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Overview

Weak Physics at CLEO: "All notes from the same chord”
Bb D F ( this is a B® major chord )

CLEO first concentrated with B mesons
containing b quarks:  BP

After the asymmetric B factories came online,
we moved to other notes in the same chord: D F

For the younger crowd, note (sic) that the D, was once called the “F”
(Lincoln Wolfenstein often asked me how our “"F Factory” was going)



Our Distinguished Cast

Seven Weakly-Decaying Ground States:

bD° D D’ A, g0 B Q.
Modes Kt Kar KKz pKx  Em  Enm Qr

Vector mesons, other L=0 baryons states:
very common
decays are a mix of pion and photon transitions

P-wave states:
a bit less common. pion and kaon decay transitions;
HQET guidance --> some narrow states due to D-wave decays



CAVEATS & OMISSIONS

Many other people could have been chosen to give this talk.

I'm sure I will say "we” sometimes when "CLEO" is more
appropriate.. I've been here for “only” 13 years, after all.

Charmonium was well-covered earlier in this Symposium...

STILL about 150 open-charm papers from CLEO Il
( >30% through 2008 submissions )
So some things will of course be missed, e.qg.:
o Mapping out decay modes is under-covered
o CLEO-c: a bit less emphasized since it's more familiar

Finally, I only know some of the historical tales.. take advantage
of this gathering to talk to the Primary Sources among us !



Paper Statistics

201 All Papers JW_LI—L
e b Gnen Chaesi” -
1980
100% = Fraction of
Open Charm
—» 50%

Open Charm papers are 30%
of total CLEO papers
( 1980 - 2007 )

A bit slow at the start

2007 Then..much interest in 1990's

-- New university groups
-- Served by multiple PTAs

SURPRISE: Open Charm
does NOT dominate
CLEO-c era, due to

quarkonia, other topics



Organizational Themes

Historical Ordering R

CESR Upgrades and Data Size ~— ( correlated )

Detector Upgrades
CLEO1.5 DR2 tracking —0.43 fb-! 1987-1988

CLEOII CsI calorimeter 4.8 fb-! 1989-1995

CLEOII.V Silicon vertexing 9.0 fb-! 1995-1999

CLEOIITI RICH Particle ID 9.4 fb-! 2000-2003
Techniques —

D* tags The CLEO-c era

Vertixing — changed the

Partial reconstruction whole landscape!
— 2003 - 2008

Physics
CKM, CPV, DCSD, FCNC, FSI, HQET, LQCD,
D Mixing, Spectator Model, Diagramology,
Spectroscopy, Dalitz Plots, Fragmentation, ...



Act I:
Charm Arrives at CLEO

Interest in Charm?

First D* Mesons Appear in CBX Land
Charm Fragmentation Papers

Earning an "F” Grade

First Lifetimes from CLEO

Tagging, 1988-style

CLEO1.5 on D, Decays and Charm Baryons



CEX B1-20

1981: Interest in Charm?

-22
fgﬂégthlgsT March 10, 1981

Analysis Committee
. Fhysics Objectives Survey
Analysis Effort - February 1381

0,
During February, members of the Analysis Committee studied the analysis 56 /o response r'a.re

effert at their own institutions, and prepared the reports that follow. The .
gain from putting together an integrated report did not seem worth the delay o
it would entail. We 1ist here topics that appear in 2 or more reports. ) POIﬂ"'S SYSTem °

Kt i-[dr.'nt'] fication (Har, Syr, Van) . | | 10, 5, 2 ’ 3 ’ 1 fOl" 151." 51.h ChOiCC

e identification (Cor, Roc, Rut, Van)

p.p identificatien [Har, Syr) - RZSU""S:

K® detection (Cor, Har, Ven)

a° detection (Rut, Syr) B PhYSiCS 51 2 . 1

D reconstruction (Cor, Har, Roc, Van)

T Upsilon 121.5

Hard photens (Cor, Roc)
Other 103.4

) New States 26.6
Not clear that much interest Continuum 38 6 **

is in charm itself; likely Misc.. 8.5

more in charm from B... Higgs! 8.0
'‘Unexpected’ 21.7
** 5.0 ccbar

** 2.0 charm baryons




Charm at CLEO:
A Slow but Steady Start

First 10 CLEO papers:
-- 4 Upsilon, 5 B meson, and.. 1 on D* fragmentation

Only 4 of first 37 CLEO papers from 1980-1985 are on charm
-- 3 on fragmentation plus the discovery of the F ( now D)

13 of 75 total journal papers 1980-89 are on charm ( 17% )

-- 4 on D fragmentation ( including 1 on the A_ )

-- 4 on Charm Baryons ( note: 3 of the 4 from 1989 | )

-- 3 on D, decays ( 2 w/ observations, 1 w/ FCNC limits )
best: B(c — Xe*e’) < 2.2 103

-- 1 on the D%/D*/D meson lifetimes

-- 1 on the discovery of the F ( = D) 2nd charm paper!
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First Fragmen'l'aflon Papers
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EVENTS / 20 Mev

CLEO Earns an F ™ = 2%
( that's really an A* )

Vorume 51, Nusner 8 PHYSICAL REVIEW LETTERS 22 AvcusTt 1983

Evidence for the F Meson at 1970 MeV

Signal: 104 = 19 Events
Mass: (1970 = 5 = 5) MeV
( calibrate w/ K=>nnw D=>Kr )

Paper's "crude estimate” that:
B(D, = ¢m) ~ 4.4%,
is actually remarkably good !

