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Facllities

¢ Most hadronic charm decays are found when looking for B mesons: By the B
factories (ca 3 billion D mesons), by CDF’s hadronic B trigger (even larger
amounts, only a small fraction analysed). LHCb will reconstruct unprecedented
amounts and has a dedicated charm programme.

e But: Quantity is not everything. FOCUS, a fixed-target charm experiment, is
responsible for many world-leading charm results. CLEO-c has only ~0.3% of
the amount of charm that the B factories have produced, but delivers unique
and competitive results due to the special properties of threshold production.
BES-Ill to continue the good work.

‘ “signal” D
Threshold &— jg' P o

production: tag' D
e Use for normalisation in
absolute BF measurements.

® Fixes quantum numbers of
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Absolute BF

PDG 04 / PDG 08

e Important normalising modes: D° — K~ n* . i
DT — K-t
Df - K-K*mh BaBar 08 |
(historically “d),n—i—n) 36 37 Baif)°—>3|-(9'n+)(:;,) a1 a2

PDG 04 / PDG 08

e Methods - need to know there is a D before
reconstructing it CLEO 07
. . 8.2 8.4 8.6 8.8+ 9 9_.2 94 9.6 9.8 10 10.2
e BaBar: partial reconstruction of D*—Drm, B(D" ~ K" ") (%)
. PDG 04 / PDG 08
using only the 1t (and the rest of the event,
but not the D) Belle 07 (P)
CLEO 08
e BELLE: €+€_ N D:—FDs_l(_) D*OK—] 25 3 E?D:iKﬁl'g*n*?(%f's 6
Belle 07: hep-ex/0701053 (Prel.) [5652 fb™]
CLEO 07: PRD 76, 112001 [281 pb—l]
- BaBar 08: PRL 100, 051802 [210 fb—!]
e CLEO-c: e"‘e—%D( )(S) D(S) CLEO 08: PRL 100, 161804 [298 pb~']

w
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Branching Fractions of D,Dg)—PP

PhysRevD.81.052013 (2009)

+ +

us to the corresponding normalization modes D° — K~7t, DY — K~-nTx", anc

systematic error, and the error from the input branching fractions of normalization modes.

wchiing fractions results from this analysis, and charge asymmetries Acp. Uncertainties are statistical error

Mode Bmodc/BNormalization (%) This result B (%) ACP (%)
= T0.4138 £ 0.1064 £ 0.1128 0.4052 & 0.0041 & 0.0044 & 0.0080
" - KOK? 0.4095 =+ 0.0432 + 0.0214 0.0159 =+ 0.0017 4 0.0008 = 0.0003
Oty 3.7023 + 0.0561 + 0.0893 0.1441 + 0.0022 + 0.0035 + 0.0029
0 700 2.1491 =+ 0.0740 + 0.0758 0.0836 + 0.0029 + 0.0030 + 0.0017
p at q) 7 7 O K nt 100 3.8910 external input [2] 0.5+ 0.4 + 0.9
° _ K9m® 31.0495 + 0.2964 + 0.7467 1.2081 + 0.0115 + 0.0291 =+ 0.0239
° _, K99 12.2575 + 0.2872 =+ 0.6677 0.4769 + 0.0112 + 0.0260 = 0.0094
8 . "I 06 DO DO 0 _, 2% 1.7714 + 0.1481 + 0.1047 0.0689 + 0.0058 - 0.0041 + 0.0014
0 K% 24.7307 + 0.8154 + 1.1433 0.9623 + 0.0317 £ 0.0445 £ 0.0190
0 s 70y 2.4084 + 0.2874 + 0.1519 0.0937 + 0.0112 £ 0.0059 £ 0.0019
° 4.2495 + 0.2838 + 0.3522 0.1653 & 0.0110 £ 0.0137 £ 0.0033
v 2.7318 & 0.6235 & 0.2500 0.1063 & 0.0243 & 0.0097 = 0.0021
o external mnput o o o
— KK+ 3.3502 £ 0.0573 £ 0.0720 0.3062 + 0.0052 + 0.0066 & 0.0066  -0.2 + 1.5 & 0.9
+ 70 1.3208 + 0.0382 + 0.0443 0.1207 4 0.0035 & 0.0041 + 0.0026 2.9 & 2.9 + 0.3
16.8160 + 0.1239 =+ 0.3679 1.5370 + 0.0113 + 0.0336 + 0.0331  -1.3 £ 0.7 + 0.3
0.1923 4 0.0206 + 0.0063 0.0176 + 0.0019 £ 0.0006 & 0.0004  -3.5 4+ 10.7 = 0.9
< 0.1442 (90% C.L.) < 0.0132 (90% C.L.)
3.8538 + 0.0895 + 0.1916 0.3522 + 0.0082 + 0.0175 & 0.0076  -2.0 + 2.3 + 0.3
5 86/ b a't < 0.2032 (90% C.L.) < 0.0187 (90% C.L.)
5.2061 & 0.1762 & 0.2565 0.4758 & 0.0161 & 0.0234 & 0.0103  -4.0 + 3.4 £ 0.6
T KoK 100 T.4000 cxternal mput 13] 27 E18T00 |
+ gt < 2.3492 (90% C.L.) < 0.0376 (90% C.L.)
S: 4 1 7 O M ev - K%rt 8.4766 + 0.7147 + 0.1778 0.1263 + 0.0106 & 0.0026 & 0.0073  16.3 + 7.3 + 0.3
F o Kta® 4.2383 + 1.4756 + 0.2304 0.0632 + 0.0220 & 0.0034 & 0.0036  -26.6 + 23.8 = 0.9
T Kty 11.7933 + 2.1753 + 0.5888 0.1757 4 0.0324 & 0.0088 & 0.0101 9.3 £ 15.2 + 0.9
5 <4 — F oty 123.1123 + 4.2907 + 6.2133 1.8344 + 0.0639 + 0.0926 + 0.1059  -4.6 &= 2.9 + 0.3
. . S S T Kty 11.9866 + 3.6840 + 0.6158 0.1786 + 0.0549 + 0.0092 + 0.0103 6.0 + 18.9 + 0.9
F oty 269.8080 =+ 8.9375 + 14.0957 4.0201 + 0.1332 £ 0.2100 + 0.2320  -6.1 + 3.0 + 0.6
)
Some results I’ll show later use only part the data set.
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Diagrammatic Approach

