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Motivation

e Until 2003: D/D, spectra not very exciting
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Motivation

e After 2003: Further states, partly very narrow (D_ system)
« Not consistent with theoretical expectations [ D;5(2317), D41 (2460)]

Prediction (Godfrey,Isgur)
Measurement
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Motivation

e Nature of the recently found states?

- cu/cd, c§ states

- Tetraquark states

- Molecular states (near threshold)
 Experimental observables

- Masses

- Total Widths

- Spin-Parity

- Isospin

- Partial decay widths

- Mixing angles
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Charm Production at B-Factories

BABAR

i B2

e Resonant T (45) [T (25), T(3S), T(55)]
ete — Yy — bb
favored decay: b — ¢ W- BY, B*, Bs{

e non-resonant qq production: efe- — ¥ — qq
cc-events rich source for D and D, mesons

ete” — | ¢ [nb]

bb 1,05 BABAR integrated luminosity
ce 1.30 531fbt
— 558 - 10° bb pairs

_|_

e

® 0,35 — 690 - 10° cC pairs
dd 0,35 Belle integrated luminosity 921 fb-!
uu 1,39
B-factories — Charm physics studies
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Experimental Overview ? LI

Electron-Positron Collider: PEP-I1 / SLAC

PEP-I11
Rings ™.

Positrons .

Instrumented
Flux Return

BABAR Detector

1.5 T Solenoid

Low Energy Ring
BABAR Detector

) Drift Chamber

Electrons

High Energy Ring

Very good PID, Tracking

and Vertexing A &)
e (9. e

Electromagnetic
Calorimeter

PEP-II
ete- CMS energy Cherenkov Detector
748 [T(29),7(35)] "9

max. lum. > 1.2 - 1034 cm2s!

Silicon Vertex
Detector
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D Meson Spectrum

cu, cd (=D, D*™) and c.c.

angular momentum L

Heavy-light quark system
HQET: spin S, decouples
Jq g0od quantum number

m [GeV/c?]

3 | | | | |
1172 172 172 172 3/2 Jq
28] —— 302 —r
2.6—: - —
2.4- == -
2'2_: ________________________________________________ :_D*J'IZ
- Do
18 | T T T T T
0- 1- O+ 1+ 2 3 * —
P (* = nat. Par.)
NG J /)
Y~ '
L=0 L=1

— Experiment
— Theory (Godfrey,Isgur)

(Phys. Rev. D32, 189 (1985))
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D Meson Spectrum

 S-wave states (L=0)
DD+  (Mark I, 1975)
D*/D*= (Mark 1, 1975)

2.4 —_— -

i D*n
Do
(* = nat. Par.)
—
L=0 L=1
— Experiment

— Theory (Godfrey,Isgur)
(Phys. Rev. D32, 189 (1985))
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D Meson Spectrum

e S-wave states (L=0) g ’ 212 R 312 Jq
DD+  (Mark I, 1975) &3 28- — 32 —
*() * 4 S - —_ /_\ I
D*/D**  (Mark I, 1975) masd*]— 01(2430)D3(2460)
* P-wave state candidates (L=1) 2'4—; __—DTQAQO) -
(D,(2400)  (Belle,2004) 2] Po(2400) /- o
D,(2420) (Argus, 1986) 1= D* _________________________________ :_Do
< ‘ 2 ] D i T
Py E430) - (Belle, 2004) ]— ‘
% 18 T T T T T
\ D2 (2460) (E691, 1989) 0 1- 0+ . 1+ 2+ 3- (* = nat. Par.)
Neutral and - J iy y
charged states L=0 L=1
— Experiment

— Theory (Godfrey,Isgur)
(Phys. Rev. D32, 189 (1985))
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D Meson Spectrum

Predicted: br(fd nari)w Decay S-wave, D-wave
s N N ox 2L+l
@\
2 28 L L=0 L=1
% L jq 1/2 1/2 3/2 (q breakup momentum)
& I
= 2.6
&
= 2.4
2.2}
2
1.8 5
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First seen in continuum events

2
o

WEIGHTED COMBINATIONS20 M

DY, D= - Production

| R
(=] | ¥
e D
B0 | ++
R
40 4 :
I +1|+ i
s +
2 | 1‘+ +'li- ‘
¥ +++"H
o i | I |
qﬂl:’-l H_1T_1Tt'.ll'_ DO
|
S |
200 | i
LI T
A +++++1-.+‘
100 & et ﬂ+‘i
0 I I
6 L8 20 1k

VARIANT MASS  [Gews

232 fb’!

091102 (2006)

Phys. Rev. D74

Mark I, 1975

80

60

40

20

1.6 .8 20 2.2
INVARIANT MASS  (Gev/c?)

Events / 0.625 MeV/c?

Events / 2.5 MeV/c?

—

- A | D° 2006

RN

1.:}'5 1.8 1.185 1.9 1.I95
m (K't+n0) [GeV/c?]

175 1.8 18 19 195
m (T w+r°) [GeV/c?]