120

Really a "discovery”? VYes, this seems fair |

Previous F discovery claims were "pathological”
See S. Stone, arXivihep-ph/00100295 for details
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Early CLEO D Lifetimes

PL B191,318
1987 110 pb~!

Connects BF (experiment)
to I; (theory)

Spectator model violations?

ns-l-.

Mass L
Fig 1. Invariant mass distributions for (a)D", (b)D*, and (¢)D;" candidates. Pr'eCISIOﬂ: ~15% ( 50% DS )
R e 1 B0 - .
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Continuum Tags e sis o
Paper measures AR, 4 from charm, in two ways.

Method 1 uses tags:
Uses inclusive reconstruction of a given charm mode
Compares to same, with another anti-charm “tag”
Get cross-section independent of BF

(similar to CLEO-c, but with
some assumptions & approximations)
AR, 4= 1.13 +0.17-0.13 = 0.09

D*- vs. D°
(both K3r)

o

O k & O 3 O
e

Method 2 uses inclusive electrons:
Get cross-section for eX
Estimate production rates and
semileptonic BFs to get charm x-section
AR 4= 2.07 £ 0.12 + 0.26

1.5




Decay Modes

PLB 226,192
1989 0.43 fb!
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o252, Charm Baryons Discoveries 55 %'

1989 0.43 fb!

The story begins in 1989:

Discovery of the E2° Confirmation of the = ** & X0
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Act II:
Hitting Our Stride

The CLEOII Datasets:
Too many topics to be worth listing...

Two Popular Sample sizes:
o Early Results
~1.6-1.9 fb-1
o Full Statistics
4.7 fb-1

René would be proud:

It is not enough to have a good “mird. detector.
The main thing is to use it well.

-- René Descartes in Discours de la Méthode



PLB 325,257

PLB 283,161
1994 1.9 £fb™!

1992 0.43 fb!

Charm Baryon Decays

Good at charged modes.. & also with neutrals !

Observation of Aj decays to A, 307t 397709 and
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PRL 74,3331
1995 3 fb<!

Atnta final state
P-wave A,

g

2

Events / (2.5 MeV | ¢°)

| ]
.29 a3l 0.33 0.35 0.37 0.39
Mass (AT ) - Mass (A7) (GeV / c*)

MA ) - M(AS)
Higher peak seen by ARGUS;
lower peak is NEW

Still four more excited states

from CLEO in 2001 :
PRL 86,4243 & 4479 (2001)

At CLEO's peak dominance:
9 of first 10 =
7 of first 11 = & A

More Charm Baryons

Events /(2.5 MeV / ¢°)

PRL 78,2304
1997 4.8 fb!

Agmt & A final states
spin-3/2 .+ & 3.0

=]

i ' i 1 i i i i I 1 i
015 0.19 0.23 0.27 0.31 035
AM(GeV/ch)

Lower peaks are spin-1/2

Masses useful to study
hyperfine splittings...



Charmed Baryons from a 1998 Talk
Scoreboard: CLEO = 10.5 Rest of World = 6.5

( later paper references added )

/

Y4

| Charmed Baryonsl
h> Eight new states discovered since 1996 PDG!
Newest are
e First L = 1 =, states [top plots)] CLEO CONF 98-10; 5 fb™"
o =/ states [lower plots]
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A, Semileptonic FuB 323,219
PRL 75,624
1995 3.0 fb!

PRL Plots

1.6 fb-! PLB: 240 p—r—
- A,=> Alv  ~350 events :
- Measure o°B

- no significant of A~ AXlv
- Asymmetry parameter

- Some info on pKn BF

Events / (100 MeV /c%)

3.0 fb-! PRL:

- A= Aev ~700 events

- Concentrate on Form Factor
R=f,/f; =-0.25+0.14 + 0.08
- Redo asymmetry parameter
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&
]
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Evenis /0.1 Gev/eS)

DS - ¢,'V & DS - ¢.7'[ PRL 65, 1531

1990 0.43 £fb!

First, a CLEOIL.5, then CLEOII analysis 1994 ?.2‘7112?:1
Use theory for T'(D, = ¢lv) / T'(D = K*I| v)

to get B(D, = ¢lv)

&0

Events /{0, [ Gawlna K

£
o
1

- Each point from

¢ 2* Massicevrc®)

M(ol)

CLEOII result:

‘ th-!‘:Mﬂss{GeH;a’cz} . 1 a ¢ mass fit

M(ol)

B(D, = ¢ev) / B(D,=> ¢xr) = 0.54 + 0.05 + 0.04
Extract: B(D;=> ¢n) = 5.1 + 0.4+ 0.4 =+ 0.7



B(D. = ¢r) using B Decays =i

All candidates =

Partial reconstruction of:
Bobar - D*+ D/*-
Compare:
1. partial D** & full D*-
2. full D** & partial D*-
Kinematics give “intersecting cones”
characterized by an angle ¢

Background-subtracted =

Measure B(D. = ¢xr) / B(D? > K=*)
Extract: B(D; = ¢n) = 3.59 = 0.77 = 0.48



DCSD Fir'S‘r Observed PRL 72,1406

1994 1.8 fb!