T=Colour-favoyred Tree Express CF decays in terms of SU(3)-
T f/ invariant diagrams, fit to measured BFs
. ;d Meson Decay B [10] Rep.
mode (%)
C=Colour-suppressed tree ~ D° K =" 3810077 rek
e K 70  2.380+0.092 (C—E)/V2
c / K’ 096240060 L sin(f, +¢1) — 3L cos(6, + 261)
. Ko 1.900+0.108 - cos(fy + ¢1) — V2L sin(6, + 261)
g ] Dt Komt  3.07440.097 C+T
DY KK+ 29840.17 C+A
E=Exchange +n 1.8420.15  Tcos(fy + 1) — V2Asin(d, + é1)
- mtn/ 3.95+0.34 Tsin(0, + ¢1) + V2Acos(6,, + ¢1)
B
] T = 3.003+0.023
- C = (2.565=+0.030) exp [i(—152.11 + 0.57)°]
A=Annihilation E = (1.372+0.036) exp[i(123.62 + 1.25)°]

C <: A = (0.4520.058) exp [i(1971%)°]
A
B ' These are not Feynman diagrams. Al

" QCD effects to all orders are implied
Jonas Rademacker Hadronic Charm Decays FPCP 2010, Turino 5



Applying the diagrammatic approach to SCS

e Using the results from the CF analysis to
predict SCS decay rates results in
reasonable qualitative agreement with some
notable exceptions.

Meson Decay B[1]

mode (1073)

D° nta~ 1.45 4+ 0.05
w070 0.81 +£0.05
K+*K~ 4.07+0.10
KK’ 0.3240.02

DY  7t2®  1.18+0.06
KK 6.12 4 0.22

DF  7FTKY 252+0.27
oK+ 0.6240.23

Jonas Rademacker

Predicted B (107?)
7] > |C]
2.24
1.35
1.93
0
0.89
6.15
3.08
0.85

Hadronic Charm Decays

¢ For decays involving n or
n’, there is some
indication of the presence
of an additional
contribution from the
singlet-annihilation
diagram:

?
>K/b<

PhysRevD.81.014026 2010
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1st observation and SU(3) test

Expect from

SU@) g

Lo — KK DO — kit ) tan®® | (1.57 + 0.21)xtan?8

" (D , R )F(D-|— N K_7.‘_+7.‘__|_)IIS-II;;I.JIITilp]l(SiI’l,lll\;ugbgl;))/.s.B,Proc. BELLE: Phys.I({;:(\)/(.);)ett. 102, 221802
1st Observation of £ o . f%
Dst = KK ; \\\
(BELLE 2009 -\ \ .

NN N N AN N

P.QS 194 195 196 197 198 199 2 2.01 2.02 2.03
+o+ 2
Jonas Rademacker H; M(K'K™n") (GeV/c?)



U-spin and D°—Ks L T°

*U-spin: swap d<s quarks, important e.g. for extracting y from Bs—=KK, Bg— 1t

o [(D°—=Ksmt®) = I(D°—KL1°)

o /2 AD°—Ks %) = AD—Kom) =+ A(D— Kor)

CE © W/d+c W//SEDCS

u =T >
u u u

U-spin™* prediction

I (D° — Kgn®) — T (D® — K 7" A
( — KNgTr ) ( — N\LT ) — 9 DCS _ 2tan2 (90 — 0.109
['(D® — Kg7®) +T' (D% — K 70) Acr

l. Bigi and H. Yamamoto, Physics Letters 349 (1995) 363-366
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D= KL st D*— KL sttt experimentally

e Challenging: Invisible KL, difficult mt°.

e CLEO-c:

e e+ e— — P(3770)—DD

100% of beam energy converted to
DD pair = kinematic constraints.

e Extremely clean environment, good
calorimeter

\I_x

(3770) — D®(Ksm 7™ )DY (KT 7 ™)

Jonas Rademacker Hadronic Charm Decays FPCP 2010, Turino



De—= K sV, at CLEO-c

4110907-001

e Clean missing mass-squared peak at m?ke = ?m—
0.28GeV? S el De— KLm®
N at CLEO-c
e Lines: MC simulation. Crosses: Data. 150f-
¢ Result 502_
0.4 0 04 08 2 o
Missing mass squared [GeV?]
I’ (DO — Ksﬂ'o) —TI (DO — K|_7TO)
= 0.108 4 0.025 £ 0.024

['(D% — Kgm0) +T' (D% — Ky #0)

In good agreement with U-spin prediction of 2tan?6=0.109

281/pb at CLEO: PRL 100, 091801 (2008)

Jonas Rademacker Hadronic Charm Decays FPCP 2010, Turino 10



First Observation of Dst—pn

Events/4 MeV

0990208-003
U U

CLEO-c

| I

0.75 0.85 0.95 1.05
Missing Mass (GeV)

CLEO-c: Phys. Rev. Lett. 100, 181802 (2008)

e Only baryonic state kinematically
accessible to D° Dt Ds*

e Virtually background-free
reconstruction at CLEO-c

¢ First observation of meson — 2
baryons plus nothing else.

B(D} — pi) = (1.30 = 0.361%12) x 1073

Jonas Rademacker Hadronic Charm Decays FPCP 2010, Turino
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Inclusive Ds BF

]
- “ De- d

L e+e _’DS+ DS 600 g ' 1400 e 1850309001
S Do KK 200D s o 11200 | D3 K (892K
& 590 {1000 ] :
© b i 1000 [
~ 400p 1 8oof ] ;
8 300} E 800t

e Fully reconstruct one Dsastag ¢ *} o0} 1 oo}
@ 200f { 400} 1 400
C [ L I
L?>j 100 1 200} 1 200f

"5 0 005 005 0 005 ECE

e Reconstruction of desired decay
product on other side.

AM(D,) (GeV)

S

reconstructed Ds mass minus PDG Ds mass

i (a)

signal (example)

n

Inclusive reconstruction:

(b)

160} 4 35 i
3 4 30F E
120f 4 25 ;
1 20}
N ERLIS
e 40F 1 10F E
E q S5F E
0

’

0.36 0.38 0.40 0.42 0.44 0.46 0.48 0.50

tag (example) 60

+

e > <
E 0E L L L L L L E
(P + D — E\’/ 0.45 0.50 0.55 0.60 0.65 0.70
N 220 T T T T =
S g | ]
‘ : 2 180} (I) ]

6 Lu

CLEO: PhysRevD.79.112008 (2009) (arXiv:0904.2417)

Jonas Rademacker Hadronic Charm Decays

| | 07 L L L L L L -
1.00 1.02 1.04 1.06 1.08 1.10 0.70 0.72 0.74 0.76 0.78 0.80 0.82 0.84

Invariant Mass (GeV)
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Inclusive Ds BF Results

prediction based on excl.