2000 ' ' '

g
[ AR AR R AR AL R A

1.75 1.8 1.85 19 195

m (K'K*n0) [GeV/c?]
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D, D* - Parameters and Decays

DO m=1864.84 = 0.17 Mev/c2| (FPGOS)
ct=122.9 um Topological modes
0-prongs [w] (15 £6 )%
D* m=1869.62 + 0.20 MeV/c?| 2-prongs (M +6 )%
cT=311.8 um 4-prongs [ww] (146 =£05 )%
6-prongs (18 T30 §¥ie
JP=0- COHSISten.t Wlth . Inclusive modes
angular distributions et anything Do ( 6.53 £0.17 ) %
e .
1 (1" anything (6.7 +06 )%
D Ground state 1'S,, K~ anything (54.7 +28 )%
K%anything + K%anything (47 +4 )%
K™ anything (34 +04 )%
: K*(892)~ anything (15 +£9 )%
200 decay modes studied K*(892)0 anything (0 <4 )%
Study of weak decays K*(892)* anything < 36 %
DO-P Mixing K*(SQQ)Danything (28 +£13 )%
. . n anything (95 +£09 )%
See other talks on various D studies o anyehing ¢ DG ST G
¢ anything (1.05 +£0.11 )%
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D*(2007)% D*(2010)* Parameters, Decays ... ? " 5

Entries / 0.5 MeV/c2

Number per 20 MeV /c?
83

First seen in continuum

L= ]

3000
2500
2000:
15005
10005

500

-]

- em "4 4'5 GE‘U"

.d‘n:hh.l 4L

.................... T

Mark I, 1975

i

i *\P‘M

[

RACHRS L m "l’ i

15005000 2500
Recoil mass (MeV/c%)

I

0.130.1350.140.1450.150.1550.160 1650 170 175 18

m(D*)-m(D?) / GeV/c?

D*(mno DECAY MODES Fraction (I';/T)

DY 79
D%~

(61.942.9) %
(38.142.9) %

D*(2010)* DECAY MODES Fraction (I';/T)

DO 7+ (67.7+0.5) %
D+ 70 (30.740.5) %
D™~ ( 1.6+0.4) %
D m=2006.97 £+ 0.19 MeV/c?

j[)#tt

I'<2.1 MeV

2010.27 £ 0.17 MeV/c?

['=96 + 22 keV

JP =1- Consistent with
angular distributions

138,
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Dy*(2400) — Production, Parameters

First observed in 62 fb-l
B — (D)7 Phys. Rev. D69
112002 (2004)
+, 140
2120 Pm
i <2 /o
100 m SR
2 80 ] *
i [
=60
wof I /ﬁ
[ /)
20 I"' ‘i:.. . Il

Dg (2400) MDTE min(GeV/Cz)

m = 2308 + 17 £+ 22 MeV/c?

['=276 £ 21 &£ 63 MeV

Only decay mode Dn 100 MeV difference

JP = 0t favored 1'P,

Use decay pattern for indirect
JP measurement
Allowed decay modes for
JP=0"Dx

1+ D'n

2+ (Dm, D)

Focus (seen in YA)

D§(2400)° m = 2407 £ 21 + 35 MeV/c?

['=240 £ 55 £ 59 MeV

D§(2400) m = 2403 + 14 + 35 MeV/c?

['=283 £ 24 &+ 34 MeV

Phys. Lett. B586, 11
(2004)
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D,(2420) — Production and Decays

First observed in continuum B-Decays

ere— (D*T)X, D*— DTt B — (D*m)n, B— (D)1t

Op——T - —t —— = ~, 707 s
o Argus, 1986 z o0 _*ED B
20:' ; % 50;— E .m—
155:- % 2 VR - :ﬁ 40; S 30

. ./ . ' = 30 ¢ s F
10} 74 NI ] 305 g ol

- il "L::'"!“-u | fi bl ] 20 3 E B

5: l i b l ! .’l fj 10_ i :— -r! .

UUJ lllu'z- | ID;"I 06 IOI'BI | 1o 2 - 2.325 245 2575 2.7
m[D*"(2010)T ]- m[D**'(2010)] [Gevic?) : : M(D"=*7) (GeVicd)

0 : .

Dl (2420)Y DECAY MODES Fraction (I';/T) a) 62 fbl

D* (2010)—|— T seen Phys. Rev. D69
PO+~ cen 112002 (2004)

-1
DT ™ fot seen b)llﬁs be Lett. 94
“0 4 ys. Rev. Lett.
D rt 3 221805 (2005)

Torsten Schroder Charm 2009, Leimen The D and D, Spectrum - 16



D(2420) — Parameters, Test of Nature

e e ——=y T —— T —

2| Argus, 1989 /" Do m= 2422.3 + 1.3 MeV/c?
J/f’— ['=204 £ 1.7 MeV

e T D m= 24234430 MeV/S =1+
+3 ._ ['=25+6MeV
| | oo | Not seen in color suppressed decays.