B(D° - Ktm)/ B(D° - K-nt) ~large re: tan*6,. & current PDG,
= (.77 =+ 0.25 + 0.25)7% but well within errors!
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A (v’ FIG. 2. The D° mass in AM signal region after AM side-
FIG. 1. Mass difference in the D" mass signal region for  band subtraction for right sign and wrong sign. The solid

right sign and wrong sign. The solid lines are the fitted results. lines are the fitted results.




Events /12,0 Mew/cZ)

Evants /(0.5 MewcE)
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Dominated PDG averages & led to significant shifts for D*+

D** = D*y was a limit here, later observed later by CLEO;

& also high-statistics updates of other D** BFs

PRL 80,3919
1998 4.7 fb!



Precision D.* - D, Mass 5 %'%h

Calibration:

Use D*0 = DOy decay:
compare to CLEO's precise D*° = DO z° result!

( low-Q decay; n° mass well-known )

s0o)- M(¢Jf) + 1 ED- M(¢:n:y)+— M(¢r)
- sunp— 1' _ § 1
200 ;-ﬁt?mir*l. w 2of i i } I
| e WIMM
Y5 1 | B Oim\m

Mg ) (Gev) Migm y)-Mign )} (Gev)

M(D.*) - M(D,) = 144.22 + 0.47 = 0.37
Previous World Ave.: 142.4 + 1.7



Observation of D.*=> Dn® =22,

Interest: isospin-violating decay
Competes with dominant EM decay

& ———————————————

E -
T, | ; < "\
g 2 |
E %4'T _
2 | I ] | | [ | |
- / \l . I
. o " W — | --ll-u'I IJ-
150 900 1940 1980 2020

2 Mty (Mev i e®)
AmM_(MeVic”)

I( b,*> D°)/I( D,*> Dy) =
0.062 +0.020-0.018 = 0.022



Discovery of D ,*(2573)

PRL
1994

2nd narrow P-wave D state
( & the last narrow one, right??? Sigh...)

2y

Ewgnis AdaMevsc

:ﬁwM ﬁﬁ“ﬁ‘

8]

2375 2450 2525 E'ECI'.'] 26 '|"E| E'u" S0

]
s 10" K imevie

FIG. 1. M©&, ©

T L r— I -
corrected” invariant mass, of (K~ o |7 ) K
combinations.

Data points are for K~ =% [r"] combina-

tions in the D" signal region; the histogram shows M~ for

(K~ n*[x"])K* combinations where the K~ [n"] combina-
tions were chosen in D sidebands.

3

Events/|EMavics)

Q
2450 2300 2880 2600 2650 2700 ETED

M ﬂD K HHH'W:- 1

FIG. 2. Histogram of M*{D"K*), with fit. The solid line
shows the complete signal and background fitting functions.
The sum of the background functions is shown by the dashed
line. The dotted line shows just the polynomial used to
represent the combinatoric background. The shape of the
D5(2470)% background function is shown at the bottom by
the dash-dotted line, with the area scaled up by a factor of 5.

Note: known narrow J=1 state cannot
decay to DK (spin-parity)

72,1972
2.16 fb!
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P-Wave D* Mesons oruR 30,194
D 1 for'bldden her'e

+ Wy ! D 2 (2460)+ Neutral D better known

g Study charged D here:
2ol -~ First full recon. of D,(2420)
z -- First obs'n of D*n mode of D, (2460)

N0 MeV fc®)

0.30 0.40 0.50 060 0.70 0.80
0" a+)- (0"} (Gevic?]
Use angular cut:

zmm ..... BRALRRRNES tazzanzs oo 50 |
| Both States’ ol D,(2420).
150 | ] S enhanced |
100 | % 3
gﬂﬂ
sof 104
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015 025 035 045 055 065 0.75
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QO
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Analyze sina: o is the angle
between thrust axis and slow pion

5 %10 . . .
o 25 <p, <260 i E80<p €275
\ F i 5
5 —\_,_;——-V/I -\H."-"—\.--\.—\.--\.--\.,-\.—\.—\.—l-'—"“’
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1R i !
R |
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e 325 < p, <350 1 ¥s0<p, <375 i
R | T ;
5 | "_""""""—'\—u-_-\.--'"-
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o ATE < p_ <400 1 400<=p,_ <425
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ﬁ ot i

B(D° -» K-n)

D*+ — D%

0.50

8] 050 1.6

sina (in p, bins)

z
Evants /(2 Mevic )

PRL 71,3070
1993 1.79 £fb!

SO0 , ————

400 | K_m

i)
g
- "'_'_.F-

200

Laln} o | l'

1720 ITED  IBDO 1840 BED 1920 1980 2000
MIKw ] {Mevic b

M(K-7+)

B(D° - K-n*) = (3.95 = 0.08 = 0.17)%



B(D° = K-m)

PRL 80,3193
1998 3.1 fb!

