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Charmonium: First observation of J/y & 3y
Exclusive decays of yx_,

Properties of n_and h_

Light systems: y(2S) @ nJ/y: n BF's and M(n)
y(2S)» mw diy, Jy=>yn': M(n")

Open Charm: f_ and f,_ (a puzzle?)

Discovery of D_ > pn



Detector and Data Samples
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V Detector Energy GeV [ Luminosity Narrow
¢ i 'i"‘:“a:'t or QQ resonance fb-! resonance
Quadrupoles slorimetet (targeted Qg meson) statistics
Rare Earth CLEO-II Y{ES',I; .32?4 1.383 EZ;
Quadrupole ~a 7 (B,) :
e Y(4S) (B)+cont | 62 +22
Magnet PORRN, T Y(3S) + cont 1.2 +02 | 6M
Iron Chambers Y(2S) + cont 1.2 +0.4 9M
B(W(ZS) > T J/\V — 329, (8N75°/o) Y(1S) + cont 1.1 +0.2 |[22M
— 6.9-84| 0.02
4.17 (D.) 0.586
B(y(2S) » yx,, =~ 9% foreach J=0,1,2 Se———
w(3770) (D) 0.818
Clean, tagged, abundant J/y, ¥, datal Vogel, w(2S) 0.054 27M

3.673

0.021
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Tag via y(2S) » n'n J/y
(eliminates QED background!)
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Jy = 3y

Perform kinematicfit;, e S
Signal peaks at low Y2/dof i "':,i?oz,:zes::d*
Background rises away from zero Nl . * B
(and is independent of 7°x° substructurel)o ||| L\) -Hﬂ_;# H,

signal }fﬂ * IH '
Result (arXiv:0806.0671[hep-ex]): i | * * T
B =(1.2+0.3+0.2) x 105 (60) P —

i 4/ > background +

L% o subtracted

First observed 3y decay of any hadron!

. M
and B(3y) (o/14)B H |

W~ 3x10° 1 HH +

But QCD corrections difficult & uncertain! ¢ % 5  » =
yiidof

Theory: QED: B@Y/B(3g) ~ (o) | Hl |H MHH
|H|| w |
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Exclusive Decays of y_,

w(2S) is a Xes factory: X., 2 2 hadrons: color octet contribution?
B(y(2S) » 8-10 % oo ™ 1Y
(W(2S) > 7xey) ~ 810 % “pure” QED? Relativistic & rad' corrections!
for each of J=0,1,2 (>2M each) wide range of predictions and measurements
for rate

Can probe exclusive decays
down to BR~10* Xey > M) ()
single-OZI vs double-OZ|

Gluonic environment in x_, decay
X, > baryon antibaryon

differs from J/vy, y(2S) deca
¥, ¥(25) y puzzling relative production rates
Studied 14 exclusive decay modes

X, = multi-hadrons
(13 hadronic + vy)

resonant substructure, isospin relations, etc.
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ey — MM, M=n,K T

(1.c1—PP is forbidden)

1500 300 e N
T[+T|: ﬂﬂﬂﬂ %

oF 1000 Yo ¥ 200
=
e 160 Previous measurements
o o S o b B : had uncertainties of 10%
“'E 12&0- : , ; 3..30 3.40 3.50 3.60 or Iarger
g KK
& ];{?Uu 5 Clean signals seen

o 2"” in CLEO data

[ 100
30 A CLEO uncertainties <=10%
0 1] ¥
3.30 3.40 3.50 3.60  3.30 3.40 3.50 3.60

Ratios:
= e Ao CLEO improves upon precision,
& 0.54+0.03 |0.47+0.05] . - : :
o | kKKK |pelle Bl !s cor?5|stent thh Belle an.d with
= 0.49+0.11 | 0.70+0.24 ISOSpIn counting expectations,
= onl/n*n | 0.4620.05|10.43+0.13 ]
i KK KK =1:2
a 0.55+0.03 | 0.33+0.03 s s
2| KKJ/rn*n | Belle: Belle: . 00 o b= _ q-
cﬁ 0.46+0.11 0.40+0.12 egie Mellon T .TT =12 6




o AL

300 SR L I R

ch 2 YY CLEO arXiv:0803.2869 -

_ (subm. to PRL) |
200
IE1 E |
w(2s) 2 | = |
C |JI| e —
) A, | | i 2 2 [
C I"..-"I _L '-._ _.-'I o E 100
@ |
¥og—ry is pure QED in first i
approximation pl—iii o bl i ] _—
70 170 270 370

Decay rates — relativistic and E (1) (MeV)

radiative corrections Result: T (J=2) = (0.60+0.06+£0.031£0.05) keV
(significant in the "
Important quantity is R=T"_(J=2)/T"_(J=0
I['(y=> vy) measurements range P .q | d =2 (3=0)
from 2-4keV, with smallest (Cance”atlons N pQCD), R’[h=(4/1 5)(1 -1 .76(XS)
SXr g Geed Ryn(0,=0.32)=0.12, vs. R, (world avg)=0.20£0.02
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Events / 3MeV/c?