Angular analysis
consistent with spin 1

= | 62 fb!
flllggé}ett. B232, 398 Two JP = 1+ states ch;? Phys. Rev. D69
Mixing with D,(2430) 112002 (2004)

Seen in D*TT, not in DT
Decay pattern rules out

0*, 2+

Dalitzplot —
Mixing angle 0 ~ -0.10 £0.03 + 0.02 rad
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D,(2430) — Production, Parameters... ? Ik

First seen in B decays

62 fb! B* — (D'm)w

Phys. Rev. D69 | (Color favored
112002 (2004)

70,
60 -
50 -
40 )
30 '

Events/10 MeV/c’

D,(2430)

i D
M (GeV/c )

D*n min

M =2427 4+ 36 MeV/c?
['=384 4+ 117 MeV

— 221 fb!
B — (D*m)m Phys. Rev. D74
10 Color suppressed 012001 (2006)
=
% 12
2 10
JE=
El s ‘T‘ + T
ol £a
Wwl§ 2 - +
= _ L.
-3 [

“34 35 38 4
mg.. (GeV)

No evidence for the narrow resonances
at 2420 and 2460 MeV/c? ?

M = 2477 £+ 28 MeV/c?
['=266 & 97 MeV

Only decay mode D1t
JP =1+ favored
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Events / 10 MeV/c?

™
o

D,*(2460) - Production

First observed in YN — (D)X N

120

100
80|
60 |

40}

' E691. 1989

0.35 0.45 055 0.65 0.756 0.85

m(D*n7)—m(D*) GeV/c?

In continuum

320 +
ete— (DM)X
160 | 4
- Argus l
'EI: . -e - - PP B
04 05 [ o7 08
miD*n~)] - m{D*)} [Geve?]
In B decays g, (p* B— (D
N — (D*m)m — (DM =
a, 10y ,/ . 140
% 60f © 2% §120 (b)
= N Dl = W, D,
s S04 g 5100
§ 40:— ‘g 80
= 30¢ = 60
20 - 40
-1 ;
62 fb 10} 2
Phys. Rev. D69 0 bbb ida iy
112002 (2004) | 22 23 24 25 26 2 55 3 a5
MD*TE min (GeV/c MDﬂ: min(GeV/Cz)
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D,*(2460) — Parameters and Decays

D%(2460)° DECAY MODES Fraction (I';/T) N d(cos &)

1 dN

i

Dta—
D*(2010) " 7~
DO 7t 72—
DOzt 1=

D%(2460)* DECAY MODES

15

seen

seen o bl ;
not seen N * - ]
not seen -

Fraction (I";/T)

DO 7+
D=+=D T+
Dot a—
D*t gt g~

seen
seen
not seen

not seen

= 1o o e

Argus ete— (Dm)X

-

5 00 05 10
cos @;

Consistent with spin 2
(O flat, 1 not allowed)

Decay pattern

*0
D2

*1
D2

m=2461.1 & 1.6 MeV/c?
['=43 4+ 4 MeV

m = 2460.1 £+ 3.0 MeV/c?
['=37 £ 6 MeV

JP=2+
13P,
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D, Meson Spectrum

¢S and c.c.

Ds

Nﬂ"-'h 3 1 | 1 T T .
States known until 2003 s [ bz 2, 12 2 2 ] s
(CLEO, 1983) & , o .. _‘
D;(2112) (PEP4,1984) & | — -
= e D (2573) -
D41(2536) (Argus, 1989) - Doy t253000 _
D,»(2573) (Cleo, 1994)  28[ = e 1
2.4+ ]
- -1DK
2-2__ D*(2112) —— Godfrey/lsgur (1985) ]
i | e Di Pierro/Eichten (2001) | |
i @ Observed |
2 Dg ]
e il
J5=0" 17, _0" 1° 2° 3
L=0 L=1
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D, Meson Spectrum

G R
R >y A
© A
o |ERY| 7
(@ “\.- </
V‘L.— L= N,
>

Ds

cS? {

s and c.c 3 (Natural spin parity)
- . o bt o ¥ BV -
States known until 2003 % i s ) (2860) 39 wss—nas‘io
(Cleo, 1983) S,o[ .. ® ]
D%(2112) (Slac,1984) @ — )
D,1(2536) (Ar 1989) = [— ¢ D D,2(2573) i
s1 gus, a6l Dr,(2700)  Da(2536)% ]
D (2573) (Cleo, 1994) L ’ — T i
*0(2317) (BaBar,2003) [ D*(2317) @ |
D41(2460) (Cleo, 2003) B |
D,;(2860) (BaBar,2006) ~" P22 | e e o |
D*,(2700) (BaBar/Belle | ©  Observed ]
sJ Dy isco —
2006) 2 i il ]

J5=0" 17, _0" 1° 2° 3
L=0 L=1
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D+ — Parameters and Decays

First seen in continuum e*e” — 0T X | 1 = 1968.49 + 0.34 MeV/c2 (PDG 08)

2

events/1.5 MeV/c

/20 MeV

120 Hi

90 -

60

1000

500

600

400

30F

CLEO 1983 -
m 104 events |

1.95 2

m(nt’ ) (GeV/c?)