Partial reconstruction 500 —
af: Bbar — D*+XI'V i ':' I:!:;}ﬂn’m Carlo Background 1
400} -
S | ]
- Use 7 & l.e’.’.t?.". e = F ++
e - (a) T (b) = 300 _
n:‘mu + Data Y 1+ Data e b Am _
> 75pgl — Monte Carlo 1 — Monte Carlo ] O ]
3 Background E 200[- ]
% soeof right-sign I wrong-sign ] T ¢4 ]
E 2500 1 : i
& . :
’ ST T -
135

MM (GeV / ¢* ) 155

AM (MeV /&%)

165 175

B(D° =» Knt) = (3.81 + 0.15 + 0.16)7%

A tagged b = c,cbar paper also obtained a BR:
B(D° » Kn*) = (3.69 + 0.11 + 0.16)%

PRL 80,1150 (1998)

New CLEO Average (All three results):
B(D° = Kn*) = (3.82 + 0.07 = 0.12)%



Semileptonic D Decays | FLB 317,647
All four Cabibbo-allowed K™lv

Use ém: like Am,

. 'ip— K ev)
but w/o neutrino 5= Kep) = 062+ 008
K* v K*Oly Note: K modes are higher

40

Statistics than K* shown...
can look at form-factor

2700
events

<)
=
3 m_
L 1:I-l L :
o5 0.23 014 622 030 -
om (GeV N ,
e } i DO > K I+V

om




B(Do-)n'_l""v) / B(Do-)K_I’L'V) PRD 52,2656

1995 3.0 fb!

Cabibbo-suppressed

Use D** tag
2-D fit to 6m M(me)

o
=

o
=]

dashed line: K-Fv
dotted line: other background
solid line: m v

M(me) —
A |

projection

Mumber of Events / 20 MeV
(]
[ =]
——TT T

2 B(DO>v) / B(DO—>K-1)
= (10.3+3.9=x1.3)%

Later improvements will come from: or < 15.6% 90%CL
o RICH PID

o CLEO-c kinematics



DO: Inclusive Electrons — 5%

Use slow & from D** tag

T L T r T T L T I L] I ] ] I Ll Ll 1 I
© o ANt 225<p_<425 (MeV/c)
", — Non-D"" Background
__fqhnl:mu-

40000 |- .

80000 |

Inclusive slow =

! l
e

Events [ 0,01
=

m 7 -e' Combinations

b 0O w*-e Combinations
g 225 < p_ <425 (MeV/c)

1000 (o I"Ighf- &
L~ wrong-sing’

0 0.25 0.50 0.75 1.00

w/ elec ]

sinfa

Analyze sina: o is the angle
between thrust axis and slow pion

1 dN -
N Sp (01GeV/c)

v P 20.7 GeV/cg

0.075 -

D.'DD Frrr[rTerrfrrerrreorrg

0.050 -]

0.025 n

:—N I.Illjl.-llllI ek n
<] >1.2 1.7 22 . 3.7 42

PVQ p (&) {GaV I c)
Electron Spectrum

B(D° = Xev) =
6.64 + 0.18 + 0.29

Prev. World Ave.:
7.01 + 0.62



1590 345 57 D; Decay Constant 15705000

| o e 120 e
| < 300} ) i
5 [ T ‘ | > | sof
P * | £ Il |
= M \H L € 100} ' 40. iH_H
ofe—s | | g 4 ohsd -
L. 1 ‘ ..... L % 0.1 02 03 0 01 02 03
0.00 o erence am I 0.30 Mass Difference AM l:Ga\chl
B(D, = uv) / B(D, = ¢mn) = B(D, = uv) / B(D, = ¢m) =
0.245 = 0.052 = 0.074 0.173 + 0.023 + 0.035

fos = (280 = 19 + 28 + 34 ) MeV
most accurate

Clever use of electrons for background, plus e-mu differences
State-of-the-art for quite some time...



2.0

n

M ﬁ*x“}i{ﬁaw::ﬂ:?
o

ol
in

DO = Kna® Dalitz Plot

Previous 4 experiments: <1000 events

CLEOILI: 7070 events 977% signal

Classic structure:

3 bands with long. Polarization
but lots more detailed structure!

I. 1 1 1 1 | L 1 L 1 | 1 1 1 L

1 I[lr’-f"

300
2

1 2
M (K2 (Gevicd)?

400

Events [ (20 MeV/c?)

PRD 63,092001
2001 4.7 £fb!

I§|I

T 5 T T T

1000

1.7 1.8 19 20 21

M(K =+ (GeVie?)

| Y R p— e
0 1 2 Gy
-0 2,2 L=
M (K~ 10)? (GeV/c?) %3, 6¢
1 800} ¥
3
600 -
400+
4
l; 200+

2
M (K~ 71)? (GeVic?)?

0.5 1.0 15 20
M ( %) (GaVie?)®



B(A, = pKrn)

Tag: anti-proton and anti-D

PRD 62, 072005
2000 4.7 fb!

( D: slow = from D*, electrons, Kx )

Reconstruct A, opposite this tag

300

§ T

Events / 0.003

100

pK =t mass (GeV /c?)

M(pKr)

2.14 224 238 2

Events / 0.003

I 1 ] 1 1
1.8 1.9 2.0
K=+ mass (GeV / c?)

