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INntfroduction

e Currently vy is the least constrained of the CKM angles
0.7 E— 7 / — \%E v — (890—1—3421)0

3 = (21.159-90)°

\ excl szed\\\greé has Ci: ; 0.9\5
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\ N

v = (73535)°

CKMfitter 2009

p
« Analysis of B+ — (D%D% K* channels is a very
promising method to determine y

o Conceptis outlined on next two slides; see talk by
D. Derkach for more detail
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Use of B+ — (DYDY K= to determine vy

K-
o . _Vudvub
w 1= ()
B
= I_) 65— _ AB~ — D'K")
- rar’ = A(B* = D'K-)
B

DCS/CF magnitude ratio

. B strong phase
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Use of B+ — (DYDY K= to determine vy
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\ Common
/ final state
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- K interference
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Quantum-correlated decays
at CLEO-c
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CLEO-c

e Located at Cornell Electron Storage Ring
e efte~ collisions

e Dafa
° (8]8 =

collected at and above ct threshold

- 8) pb~! of ete~ — y(3770) events

« y(3770) — DODO system is quantum-correlated
with overall CP -1

 Very clean environment
= Low backgrounds

= Can reconstruct ‘missing’
particles (K., v)
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Exploiting guantum correlations

e Overall CP of the system is known (-1)

 Determine gquantum numbers of one D° that
has decayed to a known CP state
» e.g. KTK~ which has CP +1

e Quantum correlation enables deduction of
gquantum numbpers of the other DY — which has
decayed to the final state of inferest

« Known as tagging

o Currently, unigue results at CLEO-c
= BES-Ill measurements have begun
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Selections at CLEO-c

e Plane of D% and DO mpc = \/ Efeam = Pb

Data

Signal region,
centred on
nominal D° mass

Sidebands
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Phys. Rev. D 78, 012001 (2008)

e Flat background estimated using sidebbands

e Peaking background estimated using MC
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Selections at CLEO-c

e For tags containing K;, reconstruct missing
momentum and hence determine (missing mass)?

«  Expected to be centred on K; mass? (0.25 GeV?/c?)

3950108-007
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BES-III

e Located at BEPCIl efe— collider, Beijing

e Design luminosity 1033 cm=2s-!

e This year collected ~700 pb-' at y(3770) —
aiming for total of 1fb-!

e« 2011: narrow resonance (Jhy, y’)

e 2012: w(3770)
» Estimated total integrated luminosity > 4flo-

« Hadronic charm physics program
» Quantum correlations, y input, ...

 For much more information see talk by H. Li
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INnfroduction

DY decays to final states conftaining kaons
(K*, Kg) and pions (w*, ©9)

e For a successful determination of y from
B+ — DK+, the D-decay parameters must be
well-known for each final state
« CLEO-c input very useful

« When D° and D° are considered together
they are referred to as D
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Dalitz analysis
e D decays to Kgh*h~ (h = K, 7)

Kshth-
. DO /
B \\'a
. K_
Phys. Rev. D 68, 054018 (2003)
25 May 2010 DO-hadronic decays related to the extraction of y 15

Chris Thomas — Oxford & RAL — CLEO-c



Dalitz analysis

e Three-body final state is a natural candidate
for a Dalitz analysis

S

m3(K°1) (GeV3ic?)
N
[3,]

0.5—
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Dalitz analysis
DY decay amplitude:
foolx,y) = Aye® = ADY — KSh™h™) (2, y)

e |n absence of D-mixing and CPV:

foo(w,y) = fpoly, @)

e B— decay amplitude:
AB™ — (Keh"h )pK™) o fpo(z,y) + rpe’ 5™ fpo(y, x)

e B decay rate:
B~ — (Kehh™)pK ™) A%U + '!'QBA;E
+ 2rp Ay Ayelcos(0p — ) - cos(Adp) — sin(dp — ) - sin(Adp)]
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Dalitz analysis

Sensifivity to vy
(B~ — (K¢h™h™)pK™) A2, + 15 A2,

ﬂquﬂy‘r[”m' — ) - ti't..}h‘@ —sin(dp - sin(Adp)]

