
Pr1 =  3000
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Linear O
ptics

A
rcs

   Except for w
igglers - very sim

ilar to 5.3G
eV

 optics

W
iggler focusing is exclusively vertical

     

†
 

1fv

~
B

0

E
Ê Ë Á 

ˆ ¯ ˜ 2L

=0.073m
-1 for B

0 =2.1T, L=1.3m
 and E=1.88G

eV
     For typical b

v Æ
  DQ

v  ~ 1.2 for 14 w
igglers

In CESR all quadrupoles are independent and the strong 
 localized vertical focusing is easily com

pensated 
           (1.5 -> 2.5 G

eV
)
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Linear O
ptics

Lattice param
eters

1012.7
9.59
10.53
9514102.1
18.2
1.3
140.16
0.081

b
*v [m

m
]

b
*h [m

]
Crossing angle[m

rad]
Q

v
Q

h
N

um
ber of trains

Bunches/train
Bunch spacing[ns]
A

ccelerating V
oltage[M

V
]

Bunch length[m
m

]
W

iggler Peak Field[T]
W

iggler length[m
]

N
um

ber of w
igglers

ex [m
m

-m
rad]

s
E /E[%

]

1.89
Beam

 energy[G
eV

]
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D
ynam

ic A
perture

W
iggler cubic nonlinearity scales inversely as square of period

Finite pole w
idth Æ

 roll off in vertical field w
ith horizontal displacem

ent

•    Longer period results in w
eaker cubic nonlinearity

•    But the larger excursion of w
iggling orbit yields greater sensitivity to

         horizontal roll off

W
e need to determ

ine optim
um

 period and required field uniform
ity 

†
 

D
¢ 

y =
-

B
0 2L

2(B
r) 2

y
+

23
2pl

Ê Ë Á 
ˆ ¯ ˜ 2y

3+
...

Ê Ë Á Á 
ˆ ¯ ˜ ˜ 
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W
iggler N

onlinearity 

                                          CH
ESS/east         CH

ESS/w
est             CESR - c

Period[cm
]        

20    
12 

40
Cubic nonlinearity[m

-2]
27

42                        14(11.9) = 167
<b

v 2> [m
2]              

33
2

23
2 

12
2

D
etuning  (DQ

/m
m

) 
29

22
24

•
 D

etuning of the pair  of x-ray w
igglers in CESR at 1.84G

eV
, is approxim

ately
                  tw

ice that of 14  CESRc w
igglers

†
 

D
¢ 

y y
=

-
B

0 2L
3(B

r) 2
2pl

Ê Ë Á 
ˆ ¯ ˜ 2ab

†
 

DQ
/a ~

 Dyy
¢b

D
ynam

ic A
perture - beam

 m
easurem

ents

 PM
  x-ray w

igglers in CESR provide opportunity to test understanding of dynam
ics