I~
[
v

ct=149.9 um

Groqnd state 11S, (Spin assignment from
J*=0 angular analysis of o, KK*)

~ 100 decay modes studied: hadronic,
(semi)leptonic — Dalitz Plot Analyses

D} DECAY MODES Fraction (I'j/T)
: ; BABAR 2009
13000 events Inclusive modes
= - K~ anything (13 f%g ) %
Q_ABAR KPanything + K%anything (39 +28 )%
n . K™ anything (20 J_r%g ) %
] (non-K K) anything (64 +17 )%
7 n anything [ddd] (24 + 4 )%
- 1’ anything (87 +21)%
N ¢ anything (16.1 + 16 )%
| L | ] e anything (8 *+ g ) %

See other talks for details

Torsten Schroder
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D >+ — Parameters and Decays

First seen in e*e” — Dy X,D, — KK=

| - T

PEP-4 1984

£
=
=

3 60 events
@ 30 D:"' DECAY MODES  Fraction (I';/T)
%‘ 20 D:ﬂ, (94.2+0.7) %
g 10 : D 7Y ( 5.8+0.7) %
- nll_- - e

0.8 1.6 2.4 3.2

AM? in GeV® = M2(KKTy)-M2(KKT) (PDG 08)

Jg@ T
2 2003 m=2112.3 & 0.5 MeV/c?
=
o | 15600 events I'<1.9MeV
g | BABAR
£ 1 - Natural J¥,

I 1 1 1 1 1 1 | 1 1
0 0.1 0.2

decay modes consistent with J* =1
— 13§,

am [Gevic’] = M(KKmy)-M(KKT)
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D ,*(2317)* - Production

cC continuum events B decays
(first observation of this state by BaBar in e*e-  (first seen in B decays by Belle
— D10 +X) B — D *(2317)D, D ,*— D "
%1400 ?BABAR M(DETTD]I -M(D,)
5 | 6.70 signif.
31200* d ; ; : ek CISEy=m:
S l| 0.2 0.3 0.4 0.5 0.6 (GeV)
~ 800 - 1) H B — D *(2317)K 25¢
| % :
500 [ d 368 fb! U DX(2317)K
_ hep-ex/ - | N=36.3%6.4av
400 1 0507064 ==
i 15 g2
200 [hd" o0 £ 0
_I e P R P R, o 5 ot o £ g g E 10 f
QBT ] = |
2.1 2.2 2.3 2.4 2.5 2.6 | [
D: m° Invariant Mass (GeV/c?) E =
232 fb! Backgr.: 1) D * — D nt° ok e '11]& Hff'ﬂ'rl:‘u'&um:
Phys Rev. D74 2) DS*(_> DS’Y)+WI'0ng Y 0.2 '.]1-3 4 05 DGO '.".'
032007 (2006) 3) D ,(2460) (— D m,)-missing y ?rlll_“;.r[ )= M) (GeVic }
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D *(2317)* — Parameters and Decays

Mass m = 2317.8 + 0.6 MeV/c2 | (PDG 08)
Decay width I" < 3.8 MeV Very narrow

Observations
- Mass too low compared with old potential models
(Godfrey, Dipierro)
New models work better
- Mass lies below DK threshold
— only 1sospin-violating and
electromagnetic decays possible
— Explanation of small width

D*,(2317)* DECAY MODES Fraction (I';/T)
D;F “a'TO seen
.D;" 70 70 not seen
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/\ observed, v/ not observed

— Spin-Parity J¥ = 0+

D *(2317)* — Parameters
Decay pattern Angular distribution
D (2317)"+ — | D} ,(2317)" B — DDy, D= DY | 261 b
Final state if J© =0t Y, T Belle Conf 0461
’ (2004)

D’ f A D, (B-CMS)
+ A, =

D ) Y V B 0, . ;

D;I_ n ’.} ﬂ 20 1:'-,‘ D _::"
D (2112)*x° | | \V/ D, (D ,-CMS) F

Dfro7" ! \V/ s + # <~>

Dy v i
D;‘f(?ll?)ﬂ N \Vi +

Dintr™ Ik \V/ :

I allowed, | forbidden o T

1 -0.5 0 05

cos(6,..)

Torsten Schroder
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D ,*(2317)* — Nature of State

e Molecule state?