Picture book of more exclusive y, decays

= . ki)
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! ol ! B T o
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CLEO prehmmary, 3M q;(ZS)
I(*I( it

THT"H

e a1 o .

g.EE

142

Clear signals
seen

M(4hadrons) (GeV/c?)

MassKK+] Gavie'

27M y(25) - first look...

MassKe1) Geic'

KK

H&I.I]K" =} Gavle!

Haéwmzu} Gevic'

K 3 Ksll: s

BT [ b o
33 34 345 35 385 36
Wass[KKz1) Gavic'

335 34 345 35 355 16
Mass{KKzr) Galic'

All CLEO. Many are First Observations, or
more precise than previous world averages!
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S
........... % [ _ Exclusive n.
12 ""“_ T T
& 0;; Inclusive Ne E B : mOdeS) |
‘I.II!t E !' : o j .
40000 - 1 I % . sk | W yN.
R X Tt T S |
2 v SR =B(/W—YNJ)

ity l W] w” i TI-'I- B i s kel AT 0 T (TS MY [PRE TR M § J- :‘III :
: : 0.04 014 0.24 024 044 " P
EE’I’J [GE'V] n . 1|'IL.III i
| / Exclusive N ; '
* i Jiy->yn,: DIRECT M1 transition

Inclusive rate measurement d|ff|cult
low y energy, unknown bkgd shape.
\ Use exclusive event reconstruction.

y(2S)>yn,: HINDERED M1 transition

Must take into account the high-energy tail in the signal shape.
We do both inclusive analysis (counting!) and exclusive event reconstruction.

QCDO08 H. Vogel, Carnegie Mellon 9




N ‘p"_.,Yn Results: CLEO arXiv: 0805.0252
¢ (submitted to PRL)
B(y(2S)+YM,) = (4.32£0.16+0.60)x10

PDGO6: (2.61£0.4)x10
Theory: difficult: M.E. suppressed in HINDERED M1

(JAY>Y N )/(W(2S) » yN,) = 4.59£0.23£0.64
B(J/y»yM,) = (1.98£0.09:0.30)%
PDGO6: (1.3:0.4)% > T, = (1.2+0.3) keV

Theory (LQCD, Dudek et al., 2007): FMC=(2.OJ_rO.1iO.4) keV

(Now good agreement -- discrepancy resolved!)
As “byproduct”, can calculate
B(n, 2YY)=(0.6*"3,.+0.1)x10* (<3x10** at 90%CL),

consistent with PDG.
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h, Mass: New, updated measurement

3900 —

CLEO-c arXiv:0805.4599 [hep-ex]

3700

* A factor of ~9 larger
statistics than in the initial
publication

&
=2

Mass (MaV)

o~ 1 1+ 0,1, 2%+

_ n,. reconstructed in one of 15
“tagged” by E1 v

o 3850208003 35 ?xciusive decay modes 3850208-004
g S 30 - Exclusive
> 1000 ® oo | 136+14 h_events
s 800 = [13
: - pof-"=0
— eoof Inclusive = “"F 3525.21+0.27+0.14
I - 11461118 h_events BI5E ‘ ' '
= 400f c =
o 2°F 3525.35:0.23+0.15 MeV o 5 ﬂ'ufﬂﬂui!r" __________
ok 10 0 1o 1w b by | oEL VI 4 Tyt n.}.h...i
3.5 3.51 3.52 353 3.54 3.55

348 349 35 2351 352 353 354 355
n° recoil mass in GeV 1° recoil mass in GeV

Result: M(h,)=(3525.28+0.19+0.12) MeV
cf. <M(x,,)>=(3525.30£0.11) MeV (PDG)
- HF splitting of 1P states is negligibly small!
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Invariant mass of n decay products:

wfyr Qe CLEO n Mass

e F y(23)—ndhy
o 27M w(2S)
3 I N _
50 | gt g 1 CLEO: M(n) =547.785+ 0.017 + 0.057 MeV
o eIy PRL 99, 122002 (2007) (arXiv:0707.1810)
0
wf ST | A | 1 KLOE: M(n) = 547.874 + 0.007 + 0.0239MeV
vkl "'ﬂ!' s | arXiv:0707.4616 (LPO7 contribution)
10} e | | || U ] _JHEP 712, 073 (2007) =
0 ""“E’ I;I: + H | s IR +|.~ Il il" !I'iw ceoqwyeil GLIE&'{W}: ﬁ'
s _ KLOE (07) ® ——— 370
100 T '"’-1.~ ] GEM (D5) @ e n*n-n?