B-decay parameters A5D

LE

e Options:
o Measure all parameters with B+ decays
» Use an addifional flavour-tagged D decay
sample to determine D model parameters

« Measurements of binned D-Dalitz plot to
determine D model parameters
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Flavour-tagged D decays

 Model DY - Kchth— decays using tagged
D** — D%x* events:

Sl @l 0 A f]e~h | yemm  BaBar Dalitz
Ezoooof T 4 40001 | f‘:!f %40007‘ | o .
Komtm— &1 A /‘» 2 | projections
3 ”' Ellln’:.l I z ,: ',
S E“’”‘” ;’il 1 v/ \/, PloEt f\, Iw Phys. Rev D 78,
L e | T LN 034023 (2008)
m2 (GeV¥c?) m?2 (GeVZc?) m3 (GeVc?)
L ™ R A o (.
‘: L h”_ 1500 A B ;
KeRFAR™ g A I N 1
@ L %) I
E 00 - ! ',‘f 500 f | |

12 14 1.6 1.8 14 1.6 1.8 1 1.2 14 1.6 1.8
m?2 (GeV/c?) m2 (GeV¥c?) m3 (GeVic?)

m2(Kgh-) m2(Ksh*)  m2(hth-)
e Must use decay model to make assumptions
about strong phase values — uncertainty
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Flavour-tagged D decays

* BaBar KKK~ model (ofhers in backups):

Component a, ¢, (deg) Fraction (%) Phys. Rev D 78, 034023 (2008)
K%ay(980)° 1 0 55.8
‘{Kgqb(](ﬂ()} 0.227 £ 0.005 —562=*= 1.0 44.9
ng'o(]37()) 0.04 = 0.06 —2 =80 0.1
T K f,(1270) 0.261 = 0.020 —90*+6 0.3
K%ay(1450)° 0.65 = 0.09 —95 =10 12.6
K™ ay(980)~ 0.562 = 0.015 179 = 3 16.0
K~ ay(1450)" 0.84 = 0.04 97 £4 21.8
K*ay(980)~ 0.118 = 0.015 138 =7 0.7

it
A

K 14 16
m2 (GeVZc?)

e Latest BaBar result (468M BB): arivihep-ex/1005.1096

Y = 68°

— 140 (.Sfdf[) .

— 40 (.SY.St) -

e Latest Belle result (657M BB):
v = 78.4°T198 (stat)

25 May 2010

- 3°(model)

arXiv:hep-ex/1003.3360

T 3.6O(Sy8t) T 8.90(1110(161)
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Binned Dalitz analysis

e Divide the Dalitz plot info bins and measure
yields in each bin

e Symmetric division of bins about y =x

n12(K°sK') (GeV¥c?)
> o na
T 1 T r l'.‘;] T \

-
'S
T T

-
N
T

I Lo | \ Lo \\ | s
1 1.2 14 1.6 1.8 2
mz(KgK*) (GeVZc?)
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Binned Dalitz analysis

e Number of B+ eventsin bini has

dependence on weighted average cosine
and sine of 40y In bin i

N;(B* — (Keh*h ™ )pK¥) e B3 rBHjL g

B cos(0p = )@ + sin(0p + 7 )8l

= [pru (z.y)]* dz dy

|fDo (2, y)||fpo(y, x)| cos(Adp(x,y)) drdy

1

B =— \}‘Da (, )| | fpo(y, )| sin(Adp(x, y)) dv dy

« NO model error (bu’r Increased stat. error)

25 May 2010 DOo-hadronic decays related to the extraction of y 22
Chris Thomas — Oxford & RAL — CLEO-c



Determining ¢ and s
e ¢ and s can be measured with quanfum-
correlated Kg;h*h~ events at CLEO-C