Mode Yield(%) K? Mode  Yield(%) B(PDG)(%) rates [1]

Df —»ntX 119.3 £ 1.2 £ 0.7 1255 +11.1
Df -~ X 43.2 £ 09 £ 0.3 46.6+6.8
Df —»m%X 123.4 +£ 38 £ 5.3 112.5+8.0
Df -KtX 28.9 + 0.6 + 0.3 20 * 18 27314
Df =K~ X 18.7 + 0.5 £ 0.2 13714 18.40.7
D —nX 29.9 £ 2.2 + 1.7 32729
D} —y'X 11.7 £ 1.7 £ 0.7 18.242.1
D —¢X 15.7 £ 0.8 + 0.6 19.2+2 4
D —wX 6.1 £ 1.4 + 0.3 0.820.1
DF —£5(980)X, fo(980) — ntn~ < 1.3% (90% CL) _
Df —K%X 19.0 £ 1.0 £ 04 DF KX 156 +£2.020 + 14 K% 184+20,K° 22.7+22
Df -KJKIX 1.7+ 03 +£01 Df -KYK2X 5.0+ 1.0

Df -»KJIK+X 584+ 0.5 £ 0.1 Df -KYKtX 52+ 0.7

Df -KIK—X 19+04+01 Df >KYK-X 1.9+ 0.3

Df -KTK~X 15.8 £ 0.6 + 0.3

Df -KtKtX < 0.26% (90% CL)

Df =K~ KX < 0.06% (90% CL)

CLEO inclusive Ds result: PhysRevD.79.112008 (2009) (arXiv:0904.2417),
[1] Prediction: Gronau and Rosner: PhysRevD.79.074022 (2009)

Jonas Rademacker

Hadronic Charm Decays

FPCP 2010, Turino
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Inclusive Ds BF Results

prediction based on excl.

Mode Yield (%) K) Mode  Yield(%) B(PDG)(%) rates [1]

Df —nxtX 119.3 £ 1.2 £ 0.7 1255 +11.1
D;L —r- X 43.2 £ 0.9 £ 0.3 46.6+6.8
Df —7r0X 123.4 + 3.8 £ 5.3 112.5+8.0
Df -K*X 28.9 + 0.6 + 0.3 20 © 18 273x14
DY =K~ X 18.7 + 0.5 £ 0.2 13714 18.420.7
Df —nX 29.9 + 2.2 + 1.7 32.7£29

18.2+2.1

Df -KJK?X 1.7+ 03 +£01 Df -KYK2X 5.0+ 1.0

S
Df SKIK+X 58 + 0.5+ 01 Df »KVK+*X 52 +0.7
D} SKIK-X 1.9+ 04 +01 Df »KYK~X 1.9 +0.3
Dt SKTK-X 15.8 + 0.6 & 0.3
Df SKTK*TX < 0.26% (90% CL)
D K-K~X < 0.06% (90% CL)

CLEOQO inclusive Ds result: PhysRevD.79.112008 (2009) (arXiv:0904.2417),
[1] Prediction: Gronau and Rosner: PhysRevD.79.074022 (2009)

Jonas Rademacker Hadronic Charm Decays FPCP 2010, Turino
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Exclusive vs inclusive Ds— wX

e Most incl. rates!'l accounted for by known excl. onesl?l, except, at first:
2i [excl (Ds— WXi)~ 0.13 X Tinc (Ds— wWX)

e A closer look at exclusive Ds— wX BR:

Mode Bimode (%)
DI > nTw 0.21 £0.09 + 0.01
Df - 7t 7% 2.78 +0.65 + 0.25
DY - ntntn w 1.58 4 0.45 £ 0.09
Df — mtnw 0.85 4= 0.54 £ 0.06
< 2.13 (90% CL)
DY - Ktw < 0.24 (90% CL)
Df — Kt7% < 0.82 (90% CL)
Df - Ktntn~w < 0.54 (90% CL)
Df — Ktnw < 0.79 (90% CL)
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Exclusive vs inclusive Ds— wX

e Most incl. rates!'l accounted for by known excl. onesl?l, except, at first:
2i [excl (Ds— WXi)~ 0.13 X Tinc (Ds— wWX)

e A closer look at exclusive Ds— wX BR:

4 U.O JU /0
Df - Ktntn~w < 0.54 (90% CL)
DF — Ktnw < 0.79 (90% CL)

Jonas Rademacker Hadronic Charm Decays FPCP 2010, Turino
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Exclusive vs inclusive Ds— wX

e Most incl. rates!'l accounted for by known excl. onesl?l, except, at first:
2i [excl (Ds— WXi)~ 0.13 X Tinc (Ds— wWX)

e A closer look at exclusive Ds— wX BR:

The two Ds7 wX decay modes with the largest B.R. were
previously unknown
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Exclusive vs inclusive Ds— wX

e Most incl. rates!'l accounted for by known excl. onesl?l, except, at first:
2i [excl (Ds— WXi)~ 0.13 X Tinc (Ds— wWX)

e A closer look at exclusive Ds— wX BR:

The two Ds7 wX decay modes with the largest B.R. were
previously unknown

e Now, sum of known Ds—m»X modes = (5.4+1.0)%,
accounts for most of inclusive BR(Ds—wX) = (6.1+1.4)%

CLEQ exclusive w results: PhysRevD.80.051102 (2009)

Jonas Rademacker Hadronic Charm Decays FPCP 2010, Turino 14
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Dalitz Analyses

e Kinematics of 3-body decay D—A,B,C fully described by ~ DT KTKTT

3541208-018

m?aB = (Pa + PB)? . D: — KK+
(SJ 1.5
() |
7 2 —
m<sc = (P8 + Pc)-. T
\g_/ 1
i<

e Phase-space is flat in m2ag,m2sc

TR TR TN SRS SN TS MR N Ll
1 1.5 2 2.5 3

m3(K*K") (GeV/c?)?

e Decay rates:
d?T ‘ > d’®

— la;e' + axe%? + azel?® 4 . ..

2 2 2 2
dm “y dmb . dmab dmb .

e Strength: Access to magnitudes AND phases of amplitudes.