—.—3:[+';|1":|f

] .
/ Ve e OE(07)  wem
/ \ : Krusche (95) =o= @
50 - f ] f'ilﬁﬂ-ﬂ (02) gy '

Plouin (92) @

: , ] 547.4 5476 5478 5480
0 Ty I- e e R e : '. I. s TN Duane (74) ==
40 I | v James (66) ee———————
ao F H+H-T Ilql ] Foster (65) e
[ I': ] e Folsche (64)

i 3 E Krasmer () e — —
10 F | ——— Delcourt (63)
" i, Ml e g Alff-Steinberger (62)

’ =i = nd 4 A Basten (62)
M(CLEO) - M(PDGO06) (MeV) . - .  Platagp (83 |
16k fully reconstructed events fahlke, saq 546 548 550 552 554

1 Mass (MeV)




:
n' Mass |
; 0.4 0.6 0.8
R £ _M@'n) (GeV)
Use y(2S) » n'n Jiy, Jiy 2> y7q' = ool Siwf T LT
P + 100F
Similar technique as in n mass measurement £ o g ;
::i 1;2: "
1 _ | H'l l fulf E
Result: 0.9 095 1 Q. i"0.12_ 0.1 0.6
: Mass (GeV) M(yv) (GeV)
S (CLEO arXiv:0806.2344, subm'to PRL)
s M(n')=(957.793+0.054+0.036) MeV
N . . . .
S 3 e consistent with and substantially more precise
g ot TAN(37)  than previous world average
= o | i Implication for the pseudoscalar n-n' mixing angle:
1) 0-=(41.461+0.008)° (Jones & Scadron 1979)
155- ‘ ‘ check: Agrees with ¢, from BFs: flavor symm' breaking small?
1oL : N T2 N2 A T2 2 2
5:_ g 1 E c ,r': p = &y 7 i 7 i 7 i 7 i 7 !
el | W, (2M% — M2 — M2) (M2, — M?2)

M-M(PDGO7) in MeV QCDO08 H. Vogel, Carnegie Mellon 13



Charm: Decay Constants f; and f__

¢ and g can annihilate, probability is
proportional to wave function overlap

Feynman diagram . v;dm,;w et
in Standard Model : DS guons}

a A%
In general for all pseudoscalars:

-
gl

-
&
I:

g

+ + 1 2 2 2 . F??f )
[ (P —/ V)=§(1FL]‘P;}?(1WP{I—IW;J

Calculate, or measure 1f V/,, 1s known, here take J/_, =V =0.2256

IS5
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f, & fo.: New LQCD Calculations

Follana et al HPQCD &

UKQCD collaborations
(PRL 100, 062002 (2008))

New predictions of
fo+= 20714 MeV

f.. = 24143 MeV

« Older unquenched
from FNAL+MILC
+HPQCD are:
fo+r=201+£3 £17 MeV
fos = 24913 £16 MeV

(Aubin et al., PRL 95,
122002 (2005))
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Basic Technique for D* = u*v

CLEO-c, 818/pb

- Fully reconstruct a D-, and count total # of tags

. Seek events with only one additional oppositely
charged track within |cos6|<0.9 & no additional

photons > 250 MeV (to veto D* — m*n°)

. Charged track must deposit only minimum energy
(from ionization) in calorimeter < 300 MeV

. Compute MMZ. If close to zero then almost certainly

we have a ufv decay.

MM’ =(E ,~E.)~(p,. ~p.)