M(Kr)

Result: (5.0 + 0.5 +1.2) 7%



Act IL.V:
Silicon arrives at the 45

Lifetimes & D™ Width
DCSD & D mixing?
Charm Baryon Work
Fragmentation

More Narrow D ; 1?!



D Meson Lifetimes

Partial IT.V statistics

B0E129E-016
] T T T T ] T
600 ftal Dﬂ_.._l(-ﬂ.'r ]
400 |— N = 10557 +112 —
200 — —
| |
0 L e : | varjarmus]
(b) DO K™ g0
= t
000 | Np=8567%165 |

DK atnnt
ND =3738+116 ]

Candidates /0.001 GeV /2
=]
(4]
[=]
I

D‘+_"|{-fr+fr+
Np=3777+04 _

DF— gt
Mp = 2167464

o e
-0.06 -0.04 -0.02 0 0.02 0.04 0.08
MID? - M, (GaV / &%)

PRL 82, 4586
1999 3.7 fb!

Note nice fits for t<0 :
good resolution modeling

1

Candidates /0.1 ps

000

100

10
1

100
10

—
= o
==

A0a1288-017

{ch

DK ¥

Different systematics than fixed target, very competitive

DY, D", and D} mesons are 408.5 * 4.1733 fs, 1033.6 + 22.1

+9.9
—12.7

fs. and 486.3 + 15.07% £



CP-Eigenstate Lifetimes 3.7 %

Combinations ¢ (L05 ps

hd Jaanannsaannasns Manss N“Tmif
g wsof 11 Natural Extension of other
Emf 1% D lifetime work...
i | Full CLEOIL.V statistics
bt |k ]
T e e ies g wes  B(KK)/B(wrm) =
KK Mass (Gav) Mass o Mass [GeVie®) 2. 96 - 0,16 - 0.15
N TR 77E N TR A
f f {  CP asymmetries limited
o' 19 E
: 1| Mixing parameter, w/ no CPV:
| 1] ‘ Vep = -0.012 = 0.025 = 0.044
-]‘I

. o -5 a E.EI I 5.
KK Propear Time (pa) Time sz Proper Time (ps)



*x 1 ’
D** Total Width PD 65, 032003
2001/2 9.0 fb!

Study Q = energy release
Good MC & careful cross-checks

Q Observed _, ,
i ia} e Events -
3l ESignal
107 ESignal 5 1000+
- Mis-meas. -
i EBackground - > 800
2 o
2107 10
s | 5 600
o 5
10¢ 0 400
" 200
1
2 4 6 B 10 0
Q (MeV)
I(b*) = 96 +4 22 keV

M(D**) - M(D®) = 145.412 = 0.002 = 0.012 MeV



DCSD & D Mixing Work PRL 84, 5038
g 2000 9.0 fb!
J280100-001
| | | | |
Bp'— Kkt M (a) S CLEOILV tb)
EED—EE,:}_, Kt | 12 40 (9.0 . -
= ) & - N, —_ | l
= K charm B o i S B 3l cLEO v D" k* ]
= | EAuds % o o
£ 25 t 201 ] . " B fro1 0"~ k¥ K
| - L, - 2
5 8 N7 i
5 W ¥ W E7o1 "= K D
L | 10 _
‘\ N
0 2 4 B 8 10 1.8 1.9
Q (MeV) M (GeVic) ]
Wrong-sign Kn
J280100-002
[ | [ [ | ’
i 1] +_- =
40l CLEO NV | 2 "K' y
° =D
£ 3ol [~>] Charm i e
5
= A uds o o
3 Mixing
‘E 20— |]:|:|:| Interference —
P Limits
5 10 -:* %, i
= iy R 95% C.L. Allowed
- #‘f&\ o =15 ] l ]
#ﬁrﬁ
0 .-_-.tqﬁ-*(iﬁbﬁ_ 0 5 10 15 20
'||I ! (% T/ 2)
! ’
-10 | | | | | X
—-2.5 0 2.5 5.0 7.5
DY Litetimes

Note: Analysis also

spawned new dE/dx calibration ideas...



PRL 87, 251802

2001 9.0 fb? Mor'e DO DCSD MOdeS PR]z)ogilgfgg?ll

3
%

Kt

QeTOa0-002
'4':. ID'at' T 7 L ED' ] LI DL L | LN B B s B B e T LI B B O B B
— = Dat - 0. dd, s5
® e (a) | * (b) msignal - OnerE == Signal | Other Charm
230} o RS = 45+ - - - Dez 5ol == D% x?
= O uds = - _:luu,dd, S8 E L
% o Charm - | f I\ §
E 20 w3 = | ﬁ T'i[ 2
2 = £l ’EF‘? £
] 2 i e L L
@ 10 515 1%
ol I
L, L . . L L D T L S oL i L il T - L L
0 5 10 171 1.8 1.9 2.01 1.80 1.85 , 190
Q (MeV) M(K's w0 (GeVic2) @ Wats (Gevic') )

DCSD/Cabibbo-allowed ratios:

R = 0.0043 +0.0011-0.0010 + 0.0007 R = 0.0041 +0.0012-0.0011 + 0.0004
(x a phase-space factor)



D° > Ka%0 Dalitz Plot  "Sl's ¥i7

i D g _kFn 4 o +
[ Lo R o T

5299 events
u;'“.":‘— _:; - ° .
3| 987 signal
L 10 components in fit
“ T ireds See K**7T~ component:
DCSD and/or mixing
2 A First paper of set:
g followed by searches
J e for CP-violation
D "‘"‘gl'“";“'-‘“'?"*'l o Ilf—‘u-efllﬁlrv’;-ti-l IB and D MiXing .