Jonas Rademacker Hadronic Charm Decays FPCP 2010, Turino 15



Recent Results: Dst—= KK+t at CLEO

e |[sobar fit. Good agreement with

previous E687 (701 event) fit!". 12k Ds* K"Kt events at CLEO-c

CLEO: PRD 79, 072008 (2009), arXiv:0903.1301

3541208-018

e Get much-improved fit to CLEO-c ol
data with additional KK S-wave ; Ry
o Dt - KtK=
contribution. 8 :
S 15
)
e Best results by adding an fo(1370) S
resonance. B
v 1
£
0.5
I T R R I N
1 15 2 2.5 3
[1] E687: P.L. Frabetti et al. (E687 Collaboration), Phys. Lett., B351, 591 (1995) m2(K+*K") (GeV/c?)?

see also unpublished FOCUS result: A.M. Rahimi, FERMILAB-THESIS-2000-13
and S. Malvezzi, AIP Conf. Proc. 549, 569 (2002)

Jonas Rademacker Hadronic Charm Decays FPCP 2010, Turino 16



“Isobar” Model
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“Isobar” Model

e Each resonance = Breit Wigner lineshape (or similar) times factors
accounting for spin.
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“Isobar” Model

e Each resonance = Breit Wigner lineshape (or similar) times factors
accounting for spin.

e Popular amongst experimentalists, less so amongst theorists: violates
unitarity. OK as long as resonances are reasonably narrow, don’t overlap
too much.
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“Isobar” Model

e Each resonance = Breit Wigner lineshape (or similar) times factors
accounting for spin.

e Popular amongst experimentalists, less so amongst theorists: violates
unitarity. OK as long as resonances are reasonably narrow, don’t overlap
too much.

e Alternatives exist, e.g. K-matrix formalism, which respects unitarity.
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“Isobar” Model

e Each resonance = Breit Wigner lineshape (or similar) times factors
accounting for spin.

e Popular amongst experimentalists, less so amongst theorists: violates
unitarity. OK as long as resonances are reasonably narrow, don’t overlap
too much.

e Alternatives exist, e.g. K-matrix formalism, which respects unitarity.

e General consensus: Isobar OK for (relatively narrow) P, D wave
resonances, but problematic for (usually very broad) S-wave.
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“Isobar” Model

e Each resonance = Breit Wigner lineshape (or similar) times factors
accounting for spin.

e Popular amongst experimentalists, less so amongst theorists: violates
unitarity. OK as long as resonances are reasonably narrow, don’t overlap
too much.

e Alternatives exist, e.g. K-matrix formalism, which respects unitarity.

e General consensus: Isobar OK for (relatively narrow) P, D wave
resonances, but problematic for (usually very broad) S-wave.

¢ [sobar S-wave usually modelled by a “non-resonant” component, plus,
occasionally, o— 1t and k—=Kirt resonances (rather controversial).
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Dt—=Kt*rit* (ca 80% K S-wave)

colours added for illustration, not error bands

== total KT S-wave
= Km S-wave w/o Ko*(1430)

e [sobar S-wave w/o Ko*(1430)

| : Total S wave
80 b= —a— Binned S wave w/o K (1430) f&.ooooviiin
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E791 isobar analysis: Phys. Rev. Lett 89, 121801 (2002); *E791 model indep analysis:Phys. Rev. D73, 032004 (2006);

**CLEQO: PhysRevD.78.052001 (2008) ; FOCUS K-matrix Phys Lett B. 653,1,11 (2007), model indep.: Phys.Lett.B681:14-21,2009
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Dt—=Kt*rit* (ca 80% K S-wave)

e Use P, D wave as “interferometer” to
extract K-t S-wave’s magnitude and
phase in a model independent way

colours added for illustration, not error bands

== total KT S-wave
= Km S-wave w/o Ko*(1430)

e [sobar S-wave w/o Ko*(1430)
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= i | ==——= x: pole (IM with I=2)
—~— ——— «+ NR (IM with 1=2)

IAl (arbitrary units)

30 = i|—i— Binned S wave w/o Kg(1430) [ £ ..coovorrrricinris

00 [ ..................................................................... ,/‘/- ....... T

Phase (°)

-100

100 b= Y Lo ——

Mass(Kr) (GeV/c?)

E791 isobar analysis: Phys. Rev. Lett 89, 121801 (2002); *E791 model indep analysis:Phys. Rev. D73, 032004 (2006);

**CLEQO: PhysRevD.78.052001 (2008) ; FOCUS K-matrix Phys Lett B. 653,1,11 (2007), model indep.: Phys.Lett.B681:14-21,2009
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Dr—=K ittt (ca 80% Kt S-wave)

e Use P, D wave as “interferometer” to
extract K-t S-wave’s magnitude and
phase in a model independent way

e Pioneered in by E791, recent results by
FOCUS and CLEO (largest statistics by
CLEQO, 140k evts, shown on right).

colours added for illustration, not error bands
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E791 isobar analysis: Phys. Rev. Lett 89, 121801 (2002); *E791 model indep analysis:Phys. Rev. D73, 032004 (2006);

**CLEQO: PhysRevD.78.052001 (2008) ; FOCUS K-matrix Phys Lett B. 653,1,11 (2007), model indep.: Phys.Lett.B681:14-21,2009
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Dr—=K ittt (ca 80% Kt S-wave)

e Use P, D wave as “interferometer” to
extract K-t S-wave’s magnitude and
phase in a model independent way

e Pioneered in by E791, recent results by
FOCUS and CLEO (largest statistics by
CLEQO, 140k evts, shown on right).

e Result: binned magnitudes and phases.

Plot compares model-indep. with
isobar (incl k)

colours added for illustration, not error bands
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E791 isobar analysis: Phys. Rev. Lett 89, 121801 (2002); *E791 model indep analysis:Phys. Rev. D73, 032004 (2006);

**CLEQO: PhysRevD.78.052001 (2008) ; FOCUS K-matrix Phys Lett B. 653,1,11 (2007), model indep.: Phys.Lett.B681:14-21,2009
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Dr—=K ittt (ca 80% Kt S-wave)

e Use P, D wave as “interferometer” to
extract K-t S-wave’s magnitude and
phase in a model independent way

e Pioneered in by E791, recent results by
FOCUS and CLEO (largest statistics by
CLEQO, 140k evts, shown on right).

e Result: binned magnitudes and phases.