We know Ey+=E,_. ., Po+= - Pp-

QCDOS

Lo | T 12000 T L Y (L I
}._JI___ _ i f_ 0 ]
aaoel- M L 7 f ~oeel T 4 §
i 1 s} A -
L | [ []
- | ] ]
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. | I 000 - | I: o]
i0one t 1| * I {1 ]
{ ¥ il
_P | | L =R R TR S \\;
5, PR Py R 0N '
£ : T
s ==t | :
500 - I‘l l?i-r , IKS\'T I I 'ﬁ.
: I 1 700 |- r'-, -
am - (\ [ j
| ! L b l 1
0w - [l - son - I B
3 |: I. I I. i
20 |- | i L! '.‘I ]
i { mup 1 -
| | 3 9
Iy T
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B e e s R0 vt N (P S T S A T O 1 p
P R S N T R T 000 | —— T
- ) B §
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D+*->u*v Signal & Fit «|
tv/uv fixed to SM ratio: NEEOO- ;
-- B(D*=»u*v)=(3.82+0.32+0.09)x10* E ‘
- fy+ = (205.848.5+2.5) MeV a |
tv/uv ratio allowed to float: 0: L . P
-- B(D*»u*v)=(3.93+0.35+0.09)x10* = Rt
-- fo+ = (207.6£9.3£2.5) MeV : iy
s 3 Background
"“‘% s % cocktail
(arXiv:0806.2112, subm' to PRD) <
Theory (Follana et al.): E -
-- f_+= (208+4) MeV N3
3
Excellent agreement! : AV e lﬁm
QCD08 H. Vogel, Carne ©f0 0 010 " 020

MMZ(GeV 2)



f,.: use e*e>D_D_" at 4170 MeV

. Reconstruction of tagging D~ ¢ —Db.D.’
= e LIz e L
ne H

= Reconstruct Dg", similar invariant mass
distributions as for absolute # analysis

EEEESdESE

5 ¥ 3 g 3 £ &
et B

» Find the yfrom the Dg* & compute MM? from
Dy &y 1 PPRT |
1\/‘[h/‘[>1<A :(E'CM 'E'D- -E:,/ )é -(-pD- -p;uf )L

= Select combinations consistent with a 7T T ey
. : S
m|SS|ng DS+ & Count the number Counting tagged D_*events in e'e- — D_D_'. 30,848+695

T

i

f

t

NEERET NN EERE KR T

g
T

il

» Find MM? from candidate muonsinthetag i | e i ] Bt
n bt I 4 i W . ey,

Sample’ Where f#:ﬁ:;;ébiﬂdﬁkarnft' “M = B il o
N[MEZ E.-E -E-E £ D DD - = ].### =0 N ;ﬁg 'f;@?,@ﬁé

( > i u) ( 1 D 1:/ 1 u) !;Mmﬁiﬁ %Wﬁ zgwr Y zgp@ i

For further details, cf. S.Stone (CLEO), ; e J; = !“,"W"*
arXiv:0806.3921, and talk at FPCP08) w |3 E

MM*2

QCDO08 H. Vogel, Carnegie Mellon 18



D -)u+V TV Slgnal & Fit (cLEO PRELIMINARYY)

rv/uv fixed to SM ratio. Average the

arXiv:0806.3921

result with that from D_t(evv) v gm;_
analysis (PRL 100, 161801 (2008): Emj All Tags
-- T+ = (267.91£8.213.9) MeV s |
e |m;r”|9:ntua;:?6ew m— MM*2 —
AgreeS with Belle: (2696i83) |\/|eV, = umm*gﬂeev;} o
arXiv:0709.1340 but disagrees with 60- TS
Follana et al.: (241£3) MeV, by 3.2¢! o 50 :
@ B d
Are the calculations reliable? S ao- :
If not then what about f;, f_ , CKM fits? = il |
If yes then are we seeing New Physics o | :
. . . . £ 20~ £
(leptoquarks, charged Higgs, R-parity violating 3 B + :
SUSY,...)? cf. Dobrescu & Kronfeld, arXiv:0803.0512,  yqf +
or Kundu & Nandi, arXiv:0803.1898 A el SO RN
0.1 0 0.1 0.2

QCDO08 H. Vogel, Carnegie Me
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‘ Discovery of Ds™—pn

&

APPSR <UL 3

= Use same technique
as for u*v, but plot S|
MM from an identified
proton

= No background

= First example of a :
charm meson il
decaying into baryons

4

3

Events/d MeV

s

neutron mass

arXiv0803.1118v2 hep-ex] o) 400 181802 (2008

D, =3 pﬁ):(l'BOiO'BGEiE x1073

0.85
Missing Mass (GeV)

0.95

1.05

= Consequences for understanding W annihilation dynamics

see Chen, Cheng & Hsiao arxXiv:0803.2910v3 [hep-ph]




Summary

Charmonium is an excellent testing ground for QCD:
-- Spectroscopy: M, h

C

-- Can “dial” gluonic environments: y(2S), Jiy, X,

-- Production of lighter systems (t"t tagging is wonderful!)