PRD 70, 091101 PRD 72, 012001
2004 9.0 fb! 2005 9.0 fb!



PRL 86, 2232
2001 9.0 £fb-!

A, Short lifetime !

1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
| CLEO LV
9.0 5 1
600 - a* . okt
"“:: pK x

| N, = 47404124
ﬁ'l:

of mass peak)

f\ 4749 events
f Y pkn

g
|

Eventz 0.1 ps
B S
il

o

P
B I
Kl %
r 5
il 5
B ; )
L3
.rll %
r bt
B ; .
& M
- e
v -
i] I TN N T N T s -

2 1 0 1
Proper Time {ps)

Result: 179.6 + 6.9 + 4.4 fs

World average of 200 + 6 fs

(Events within 7 MeVic®

A & E* Lifetime

PRD 65, 031102
2002 9.0 £fb-!

-

=c
3“ | | : | ' | ""'“rllm
s CLEO .V -
_ 9.0fb"
| E:—- =t
Eﬂﬂ— N=-+= 250 +18_
2| = -
2 | 2
§ 10 .
1T 1

4000 2000 4000 6000

2000 O
Proper Time (fs)

Result: 503 + 47 + 18 fs

World average of 442 + 26 fs



w7, . Finding & Beta Decay i
Both use all IT + II.V data
Establish Q_ at CLEO:

5 hadronic modes summed Semileptonic
0] T Q. = Qev
40.4 +- 9.0 events
11.4 +- 3.8 events
3 I I i right-sign i34 wrong-sign
> | 3 13 ]
: A i [l Qe i) Qe
: | 5% 12 % ]
[ R R i vy N : T2
I ] My (GeV i cd)
2. —) First baryonic beta-decay

0° Candidate Mass (MeVic?)
i w/o u,d quarks at vertex

FIG. 2. The invariant mass distribution for the sum of {3~ 77",
O w7, O w*w 7, B 7%, and E K o 7" com-

Fig. 1.
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1200
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dofete™— D*X)/dx (pb)

.
(=]
=

D(*) Fragmentation PrD 70,112001

O cotetor— D) (o 'WWFE

CLEO'’s definitive result  _ | Pre0ss N :
Full IT+II.V data s [ ohlor ]
Great care w/ efficiency L :
& yield systematics 8 1000 .

: P AT R T N N T M S N M N :
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CLEO Pre-History:
Tail of the the D ; (2460)

Follow-up to D, n° ...

UBX 96-4
1996 January 16, 1996 '3

Search for a Narrow Charmed Strange Meson Near D"K Threshold

J. Bartelt
Vanderbilt University, Nashville, Tennessee 37235

A search has been carried out for a narrow state decaying to D'/ mtr~ or
Dotx9, It has been suggested that the “broad™ 17 D™ state, if below D*K
threshold, might be narrow and might decay to these modes. No evidence
is found for such a state. Upper limits are also set on the decays of the
D,1(2536)" and Dr5,(2573)" to these modes.

CBX 96-4
1996 3.75 fb!

Dg+s mass

20 —————

10

M(

D*

70) -

Dots:
Histogram: x>0.7

x>0.6

Real 2460 peak in latter?
But fit to former...



PRD 68, 032002

Rapid Response Team: 5.%; 2 %
Snagging the D.; (2460)

BaBar finds an unexpected (huge) D.;(2317),
and sees a "structure” at 2460 MeV as well:

but it is clearly partly feed-across.

Various CLEOns believe the 2460 may be real, and prove it!
Leverages our very well-understood detector & well-tuned MC

*50(2317)
D*x(2317 D.,(2460)
au IIIIII IIIIIIIIIII IIIIIII ———— Isl S —
_{a] = Data ] Cla) — Data ]
— g Monte Carlo C — Fit ]
| — Fit ] 20 '
40 i i
NE MI_:'.ID'_
- - -
= oy s by s s ey s 1y ax B
= 210 2.20 2,30 2.40 2.50 2,80 = [
0 M[DSID',[GEU."GE] _u:l:]_:.::I::::'::::'::::'::::
LEED IIIIII IIIIIIIIIII IIIIIII _E :I:b]
g (B ’h‘ ] S pof
i o F
0 I i 1D:—
* + - pplad
9 | | | | D_.['Ll.l....|....|....|....
100 ! IEEII:: - IEDI:II - I-'1I:.'I|:; ! '5':":: — IEDI:I 100 200 300 400 200 &0d

M{Dg® %) —M(Dg) (MeVic) M{Dgy ) —M(D5y) (MeVic™]

M(Dsﬂ?o) - M(Ds) M(DS‘YJ'IZO) - M(DSY)



Candidates / 2 MeV

CLEOIIT DO = alv , KFv e eiiee

K-I+v a v
JEULILI LU [FLTURLUELE FLEUELL JRUNLINLIN [RLAUIURLIN) [RLLILINLIN (LU
1200 Mid g° Bin _ - Mid g2 Bin -
C.L.=28% E C.L.=52%| World's best
=I
a0k N when done...
B200} ;-
18 But note Kaons
o .
400 S under pion peak !
O
; (even w/ RICH..)
0 0
0.12 017 022 012  0.22 0.32

AM (GeV)

Decays with K are 10x more common than n :
Separation via “particle ID” alone is hard !