Plot compares model-indep. with
isobar (incl k)

e Also: Found that fit significantly
improves when adding a 1=2 it S-
wave component.

colours added for illustration, not error bands
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E791 isobar analysis: Phys. Rev. Lett 89, 121801 (2002); *E791 model indep analysis:Phys. Rev. D73, 032004 (2006);

**CLEQO: PhysRevD.78.052001 (2008) ; FOCUS K-matrix Phys Lett B. 653,1,11 (2007), model indep.: Phys.Lett.B681:14-21,2009
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FOCUS Kt S-wave in Dt—= Kt

S-wave magnitude

Focus recently re-analysed their data using a the model-
independent analysis (57k evts, 1/3 of CLEO-c). Below:
Comparison of FOCUS’ three S-wave fits

FOCUS: Phys.Lett.B681:14-21,2009

57k events
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e Dominated by S-wave (fit fraction 83%).

e BaBar: model-independent analysis!'! of S-wave component. Result
compatible with FOCUS (K-matrix) ?! and E791 (isobar) 13l analyses.

[1] Method pioneered by E791: Phys. Rev. D 73, 032004 (2006).
, [2] E791: Phys. Rev. Lett. 86, 765 (2001)
¢ Many more results in paper. [3] FOCUS: Phys. Lett. B 585, 200 (2004)
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CLEO-c

e Threshold production of correlated DD.

¢ D mesons must have opposite CP and
flavour.

e Gives access to different D-Dbar
superpositions, and thus access to
phases. E.g.:

“tag” D signal D rate
CP+,egKK | =] (Ao - Ap)y2 |2
Flavour, e.g. Ke* ve [ = |Ap|?

Jonas Rademacker Hadronic Charm Decays

e'e >¢(3770)=>DD
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CLEO-c

3950508-011

B QC Pred. (r=0.06, cosd=1, no mixing) [l Data

e Threshold production of correlated DD. T ICEJ’/lCPf
- CP—/CP-
¢ D mesons must have opposite CP and ! S
flavour. CP+/CP- T
| | | | | l | | | |
Ru/Rws
R K-m+/K-*
e Gives access to different D-Dbar B S S
superpositions, and thus access to 1-4r cos®s yi K-t/ K+~
phases. E.g.: o SR
1+2rcosd+y 1._, Kr/CP+
“tag” D signal D rate — 7T
1-2rcosé-y --1 Kn/CP-
| ! ! ! | ! ! ! | !

2

CP+, eg KK [ =|(Ap - Ap)/{/2 |° - 1
Avg (Yield/No-QC prediction)

Flavour, e.g. Ke* ve [ = |Ap|?
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Exploiting Quantum Correlations at CLEO-c

B QC Pred. (r=0.06, cosd=1, no mixing) [l Data  sesoscson ° CP_tagged rates
T CP+/CP+
1 | 1
Kt Kt
. « (1 £ 2 rpX™ cos dpK™ +y)
i l i | | | | 1 | 1
| C|P+I/C'|°‘ | T e Combined analysis in many modes
Ru/Rus it ol iguity.
. DU sensitive to dp"™ w/o ambiguity
l i i L | | I 1 | 1
1—4r2 cos2d - K-1t+/ K+~ . . -
| | T | T e Crucial input to charm mixing
oo measurements, as well as helping
y = Kn/CP+
T measure Yy
1-2rcoss-y *Il Kn/CP-—
| ! I L | L |

K +117+ 9°
® Result: 5D7T — 220_120_110

2

0 1
Avg (Yield/No-QC prediction)

Analysis based on 1/3 of data set -
PRL 100, 221801 (2008), PRD 78, 012001 (2008) update with full 818/flb soon.
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New kids on the block

== BES-II|

# E at the charm
threshold

- :

Fig.2. The first event rec 14000;— BESIII —

120005_ Preliminary _

10000 .

sooo;— —

2000 3

0752 1,86 ~1.88
mBC

BES-Ill: Correllated D-Dbar pairs.
To collect ~20xCLEO-c statistics.
(already collected ca 1xCLEO-c)
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Hadronic Charm Decays

LHCb: Unprecedented

Statistics
D-— K-t in LHCDb'’s first
0.8/nb = 0.000008/fb.

> 1a0f-LHCb
Prellmlnary M
~120 =7 TeV Dat Oea

0
1800 1900

2000 )
My (MeV/c®)

First run (1-2 years): 1/fb. Expect
huge charm samples.
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Summary

e |n this talk: A lot of new branching fractions, including recent results from
CLEO-c’s full Ds dataset ® Several new modes ¢ SU(3)r and U-spin tests e
Dalitz analyses to study light resonances e Correlated D-Dbar pairs to measure
phases.

¢ Dalitz analyses in charm are experiencing a renaissance as an important tool in
charm and B physics, but we don’t really understand them. What are those S-
wave contributions? (Can we develop accurate, physically motivated models?)

e Expect lots of new data from LHCb (unprecedented statistics) and BES-III
(charm threshold, ca 20x CLEO statistics); also, by far not all B-factory, CLEO
and CDF charm data fully exploited.
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D->Kpipi Dalitz fit comparison

TABLE II: Decay fractions (%) and phases, in degress, from the MIPWA Dalitz plot fit compared to E791 and CLEO-c.

mode FOCUS MIPWA E791 CLEO-c
K 7" S-wave 80.2441.38+0.23+0.2540.26 78.6£2.3 83.843.8
Ko (1430) 7" - - 13.340.62
- - 51 (fixed)

K" (892)07F 12.3620.34+0.194:0.16-£0.23 11.942.0 9.88-0.46
0 (fixed) 0 (fixed) 0 (fixed)
K" (1680)°7" 1.7540.62+0.24+40.23+0.42 1.241.2 0.2040.12
67+6+24+2+3 43417 113414
K5(1430)7 " 0.584-0.10.040.03+0.04 0.2+0.1 0.2040.04

3367434242 12429 1549
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Conclusion

e Crucial for B physics, especially for a high-precision
measurement of CKM angle y in B decays.

e Properties of the charm system such as mixing and CP
violation. CPV in charm is highly sensitive to New Physics.

e Decay amplitudes and rates: important parameters that
need to be measured, and provide a window to low-energy
QCD, its symmetries (Isospin, U-spin, SU(3)-flavour, ...) and
how they are broken. K* pa1 f

e Properties of light meson resonances - important in its own (980) B
right, but could become very revelant for precision charm O (’7) K(’?) .
and B physics Dalitz analyses.