Decay constants: f, in excellent agreement with LQCD,
f,c in 3.20 disagreement with LQCD.

Who is to blame — exp't, theory, or NP ?

First Observations & Discovery: JAy >3y, D = pn

CLEO-c is laying good groundwork for BES lII
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Backup Slides
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E+
‘\ o
r / z?mwzs} w(25)

B(w(2S)—nJhw) = 3.1%,
B(JAv—I*T) = 12%,

Fully reconstruct five final states:

Yy + 3n' +ahralt mropt etey
38.5 34.0 226 4.0 0.9%

Follow PDG procedure: sum of
the above five modes is ~ 100%
— build absolute Br's from ratios

ntmy and efey. 3o deviation

CLEO, PRL 99, 122001 (2007) or
arXiv:0707 1601

~

n branching fractions TR e

__-'-'J 1

—

0 12 Jhy momentum, GeV 0.28

=1
0
Q
I
@
™
L

- h%gm gg
DE f =

0.15 % o0z — e .6
{Hil {GBVI E (Lﬂ} IIGE"H"J'

uar_ll

PO N IR 6 R TR [N RSN
o 2 0.4 0.5 [ X}
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f | 1
& 15 0175
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F A0 [E=00 3

2DDE—IIII|IIII|IIII_E _IIII|IIII|IIII:
150 E 5 10k &
100 1 eF E
— 50f yrn'n’phasespace 3 CVE vi.(980) :
_E 0 E————+———+—+—+—++ 0 B
= 200F I tal B caRRv = .
o~ I . o 1
w 100 j_J_'ﬁ_I:ffE{12?D} E - ‘;
= 0t D'::::}::::}:::::
= C i 200F =
200 F E 2 E
— 100F = = E
5 E g 50 : ¥ fﬂ [EDEU] _;
= [‘JE::::I':::I::::E D:::::I::::I::::;
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y?/dof

FIG. 3: The distribution of +2/d.o.f. for Jifr — Fy (lower
right) and several sources of “;-r':'?r': background.
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\Z“\, Recent CLEO Resulis Meson08 T. Skwarnicki 25 ~ . .
| CLEO-c method 3

‘*x@ -
et CLEOQO arXiv:0805.0252 [hep-eX]
« B(Jhy—yn,) difficult to measure from inclusive

photon spectrum since 1_ is broad (25 MeV) and
the photon is relatively soft (large background of

unknown shape) 3000
= CLEO_C methDd: g DD Threshold
BU!LP_PYI-IE) — R h 1|:-1 IZ
A/B %asm _2'_
7
, P2YN) x B2 X) ) 00
@=ynyxBn—=x) )
Measure from 2000 ]
inclusive photon  |Jse exclusive reconstruction i P gpyett
spectrum. of a large number of possible : X - reconstructed
The photon is final states X (suppresses the I exclusive
hard, thus backgrounds). ! decay mode
backgrounds are  Take the ratio to cancel !

under control. unknown B(n. —X) anvthing



P’ YN

® Tag nc decay using |3 signal-rich decay

modes (some new)

CLEO -Pﬁe#ﬁ#n-aﬂh

Perform full event kinematic fit to sl '

: arX|v 0805 0252 All Exclusive |
sharpen photon resolution b Ne Decays |
The nc line shape in hindered M| f

-y . Sha Y 1800 .
transitions is nontrivial and cannot be WYX P'—yne.
easily fit by a Breit-Wigner (even when K;J:‘E:]ll-’
energy-dependent phase space and W =T N
matrix element terms are included) 1000 high photon energy |
E ' t {low hadronic mass)
| ” .".'_': o i Fin1 |4 N tail
Latsinitsoy = Ve Q it L e Harolr ] Haolr) Jo ( pl )j 5‘- | + ++4+ /
_ _ cf: Brambilla et al, e F B Fhyts’ : ++"+*"h.‘."*+r; o 3
Jolk,r/2) = 1—{k,r)*/24+....  PRD 73,054005 (2006) ‘\ W
- background fit 1
’ » 7 i
r(LIJ _"Yﬂc) [n:,f:n] = E"r' gl 1 g P
040 0_60 0.80 1.60

rJ/w—yne) [n=n] « E/’

QCDOS

Ey (after kinematic fit) [GeV]
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