Search for D ,"(2317)" and
D " (2317)* companions

* nosignal in D * and D ‘m*
Isospin =0
compatible with cs state

BABAR

232 fb!
Phys. Rev. D74
032007 (20006)

™ E * 0 +A- )
ik s L] *
- el all L)
i 400 = ‘h'-: 'ﬂ_?‘-“ 'i-.!"f-"'.-"\’d' o nme, L v e
Y E o L i R r'm:ﬁﬁ' .ﬂ"--
= 300 F AT
© 200 e 80 Sy |
. 2 N St
c 100 F ’ N SN
:I 111 | | | I I | | 11 1 1 | | I I | | 111 1 | 11 1 1 |
400 |- *
00| D,*(2317)* — D *m*
;:'!h_,__‘ . --
300 s --“"%!";tu-i:f n 4 .
L - to . -
E . : . u-\'n"":'.. "'.:: '~ : ,,::—l.‘f-.
200 |- i %
100 ™, Usige s 00 pftanon o & o
s @ o [sf=] P%WEWQ@%E%;ﬂM
D _I 11 1 | | .| | 1 1 1 | 111 1 | 11 1 1 | 11 1 1 | 111 1 |
Z2.258 2.5 2.35 2.4 Z2.45 2.5 2.55 2.6
2.317 )y Invariont Mass (8eV/c?)
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D *(2317)* — Nature of State

B(BY — D™D¥,(2317)T) N
B(B% — D—D)
(in constrast to HQET ~ 1)

0.1

Belle: B — D *(2317) K*

Phys. Rev. Lett. 94 (_"B
061802 (2005) e
140 fb!

 Strange process: Both initial quarks undergo weak decay (bd — css11)

e Possible diagrams:

a) PQCD factorization )

b) W exchange tree with FSI

c) Exotic: Tetraquark

B(BY — D (2317)"Kt) _

1
B(BO — Dy K1)

Conclusion: cs state,
but other explanations not excluded

Torsten Schroder Charm 2009, Leimen
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D ,(2460)* - Production

CcC continuum events

(first observation of this state by CLEO in e*e

ES
— D 1Y +X)
>~ 200 F o
B 2: D,1(2536)
M 175 | 20 i
e . » Dg1(2460) )l
W em 15 il
e |
L5, f !
:: 125 - Ihl.' i IM:lu * t
[ = Il
[ I L o | |
= 5 _Qﬁ o-#crlx gl i || N
100 } 5 Toleett | B '-./
o5t 1 b TR
2. A 735 | - o llll L
Fiie * o - *
|L /:,/r !
lo e =
50 _4}‘ il %.: 5 b0 i
- b
i i o
Wi D06
| pd T |
p, 2.35 2.4 2.8 .55 2.6
y Mass (GeV/c’)

232 fb!

Phys. Rev. D74 BAB
032007 (2006) | & ADAR

B decays
(first seen in B decays by Belle
B — D_(2460)D)
F N S B L B -
0 A =] |
il <=k
E 2.2 2.3 2.4 25 26
& M(D_,) (Gev/c?)
B — D (2460)K
“o10} D_,(2460)K-
> || N=11.2%54ev
= |
= 3.1c
it
—
5
368 fb! =
hep—eX/ | et Al Al 1L
0507064 lIII.I_3 0.4 0.5 0.6 0.5

M(Dy) - M(D) (GeV/c?)
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D, (2460)* —

Parameters and Decays

Mass m = 2459.6 4+ 0.6 MeV/c?
Decay width I" < 3.5 MeV

Observations

-Mass too low compared with old

potential models (Godfrey, Dipierro)

New models work better
- Mass lies below D*K threshold

Dy, (2460)+ DECAY MODES

Fraction (I';/T)

(PDG 08)

Decay pattern

Final state

D, ;(2460)*
if JV =1+

4 _0
D**

+ _

DS Y

Dt ata—
s

L
Dt 4
D*,(2317) 5

(48 +11 )%
(18 + 4 )%
( 4.3+ 1.3)%

< 8 Ot

(377 3H %

o

D70

5

T
DT~
D—I-ﬂ.(],.}___

5

D*(2112)* 70
D:,,(2317)+-y

D7
D+

D (2112)+f-
D+JL i

S
D> Ad D> DA

Mt allowed,

|l forbidden

/\ observed, 7 not observed

(Missing modes: more statistic needed)
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D ,(2460)* — Parameters

Angular distribution

B— DD, D,— Dy Continuum, D ; — D *7°
- . @ +
£ : * | * |
i - K ) | % JP=0r
. e
JP 1+, 2, 3%, .
L1 1 11 | | | L1 | | L L1 |
9
& ST 05 g aman
| elmty cost,
261 fb! 732 fb-l
Belle Conf 0461 Phys. Rev. D74
(2004) — Spin-Parity JF = 1+ 032007 (2006)
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D ,(2460)* — Nature of State ? : 5

Relative Branching fractions

Decay mode Yield Yield Efficiency | Product B(B” — DI K~)x | Signif.
AM (D, ) AE (10~4) B(Dyy — D)) (1072) o
D*(2317)* K~ || 35.3+ 6.4 | 341 +6.6 | 21.9 + 0.6 44+08+06+1.1 9.2
D.y(2460)t K= || 11.2 454 [ 102 £5.4 | 59.5 + 1.4 0.53 4 0.20F) 18 3.1
< 0.86 (90% C.L.)