B
!
D
!

Jonas Rademacker Hadronic Charm Decays FPCP 2010, Turino 27



Conclusion

e Crucial for B physics, especially for a high-precision
measurement of CKM angle y in B decays.

e Properties of the charm system such as mixing and CP B
violation. CPV in charm is highly sensitive to New Physics.

® Decse udes and rates: important parameters tha
g®cd to be measured, and provide a window to low-energy
QCD, its symmetries (Isospin, U-spin, SU(3)-flavour, ...) and
how they are broken.

e Properties of light meson resonances - important in its own
right, but could become very revelant for precision charm
®Qd B physics Dalitz analyses.
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CLEO-C’s quantum correlations as input for others

e Measure phase difference between D—K*rt~ and D—K+*rt-, dX™. Needed for
extracting the charm mixing parameters x, y from time-dependent analyses
using D—K*rt~ which are sensitive to x’, y’:

X'= x cos(0X™) + y sin(dKM)

y’ =y cos(0KM) - x sin(dKM)

e Same for D—K*rtd.

¢ Phase information from CLEO-c also provides important input to extracting the
CPV phase y from B*—DK* modes with various final states of the D, such as
Kstirt, KsKK, Krnirirt (Chris Thomas’ presentation).
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Ds*t— Ksrtt(rrrt)

Discovered by FOCUS
Phys.L ett.B660:147-153.2008

Events / 4 MeV/c*

I (Dg_ o Kgﬂ+)
D — KIK+)

195 2 205 2.1
M(K TE+) GCV/C2
S

| D+ 0+

= 0.104 = 0.024 = 0.013

= 0.18 =0.04 = 0.05

= =] = o 0 .10 1
175 18 18 19 19 2 205 2.1,

M(Ksn+) GeV/c
Ds*—Kstt* confirmed by CLEO & BELLE
['(Dd — Ken™) = (0.1263 £ 0.0106 + 0.0026 + 0.0073) % PhysRevD.81.052013 (2009)
['(Dd — Ken™) = (0.120 £ 0.009) % PhysRevD 80111101 (2009)

BELLE also use Dst—KsK*, Ds*—Kstit for CPV measurement” - see Anze Zupanc’s talk
*)PhysRevLett.104.181602 (2010)
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1st Observation of Dst—=K*K*11~ by BELLE

e BELLE made the first observation of DCS
Dst—= KrK*11™. Use CF Dst—= KYK*11™. as

normalisation.

e Repeat measurement with SU(3)-flavour

related D+ modes.

Decay mode N signal Brel (%)
D" - K'm o~ 2637.7 = 84.4  0.569 = 0.018 = 0.014
Dt — K w'7" 482702 = 727 100
Df - K"'K' 281.4 +33.8  0.229 =£0.028 = 0.012
Df - K"K =" 118127 = 452 100

B(DY — KYK* ™

) B(D" - K 7 77)

B(D; - K*K 7wt) B(D" - K w"w")

H. J. Lipkin, Nucl. Phys. B, Proc. Suppl. 115, 117 (2003).
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Events/(2 MeV/c?)

= tanSHC

20000

o 15000

Events/(2 MeV/c?)

10000

5000

140

120

100 l
80 \ \\\\\’
60K

40

—4— data
I:] signal
D*— D%, D°— K'K™
PN

random

0O R R AN \\\\“\\\“\\\\\\\\\‘&\\\ \\\&\\

P93 194 195 1.96 197 198 199 2 201 202 203
M(K*K=*) (GeV/c?)

BN NN '\ NN MO\ NN N NONNNN NN '\ NN
‘993 194 195 196 1.97 198 199 2 2.01 2.02 2.03
M(K*K*n) (GeV/c?)

Phys. Rev. Lett. 102, 221802 (2009)
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1st Observation of Dst—=K*K*r~ by BEL

LE

e BELLE made the first observation of DCS L ook —+ data
Dst—=K*K*1t™. Use CF Dst—= K+*K*1t™. as iwoooi_ ZiT'D% o KK
normalisation. £ o000, Bl o o

0 50005_ random
C A ' 09 os .
e Repeat measurement with SU(3)-flavour ERERERE AR R

related D+ modes.

© 140
>
Decay mode N signal Brel (%) % 122
D' — K*tata 26377844  0.569 +0.018 = 0.014 £ N
DY — K- mtat 482702 = 727 100 50}
Df — K K*a 281.4 = 33.8  0.229 + 0.028 = 0.012 N
DY - K K-m* 118127 = 452 100 feais

B(Df—-KTK™n™)B(DT—K" ntn7)

M(K*K*n) (GeV/c?)

B(DF—K+K-7z+) BDFSK-—n+nt) (1.57 -

- 0.21) tan® 0.

Phys. Rev. Lett. 102, 221802 (2009)
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Recent first observations at the B factories

D-wn  (221+008 022100 BaBar preliminary (2009)

DP— K*© n (4 8+1.0+0. 4)10—5 Caitlin Malone on behalf of BaBar at APS April Meeting 2009

Dst— KK+~ (3zx02+0110¢  BELLE 2009

BELLE: Phys. Rev. Lett. 102, 221802 (2009)

140 I
1200
100
80
60
40

=

P93 194 195 196 197 198 199 2 201 202 2.03
M(K'K*n) (GeV/c?)

Events/(2 MeV/c?)

BELLE: Expect from SU(3) get

I'(DY — KTKTr™) T (D™ — KTan™ ) tang (1.57 + 0.21)xtan®0

[ (Dt — KtK—7t) (Dt — K-t t) 11{1';'5151?2‘801\31‘)“’1'PhyS'B’PmC'SuPpl' BELLE: Phys. Rev. Lett. 102, 221802 (2009)
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SU(3) tests

Expect from SU(3)

get

[' (DT — Ken™) —T'(DT — K™

[ (Dt — Kgn ™) +T' (Dt — Kyt

~0.4

D.-N. Gao, Phys. Lett. B 645, 59 (2007)

0.022+0.016+0.018

281/pb at CLEO: PRL 100, 091801 (2008)

(DT — KTKT7n™) ' (DT — Kzt 7~

[ (D+ — K+tK—7+) T (Dt — K—7t+7+)

tan®0
H.J. Lipkin, Nucl. Phys. B, Proc. Suppl.
115,117 (2003).