Soon, CLEO-c: has excellent kinematic separation



Act IV:
The CLEO-c Era

The Three Pillars of CLEO-c
o Letponic modes and Decay Constants
o Semileptonic modes and Form Factors
o Hadronic modes and Golden-Mode BFs
Quantum Coherence & other fun modes

This history is still being written...

God grant me the Serenity to accept

the things | cannot change,

the Courage to change the things | can,

and the Wisdom to know the difference.
-- attributed to St. Francis of Assisi



D Tagging at CLEO-c

Clean: high-efficiency for full reconstruction & low background

Don’t forget the use of data for efficiency & resolution systematics !

K-e"v vs. K'ma

Note: coarse yellow boxes are trigger cells, not for track reconstruction !




Tagging Technigues

CLEO-c uses Tagging:
W(3770) = D°DO, D*D-
@4170 MeV: D.*D.*- + c.c.

creates ONLY D pairs

Fully reconstruct one D

- Can then infer neutrinos
(constrained kinematics)

- or get absolute hadronic BFs
(algebra eliminates #D's)

CLEO-c D~ Tags
(used for f;)
30000 |]'1| 10000 I;fll
L | 8000 — g — rI+|
-t KT TUTT J|+ | K n J'l:olftl
|| |' r'll 1'7
coo|- fT| #o0e P
I ll *'. 2000 __--llv;l_ ml
’Lil I\L- ] . I I |-l--
apl  © - '{d}' | | IT"l:
. _ A H
Ksrt ! Ksmmm) |
300 + 00 r#
2 “ I
100 L,' 11 R
, . AR
K b EKK:J'I: l*lﬁ f
4000 — IlI|' |||I 1000 :_ l’ 'lL _:
2000 [l" 1 l L Llf w :




The Three Pillars of CLEO-c

The core open-charm program at CLEO-c features:

Leptonic Decays D,y = uv ,

to extract decay constants \ Testbeds f
estbeds for

D = Klv, =lv :, /noder'n Lattice QCD
to measure form factors

DO = Kn D+ = Knn Ds = KK=n ,
to provide golden-mode branching rations

..and many other nice open-charm topics



Events /0.01 GeV?

Clean, isolated signal peak: Power of D-tagging:

Dt = utv

Recall that the signal is one track + neutrino !

PRELIMINARY
FPCP2008
818 pb!

Fit components

| | 1 I | | ] I 1 i
300 L - 102 =
N - ]
% - | ]
> B i
O N ! i
200 O g i
Q 10 E_ :"I ,_-“'-_E
%) n Sl .
i —0 oz % i x":" i
_ | It TV
100 _—M+V peak 1 2 / 3
L l .C+V’ T+_)TE+ % \ E
[ region I :
0 I | | “":Il | ]
0 0.25 0.50 -0.10 0 0.10 0.20
MM? (GeV?) MIVI2(GeV2)

fo+ = (206.7 = 8.5 = 2.5) MeV

Good agreement w/ LQCD

(207 = 4) MeV



Events / ( 0.02 GeV 2)

D, = pv & vv (v=mv) "R

~400 pb-!

Have published:
PRL99, 071802
PRD76, 072002
(2007) 314 pb!

Background
D. sidebands
" Extra g
7 background
e N I I NP it o Rt
-0.1 0 0.1 0.2
MM (GeV %)

fo = (268.2 + 9.6 + 4.4) MeV  Higher then recent LQCD ?!?
(241 = 3) MeV



D, » tv (1t = evv)

400 MeV

Events / 2 MeV

(93]
o
o

Uses only cleanest tags

D_Sl—>¢7t:

-
(o]
Q
o

005 0 005 005 0 005 005 0 005

Events / 100 MeV

Can't use MM? with >1 neutrino...
Semileptonic events tend to
have hadronic Energy in CsI
( but careful re: K, !)
Plot E,,,., in Calorimeter
( Extra = not tag D or e )

fos = (273 = 16 + 8) MeV

[*)]
o

— |

I~
o

PRL100, 161801
(2007) 298 pb-!

20 |-

(] MC Total ]
[__] MC Signal B
[ ] MC Background (BG) 1
77 MCDE =K e v, 3

——

s

® Data

.1 MC BG w/o D} — K e* v,

1 1.5 2

(GeV)

E extra

E.... can include y from D,* decay

Consistent w/ other CLEO result



Inclusive Semileptonic

Results for & (D = Xev):
Dt: & = (16.13 +£0.20 +0.33)%
DV: 2= (646+0.17+0.13)%
Better than prior PDG world averages:
Dt =172 +=19)% (electrons)
DY 2 =( 6.87+0.28)% (electrons)
DY 2=(65 0.8 )% (muons)

Most exclusives known (use CLEO-c BF’s):
28D *= Xev),,,=(151£05+0.5)%
>ZMD° = Xev)...=( 6.1+02+0.2)%

excl —

Combine with lifetimes:
D* T =0.1551 +0.0020 = 0.0031 ps’!
DY Tg =0.1574 +£0.0041 + 0.0032 ps’!
I (DY) /T (D% =0.985+0.28 +0.15

PRL 97, 251801
2006 281 pb!