Different branching fractions — Not from same spin doublet

Mixing angle
There are two 1* states, (D,,(2460)*, D_,(2536)*)
mass difference Am ~ 76 MeV

— investigation of mixing: see D ,(2536)*
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D (2536)* - Production

cC continuum events
(first seen in ete” — D*K, D*— D)

e — .

L ARGUS 1989
D— Knt, KnInT

4l -

al - HJ. - |
1

! i -

0 Yt S . : }l}

s 1 A 1

B decays

(first seen in B decays by BaBar

B — DWD®K)

5

:IIIIIIIIIIIIIIIIIIIIIII._LI:

=]

f
w All D" K modes

t ?BA BAr
ﬁmﬂ‘#ru*ﬂ

Events/3 MeV/c?
2

o 8 & 3 B

1 LIL | I_I
D;,(2536) =

Phys. Rev. D 77
011102 (2008)
347 fb!

25 'é.'sz 54 356 558 2.6 260 6h
D" K Invariant Mass (GeV/c?)

25 28 o) Pl Large signals observed — very precise
Mass(D K, GeV,/c . .
Measurements of mass and width possible
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D (2536)* - Parameters

Continuum events e*te- — (D**K)X, D**— D't*

Entr. per 0,3 MeV/c®

I B B [ B R N“L"351]F—I T T IDDI I =
C " 0 — ] - s — =
250F hi DY — K 7T+—_ 2z N :
: 1 & 30%F { K nTnTra™ 3
200 F { 4 T 2s0F =
; F { 1 & ¢ | z
150t~ 1 E™ { | E
u . 150F .F i e
"]}'__ ] . [ \ 3
: ] 100 i £
sof 1 o : :

0u1s I}.ﬂi ﬂi}lﬁ I}'H I}l]3-5 l}m& 0.%]5 Q.02 0.025 I].IIH I}.EIB.'.'} l].ll}ﬂ'l- 0.045
AmiD [Ge‘n, /et ﬂml{Dﬂ} [GEV.I"CEI

517
Large signals — Precise measurement of mass, width
LA NO L0 NA NaN/ /2 ?BABAR

N O o) / ~
.00 1 U.VUZL 1 U. U~ IVIC\!//(,

PDG 5253+ 0.6 £ 0.1 MeV/c?

\ { 1T
] — 11 1
7/ \

-’
*
h.//

— K
—_J

First measurement of D ,(2536) decay width:

— 232 !
(Ds1) =1.03+£0.05+0.12 MeV hep-ex/0607084 (preliminary)

Torsten Schroder Charm 2009, Leimen The D and D, Spectrum - 35



D (2536)* — Decays, Parameters

D41 (2536)+ DECAY MODES

Fraction (I';/T)

D*(2010)* K"
D*(2007)° K+
D+ KO

DO K+

Dt A
D?ﬁ+ﬁ_

seen
seen
not seen
not seen

possibly seen

seen

Events /0.2

First observation of D (2536)*— D*mK* (no DY)

only 2nd three-body decay mode

L
150F

- S5 wrong sign
DK

Entries/0.3 MeV/c
=

Phys. Rev. D 77
032001 (2008)
426 fb!

D
h
L 1'!",*

Lil lﬁhifl','@ SRE

s0f W

ok L_mmﬁ%%‘@%\k\\\\\

2500 2510 2520 2530 2540 2550 2560
M(D'K") MeV/c’

No signal in DK
— Unnatural spin parity

Phys. Rev. D 77

011102 (2008)
?BABAR 347 fb!

lsg_'[i}']l"'l"'l"'l"'l' T |D:|_|f2“_|{6]_£

16 F e

14E

12

10F

o

L"'MI:'I"'I'I [Ty

[ SN SN

=P AN IS IS
-1 -8 -0 -04 -2 -0

PO N T T N T I B A AN ,E
0.2 04 0.6 08 |
cos HD‘;,[E:ﬂm

Angular analysis
Consistent with J =1

— Spin-Parity JF =1+
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D(2536)* — Nature of State ?

1t Mixine anegle : Phys. Rev. D77
& ane 032001 (2008)
Belle: D,(2536)* — D**K %, D**— D m*
D, 1s produced 1n e*e” continuum processes with (small) polarization
Observables: 3 angles (a.,B,Y)

Eous_t
Fit to 3-dimensional angular e
distribution d3N }{ “b’n , decay pl;uc ?k
dcosadBdcosy / s yd
as function of polarization (p,, = 2/3(1-w; ,2)) ] g
and D/S-wave ratio (SLAC-PUB-6311)

Results:
Poo = 0.49 £ 0.012 £ 0.004 (corresponds to HQET prediction)
D/S =0.63 £ 0.07 £ 0.02 x exp[+£ 1(0.7610.03£0.01)]

— mixing angle (theoretical input)
S-wave dominates contribution to total width ( I'¢/T",,,,=0.72 £ 0.05 £ 0.01)
in contrast to HQET prediction
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D ,*(2573)* — Production and Decays ? 4_ 5