(1.57 + 0.21)xtan®6

BELLE: Phys. Rev. Lett. 102, 221802 (2009)
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SU(3) tests

Expect from SU(3) get

' ~0.4 0.022+0.016+0.018

| D.-N. Gao, Phys. Lett. B 645, 59 (2007) |281/pb at CLEO: PRL 100, 091801 (2008)

) tan®0 (1.57 + 0.21)xtan®0

IH. J. Lipkin, Nucl. Phys. B, Proc. Suppl. )
115. 117 (2003). BELLE: Phys. Rev. Lett. 102, 221802 (2009)

1st Observation of
Dst—= KK~
(BELLE 2009)

Events/(2 MeV/c?)

Jonas Rademacker H: M(K'K*r) (GeV/ 02) 32



Prospects for direct CPV

e Example: D°—=K*K"

e BaBar 2008: (0.00 + 0.34 + 0.13)%

e BELLE 2008: (-0.43 +£ 0.30 + 0.11)%

e World average (HFAG): (+0.22 + 0.37)%

e CDF has obtained its result of (+2.0 + 1.2 + 0.6)% with only 2% of its
current data set. CDF could beat world stat precision now.

e | HCb expects stat precision of ~0.1% in 1/fb

Jonas Rademacker Hadronic Charm Decays FPCP 2010, Turino
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Charm Physics with the first LHCb data

Charm in our first
e | HCb gets more charm than B. Charm
measurements highly sensitive to New Physics: 0.8/nb = 0.000008/fb
_ T(Kiﬂ'Jr) 1 45 ILH.Cb. L] e
Vor = TR o Py g

7T(DY - K—Kt) —7(D" - KTK™)

Entries / (3 MeVic?)
a

25
Apr = — ,
T rD = K- Kt)+7(D° — KK~ .
P
¢ Best measurement currently by BELLE who RET 1850 1900

have ca 100,000 flavour-tagged (i.e. know if it’s
a D or a D-bar) D—KK in 540/fb.

Preliminary Mass j = 1864.2 + 1.4 MeVi/c? .

\s = 7 TeV Data

Massc = 6.3+ 1.0 MeV/ic? ]

Entries / (6 MeV/c?)
0

e \We expect a few million such events in the first

4
. . )
0
1800 1850 1900
my (MeV/c?)
Jonas Rademacker Hadronic Charm Decays FPCP 2010, Turino 34



D°—=Vn

Theory B.F. /103 Experiment BaBar Results (preliminary)
Mode B. Bhattacharya, J. L. Rosner, arXiv: : [1] April 2]
0812.3167v1 [hep-ph] (2008) previously pril 09
Sol A Sol B BF /103 yield
D°—=@n | 0.93+0.09 | 1.4+0.1 0.14 +0.04 | 0.21 +0.01 +£0.02 513 + 26
D°—wn 1.4+0.09 | 1.27 +0.09 2.21+0.08+0.22 | 4450 + 1083
o ixo 0.038 + 0.037 + 0.048 + 0.010 +
DK 6 004 0.004 0.004 17r=sr

[1] BELLE: Phys.Rev.Lett.92:101803,2004

Jonas Rademacker
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Dalitz Plot

R.H. Dalitz, Philos. Mag. 44, 1068 (1953)

Jonas Rademacker Hadronic Charm Decays FPCP 2010, Turino

36



Dst =K K*t*

M?(KK) fit projection
with fo(1370) S-wave

Dst— KKt M?(KK) projections

CLEQO: ar6iv:0903.1301v1 [hep-ex| (iviarch 2009)

contribution ...... *
4000, , |
———— £(980) /. | |
N N e 6(1020) o |
= i —— £,(1370) & 200} |
N 0 >
> 3000~ —— 1(1710) o L) |
) i ° Q) | . | /\
Q) - ——— K*(892) o ” I| e ,/ \\
To) i - ‘ Al | \® | |
Lo I K,(1460) al A b | /.
o 20004y | e Background S ,\\| | o I
=) i ——"— Total S+ B :/1007 I’ i | l\
S~ A
a | 2 N gt
c i DS '\ g 1
S 1000} o ﬂi,\,\ e Y .
= i LL' *\ I ~N \I i - /
- I i \Y/ """"""" s e o
=3 0 == P e A
{1 ~—456___ 2 o5 3 15 2 2:5 3

m2(K*K~) (GeV/c?)?
[1] P.L. Frabetti et al. (E687 Collaboration), Phys. Lett., B351, 591 (1995)
See also FOCUS: A M. Rahimi, FERMILAB-THESIS-2000-13 and S. Malvezzi, AIP Conf. Proc. 549, 569 (2002)
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VMD, D°—=Vy and D°—=Vp°

e Dominated by long-distance effects. Difficult to calculate.

e \Vector-Meson-Dominance approachl'] Y
Viegp)
* Predicts D
B(D® —¢y) _ _BD? = ¢p") \
B(DY — K*0~)  B(DY — K*0p0) M

e Find B(DO _>_¢/7>
B(D° — K*0)

(6.27+0.7140.79) x 107  BaBar08

B(D® — ¢p°)
B(DO — K*0,0)

= (6.74+1.6) x 10~ 2 PDG 07

[1] G. Burdman, E. Golowich, J. L. Hewett, and S. Pakvasa, Phys. Rev. , 6383 (1995)
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Dst =K K*t*

* Find good agreement with E687 12k Ds*—K-K*1t* fit projections

model parameters. CLEO: arxiv:0903.1301v1 [hep-ex] (March 2009)
_ fooor ———- 1,(980) Azooof— 777777777777777 o
e Get much-improved fit to our data ™ —— i 5 150
with additional KK S-wave 8 oo} L S ool
contribution. s | g |
§ 1000 L;;j 500 - ,

1 1.5 2 25 3

¢ Tried many options. Best results mé(K'K") (GeVie?)