Only “golden” tags:
D* = Kntn* & DY=K-r*

1EI0A0E-01 2

A D
N oDe
E 0.3} + " — D+t
P —- D°fit
<
<
-
5 0:2F
>
T
=B
e 01F
5lg
D_

1 1 1 1 1 1 I 1 1 1 I 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1
P, (GeV)



Tagged mev, Kev 281 g

Preliminary

Cabibbo suppressed Cabibbo favored
DO — ety ﬂDO — Ketv

200
180

6796+84 events
BR=(3.58+0.05+0.05) 10-2

699+28 events
BR=(3.1£0.1+£0.1) 103

S 80[
- =
L s0f|

40

20

0k 2

so | # D+ — Koetv
S ol
= - 2910+55
= OF events
— -
S 20fF
L B

1u;

05 -0 0.05 0.1 0.15 0.2 0., .15-0.1-0.05 -0 0.05 0.1 0.15 0.2 0.25

U - Emis o |pmis| (GeV)

Excellent background suppression
Small K- feed-across due to threshold kinematics

miss



Tagged .Tﬂe'v, Ke,v arxiv:0712.1012

arXiv:0712.0998
(accepted by PRD)

. . 281 pb™!
Cabibbo suppressed Cabibbo favored
D’ > wetv, 1D’ - Ketv,
Bﬂﬂ; 1325+48 ;' 14356+132
soo- events 1T events
"0 400}
% i
200
E -
B 1o D" ety +D*— Kgetv,
5 447429 +1 | 5846488
\r events - events -3000
200 - -
- 2000
100 |
_ ~1000
—= 0

DLBD 1.82 184 Léﬁ 188180 182 184 186 188

M, (GeV/c?)

Factor ~2 increase in the signal statistics compared to the tagged analysis



Branching Ratios

Cabibbo suppressed Cabibbo favored
PDG (2004) —— PDG (2004)
BES I ' . . BES Il
Belle (taa. 282 b - Belle (tag, 282fb™)
BABAR (no tag, 75 tb™)
CLEO-c (tag, 281 pb”) wor Preliminary CLEO< (tag, 281 pb”)
CLEO-c (no tag, 281 pb™) e CLEO-c (no tag, 281 pb™)
1 1 I l 1 I 1 l
l 1 1 L l 1 1 l 1
0 2 4 g 2 :
B(D" —  e*v) (x 109 B(D" - K e*v) (x107)

Significant improvement in precision by recent measurements
(CLEO-c most precise)




Pseudoscalar Form Factors

29 D Ke'v,
— LQCD mean
W LQCD Statistical
2 LQCD Systematic
« CLEO-c(tag)
o GLEO-c (o fag) Good agreement
15/ 4 BELLE with Lattice QCD
» BaBar
&
1
- Donetv,
05— 3 Fit to Quenched LQCD (Abadaet al )
i . Quenched LQCD (Abada et al)
- 25 " CLEO-c (tag)
Du [ T u|1 L Dlz I S o} CLEO-c (no tag)
. qz(Gevz)fM: % 2 A BELLE ?]
[ — [ . I
+ -
=15 }
i o ¥
11— o 1
L 8, A B Oi . + ? +
DE*_—
: I I I 1 | | I I I | 1 I I I I
O 1 2 3




D & D*: Some

Comparisons

PN PDGO4  3951107-001

Lead Glass Wall
Mark Il

Mark Il
(1] ' 4
olden Modes” are now e
s Y0 _ ARGUS (B) e+
systematics limited K7t | haed, )
ALEPH 97
CLEO Il average
I PDG04 I CLEO-c 281 pb" 3951107-003 BES II
St R N . CLEO-c,56pb™" =~ H&H
K-m* R Do BABAR
CLEO-c, 281 pb-
K-r*n® - HeH c Fl)
2 3 4 5
Kr*nn* - e ‘B(D°—Km*) (%)
Kn*mn* - PDGO4 3951107-002
I ' : ' | ’ '
krrene D+
Kon- -H CLEO Il
corn I - et
S :
SES S K-mtm+t| "™
K-K*r* e -
T 1 BES II
04 06 08 10 12 14 16 S
B(CLEO-c)/B(PDGO4) | R
Use PD604 since PDG0O6 | =™
PRD 76, 112001 D D | l |

(2007) 281 pb-!

included 56 pb-! CLEO-c

5 11

‘B(D*—>K-n*n*) (%)



Events /(3 MeV/c?)

D, Branching Ratios .o a5t

All double tags
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Conclusions

Both the "CLEO-b” and CLEO-c phases
made HUGE contributions to the world's
knowledge of open charm physics.

CLEO also pioneered many techniques,
even while borrowing and extending others.

The physics results are of course very
important, but perhaps even more so
are the physicists trained here that
have continued onward with both the
knowledge and spirit of CLEO Physics !
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Asking *me* questions is fine, but...

Better to use the collective historical
and physics knowledge of the audience!

SO...

? Comments & Discussion ?