First seen in cC continuum D¢, (2573)t DECAY MODES Fraction (I';/T)
_'!""I""I""F""!"‘_'T""" DDK—I— seen
ao:r CLEO 1994 D$(2DUT)D KT not seen

100 events

&0

No angular distribution measured
Decay mode consistent with 2* 1°P,

40

Events/(EMeV/cS)

20

Inclusive study of ete — (DK)X

, T Large signal: Improvement in precision for D, (2573)
O 5675062556 2506 2550 2700 2750 ><103 ><103 ><103

M* (0%%") (Mevsc?) - l ’E++ 15 v 0.7 1;-}
0 - +J.-++“' ] *
~ 10 — 20 - ++ B 05 —+H%
?BABAR EEEE—— :.5) : ? 0.3 [ L '-"++++
= T 2.7 2.9
Phys. Rev. Lett. 97 5 - L (c)
222001 (2006) 0 | (
240 fb-! 3 ﬁ\h I
o i . "
g M
_ 2 [ 0 I | 0 L |
m = 2572.2+ 0.9 MeV/cT 54 26 28 3 24 2.6 28 3 24 26 28 3
[ =20+£5 MeV m(D° K*) Gev/c? m(D° K*) GeV/c? m(D* K%) GeV/c?
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D ,*(2700)* - Production

Seen by Babar in ¢C continuum Seen by Belle in
Inclusive studv of ete” — (DK)X B+ — DPD(2700)*, D ,(2700)*— D°K*
x 103 x 103 x 103 § 5
15 F + . ol T T T T
. i 0.7 |+, Leo
K 0.5 | 2
'*-:-; 0 5 L ol ++++++ =
v 10 v e D 40
= i 2.7 2.9 -
S €\ 3
P St ' ) >20
2 | S
> I =y
0 L . 0 1 0 | | n 0
2.4 2.6 28 3 2.4 2.6 28 3 24 2.6 28 3 . . . .
m(D° K*) GeV/c? m(D° K*) GeV/c? m(D* K%) GeVv/c? 25 2-7’3' (DDP?) ( Gﬁjlcz)
m = 2688 + 4 + 3 MeV/c? m = 2708 + 9 + 10 MeV/c?
[ =112+ 7 4+ 36 MeV [ = 108 4+ 23 £ 33 MeV

Same state?
Phys. Rev. Lett. 97 ? BABAR 9= | Phys. Rev. Lett. 100

222001 (2006) <=1 092001(2008)
240 fb! 414 fb!
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D ;*(2700)* — Parameters

final state — natural spin-parity
JP =0T, 1—,27...

Angular distribution
Preferred: J¥=1

Possible interpretations:
- Radially excited 2°S, (excited D,*)
predicted mass ~2720 MeV/c? [1]
- Chiral doublet 1- state to
1* D (2536)*
predicted (2721 £ 10) MeV/c? [2]

Confirmation needed

Phys. Rev. Lett. 100 | P
TOZEcSS <O
P 092001(2008)
414 fb'!
= [
3 |
= 60F
=60
: -
2 ol
3 |
&} 20|
iy
= °f
=1 =05 i 0.5 1

cosb,_,

1) Godfrey, Isgur PRD 32, 189 (1985)
Close et al., PLB 647, 159 (2007)
2) Nowak et al.,
Acta Phys. Pol. B 35, 2377 (2004)
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D ;*(2860)* - Production, Parameters ...

Fi S DK)X Phys. Rev. Lett. 97
irst observed in ete” — (DK) 222001 (2006) BABAR

DSJ*(2860) 240 fb!
%103 =
<
AL =
> =
@ -
= g
0 2.5 2.75 3 3.25
E M(D°K*) (GeV/c?)
> , | Phys. Rev. Lett. 100
24 26 28 3 24 26 28 3 0920011(2008)
m(D°® K*) GeV/c? m(D° K*) GeV/c? m(D* K%) GeV/c? 414 for
D
m = 2856.6 + 1.5 +£ 5.0 MeV/c?
Fr—=47+7 4+ 10 MeV - D ;*(2860) not seen in B decays.

— high spin for this meson ?

final state — natural spin-parity j& = 0+ 17, 2% .. production suppressed in B decays?
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Outlook ? Al

e Necessary ingredients to differentiate among models
- Accurate total width measurements
- Hadronic and radiative transitions to
D *(2317)/D,(2460) from higher mass states
- Partial decay widths
- Test of mixing schemes for 1* (2%) states
e Tools
- Ongoing BaBar / Belle / Cleo / CDF / DO analyses
- High luminosity B-factories
- LHCD (B, decays)
- Charm production with pp, FAIR (High precision
widths)
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Backup Slides
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The Belle Experiment

N Aerogel Cherenkov cnt.
IR, N=1015~1.030 i
?CS_?_olenoid NN =" 3.5GeV e* BELLE

Csl(TI)16Xo

TOF counter '
8GeV e-
\_\
‘ kln O TSUKUBA area %
acking + dE/dx < S
all cell + He/CHs s~ HER LER