( ) < 1000 io‘
o g 200
>
) [}
5] (O]
0 Ye]
=) Al
= S
= \ o I
< 5001/ 100
% 2
:
w vl
0 0

. . 15 2 25 3
[1] P.L. Frabetti et al. (E687 Collaboration), Phys. Lett., B351, 591 (1995) m*(K'w) (GeV/c?)* m*(K'K") (GeV/c?)?
[2] [4]A.M. Rahimi, FERMILAB-THESIS-2000-13

[3] S. Malvezzi, AIP Conf. Proc. 549, 569 (2002)
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Theory of Dst—pn

e Short Distance:

| I LY

* Long Distance B(D; — pn) = (O.ngjgl) x 1077

e Measured B(D; — pn) = (1.30 = 0.36

Chen, Cheng, Hsiao: Phys.l ett.B663:326-329,2008
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Absolute Ds—= KKt BF at CLEO-c

KK pair mass - full phase

M(Ds") vs M(Ds") space (not just ) included
IN analysis (see also Sheldon

4121207-022
T T

2.06 T ’ o
T T T Stone’s talk why this is important)
4120308-001
2.04 1600 I L L L L
- mmm AM =5 MeV/c?
2.02 B AM =10 MeV/c?_]
1400 {{ ---- AM =15 MeV/c? A
— i —— AM =20 MeV/c2? ]
q, 200 __ 1200
> % - 7
1.98 = - 1
@ = 1000 - :
> 1.96 = - ]
a 12 800 |- 4
= 1.94 g - b ]
T 600 7]
() [ 1
1.92 < - |
> 400 - . N
1.90 - ' : A
R N : 200 |- ool .
RIR-Y2 ) E AN T e I T A [ :.'! ; ...
188 1.90 192 194 196 198 200 202 204 206 ol _etelcP SR e [ repess
M(Dy) (GeV/c?) 098 100 1.02 104 106  1.08

M(KK*) (GeV/c?)

298 /pb of CLEO-c data at Ecm = 4.17 GeV
B(Ds = K- K" 11*) = (6.50 = 0.23 + 0.16)%

Phys.Rev.l ett.100:161804.2008 (arxiv)
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http://arxiv.org/abs/0801.0680
http://arxiv.org/abs/0801.0680

Dgt— 11t

® Ds*—(TT'TT)s-wave TT" dOominates.

e Model-independent S-wave fit Fit Fractions

compatible with fo(980) resonance.

Decay Mode Decay fraction(%)

* Also with FOCUS’s K-matrix and E791's  £,(1270)7"  10.1£1.5£1.1

isobar fit p(T70)7™ 1.84£0.541.0
p(1450)7™ 2.3+0.841.7

* Signs of something going on near fo S-wave 83.0£0.941.9
(1370), fo(1500) . Total 97.2+3.7+3.8

e | arge D-wave component with f2(1270)

BaBar: arXiv:0808.0971v3 [hep-eX], submitted to PRD
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Dst—=1rmim®t
Model independent S-wave parameterisation

f0o(980)
fo 1370)("
15OO

30 - :HH N~
(a) : - 5
~ 3 L i
:§ 20 - E E .Ig_.'
= { o 1 ”
E E g | o.‘
<ol t E A -1 .
: 7 i .
%&i E ] S .
| } E . E ot — : % ? ¢
0 | | | | ‘ | | | | ‘ | | | | ‘ | | | | _5 | | | | ‘ | | | | ‘ | | | | ‘ | | | |
0 0.5 1 1.5 2 0 0.5 1 1.5
m(x* ) (GeV/c?) m(x* ) (GeV/c?)

BaBar: arXiv:0808.0971v3 [hep-eX], submitted to PRD
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S-wave

e S-wave resonances o—T*1, K= K*m: are they 3 EPRID = Kmww
real? — 1 Dominated by
F Kr S-wave
<
e needed in isobar fits to D*—= i+, DO Kstt
1, D= Kttt -
. . . . 1 2 3
e unclear if compatible with LASS scattering M(KTT) [GeV2]
data Dr—mtremnt
$ [ [ [ceoc] s
. . = oZ
e not required in D= K-Tt*n®, DO—-mrrrm® 5 52
. . T 2 a
isobar fits (BaBar, physRevD.74.091102). £ 85
T T _\oc ©
E T -#’;'Largeﬂ:ﬂ:' 2@
e K-matrix Models don’t explicitly require o, K. S'WiaVe &0

T M W S T T T T A T Y |
4] 0.5 1 1.5

M2(IT 1) iow[GeV?]
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http://www.lns.cornell.edu/public/TALK/2007/TALK07-20/071009-Hadron2007-CLEODalitz.pdf
http://www.lns.cornell.edu/public/TALK/2007/TALK07-20/071009-Hadron2007-CLEODalitz.pdf

Hadronic Charm decays

e Crucial for B physics, especially for a high-precision
measurement of CKM angle y in B decays.

e Properties of the charm system such as mixing and CP
violation. CPV in charm is highly sensitive to New Physics.

e Decay amplitudes and rates: important parameters that
need to be measured, and provide a window to low-energy
QCD, its symmetries (Isospin, U-spin, SU(3)-flavour, ...) and
how they are broken. K* pa1 f

e Properties of light meson resonances - important in its own (980) B
right, but could become very revelant for precision charm O ('7) K(Q) .
and B physics Dalitz analyses.

B
!
D
!
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Hadronic Charm decays

e Crucial for B physics, especially for a high-precision
measurement of CKM angle y in B decays.

e Properties of the charm system such as mixing and CP B
violation. CPV in charm is highly sensitive to New Physics.

® Decse udes and rates: important parameters tha
g®cd to be measured, and provide a window to low-energy
QCD, its symmetries (Isospin, U-spin, SU(3)-flavour, ...) and
how they are broken.

e Properties of light meson resonances - important in its own
right, but could become very revelant for precision charm
®Qd B physics Dalitz analyses.
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BR(D*g = KsK*), BR(D*¢ =Ks*) at BELLE

® Precise Ratio of BR recently measured at BELLE
(using CF modes D*->Ksttt, Dst—KsK* for
normalisation)

3(D+ . K2K+) _ (275 + 098) < 10—3 PhysRevD.80.111101 (2009)

45000 F 0. &\X\\\N

B(D; — Kg77+) = (1.20 £ 0.09) X 1073 40000 |

35000 [
M(KgTa) (GeV/c?)

30000 F

e Ratio not what you’d expect from SU(3).

25000 £

Events/(1 MeV/c?)

20000 [
F —+ data
[ ] signal
[ Di— KK
random
Y . S

\ \ \

1.85 1.9 1.95 2

o Dt KsK*, Dst—Ksmt* also used for CPV M(K?r) (GeVic?)
measurement - see Anze Zupanc’s talk
PhysRevl ett.104.181602 (2010)

B(D* — KIK*)/B(D} — Kd7*) =2.29 + 0.18 15000 f

10000 |

5000 |
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