Interaction Begion

u/ke detection

Si vitx.det. 14/15 lyr. RPC+Fe

3 lyr.DSSD

KEK-B (Tsukuba)
E(HER/LER): 8,0/3,5 GeV
I(HER/LER): 1300/1600 A
max. Lum > 16 - 1033 cm™2s°!
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Outlook: D ; widths at PANDA

D ,*(2317)*/D,,(2460)* decay widths constrained by upper limits

based on detector resolution

PANDA approach

e width of a narrow resonance can be determined in a measurement of the
energy dependence of the production cross section around the energy

threshold
e calculate energy dependence < 220
model-independently T
— sensitive to width 160
* no need to include detector resolution 140f
« Op/p ~ 107 _ Eg
— threshold scan pp — D.D; 80
e Measure width as small as 100 keV. jg;
20}

PANDA Physics Performance Report 0°

arXiv 0903.3905

Mg
I's
A

2317412+ 0,518

1160+ 0.304
86,101+ 15,814

T

+

f 1

154

1283 1296 187

1258

5 [MeV]
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Theoretical Background (1)

Polarization/alignment of heavy quark mesons in continuum production

- HQET framework (Falk, Peskin: SLAC-PUB-6311 (1993))

Fragmentation process so rapid that color magnetic forces have no time
to act

— Spin of light antiquark in the produced meson uncorrelated with
that of the heavy quark

- Prediction
D, (j=1/2) are produced unploarized
D, (j=3/2) can be produced polarized
(both confirmed by experiment)
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Theoretical Background (2)

Polarization/alignment of heavy quark mesons in continuum production

- Definition of w;,

Probabilites for the light degrees of freedom to have helicities
-3/2,-1/2,1/2,3/2 are (z-axis: direction of heavy quark)
2AW3p), VA1-wyp), Va(1-wyp), V2(Wy),)

— Polarization alignment of Q@-meson
- Probability for helicity O:
Po=2/3(1-w;,,) (helicity density matrix element)

Probability for helicity +1:

P1=P- 1. =172(1-pyp)

- Example: D_(2536)*
HQET prediction: w;, =0.254 — p,,,~ 0.50
(in agreement with experiment)

Note: When w;,, 1s known for one decay mode, it‘s the same for the other
decay modes
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Theoretical Background — S/D-ratio (Mixing angle)

Radiative transitions of D ; (P-wave charmed-strange mesons)
 EI: 2

/(: . £ | ,.,\_4862143/07 LA o Llaals ~ |
P\ J T — D7 \«JfT L) JIT|C -~

2

Sif
(Phys. Lett. B66, 286)
With e, = effective charge = (m,e,-mye,)/(m,+m,)
k = momentum of emitted photon = (M;>-M*)/2M,
S..= [ 1 for transition between triplett states
{ 3 for transition between singulett states

e ForD,: '(Dsgj—Dgv) — (322°7)3tan20

CP,—=D*Y, A Dy ! P, =Dy, #ADx*Y)
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Theoretical Background — S/D-ratio (Mixing angle)

Mixing angle (S/D) from polarized meson decay

Example D ,(2536)* — D*+K O, D*— Dt (Helicity formalism)
d3N 2 2 1-p00 ¢jn2
dcosadcos~dB 47r(1—|-2R ) [COS v (PDD cosa + >IN a')
+RAsin?~y [% sin? 8 + cos? 3 (p()g sin? o ++ £5£00 cos? ov)]

4V R"\(];L_?”"’OO) sin 2a:sin 2+ cos 3 cos g] (D
Dependence on three variables p,,, R, &
A, Ay helicity amplitudes corresponding to D*+ helicities 1,0
A1,0= (5 + D), Ago = 3(5 — V2D)

S,D = S/D-wave amplitudes in D,(2536)* decay
R, 1%l = A, /A, ,=z (complex numbers)
Py = helicity density matrix element

D/S = V2(:— 1)/(1 +22) = |[[2ei

'y ¢ = partial widths of D,(2536)*, n = phase between D/S-amplitudes
Fit of (1) to data — p,, z, D/S
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Theoretical Background — Potential Models ? .

a3
- Godfrey (Phys. Rev. D32, 189) 2T .
Non-spin-dependent potential %2.3 1(2860)
with linear confinement £ D—.—,,?}(WOO) -
- one gluon exchange 26 D (2536) 22257
- relativistic corrections (small effects) —0—
24 D41(2460)
[ -
- : - D¥,(2317)
- D1Pierro, Eichten: 220 ) E——
(Phys. Rev. D64, 114004) L, D) | Newstdes
also include mixing A— | | | -
(D,, states) JS=0- 1~ o 1t 2
New potential
models (2006) - Close, Thomas, - van Beveren, Rupp

reproduce D, data
better:

Lakina, Swanson
(hep-ph/0608139) - Colangelo, De Facio

(hep-ph/0606110)

(hep-ph/0607245)

Torsten Schroder Charm 2009, Leimen

The D and D, Spectrum - 50