* Kq;h*th- tagged with CP eigenstates can

be used fo constfrain ¢
= To first order, Ksh*h= vs CP+ = K;h*th~ vs CP=x

* Kghth™ tagged with Kg;h*h~ can be used
to constrain ¢, and s

e Log likelihood used to extract ¢, and s

e Detailled method and yields in backups
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CLEO-c Kqn™rn~ Dalitz plots

o Clearly see resonant substructures

3620109-003

25 May 2010

K n* - vs, CP-even Tags
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CLEO-c KKTK~ Dalitz plots

K K+K~ against
CP+, K; KtK-
against CP-

K K+K~ against
CP-, K; KK~
against CP+

CLEO-c preliminary
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e Quantum correlations in action!
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Dalitz plane binning

o Statistically-sensitive binning is in regions of
similar AéD Eur. Phys. J. C 47, 347 (2006)

s7)

M2(K

25 May 2010

0.5
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(C, s) results

Kgmtm

3620609-025

| Y BaBarModel ® CLEO-c Data

Tyl
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CLEO-c preliminary
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Projected impact on vy
e Toy MC study of B+ — DK+*

o Large number of B events

= Use fully correlated ¢, and s
= Float ry, 8y, v (initially 0.1, 130°, 60°) |

1200

Mean 60.54
RMS 1.66

goof

Entries/2°

600}

400

ol P e

= Smear & extract distributions RO

Y (°)

* CLEO-c statistical error (replaces model error)

o Kgmtn— ~1.7°

> KKK~ ~3.7°

-

BaBar Kqntn— & KGKTK—: 3°
Belle Kgntn—: 8.9
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ADS + GLW method

Atwood, Dunietz, Soni Gronau, London, Wyler

D decays to two-body non-CP eigenstate

B~ .DO\

K*n+
. DO /
B— Phys. Rev. Lett. 78, 3257 (1997)

Phys. Rev. D 63, 036005 (2001)
Phys. Lett. B 253, 483 (1991)

Phys. Lett. B 265, 172 (1991)
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ADS + GLW method

e Four permutations of B+ and K+« T:

F(Bﬁ — (K+‘ﬂ"_)DK+) x1l + (_.;,.Brﬁ'vr) + 2r BT‘D ; (““’(()B 4y —

LB — (K'n")pK") 13, + @p0°  + 2 Brp cos(0p + 7 + Ol

F(B_ — (I{—'_Tf'_)[_)li_) X IQB -I— (?"gw)g —|— ) 14 T D ; (()5(0 B — ,.: _|_

[(B™ = (K7 )pK7) < 1+ (s 'BT'KW) + 2rpi ‘gﬂ . cos(dp — v —
DCS/CF A(DO S KT )
magnitude ratio

; AD" = K 7+

Strong phase

» Strong phase world average (HFAG): (65" = (26.4775)°

http://www.slac.stanford.edu/xorg/hfag

e |Input from B-factory mixing measurements &
CLEO-c (281pb'): CP- and flavour-tagged K*r+

Phys. Rev. D 78,

25 May 2010 DOo-hadronic decays related to the extraction of y 012001 (2008)
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Multibody ADS method

D decays to three or more bodies

Phys. Rev. D 68, 033003 (2003)
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Multibody ADS method

 Multibody decays can typically occur via

INfermediate resonances
» e.g. K—n+ntn— can be produced via K(1270)—=+

* Unlike the case of two bodies, the DOdecay
amplitude varies across phase space

e Fach intermediate resonance has a different
amplitude and phase

e Does one resonance dominate, or are there
several with ~equal contributionse

25 May 2010 DOo-hadronic decays related to the extraction of y 32
Chris Thomas — Oxford & RAL — CLEO-c



Coherence factor

 Coherence factor R, can classify
InNfermediate resonances:

No single A single
resonance resonance
dominates dominates

@S Ryax S@
Intermediate Intermediate
resonances are resonances are
out of phase INn phase
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Coherence factor

e Rate equations:

(Bt — (K*a 7tn " )pK*) oc 1 + (r B cos(6p +v —
I'(B* = (K~ 7tntn " )pK*) o r3 + (N B - cos(0p + 7 +
B~ — (Ktr at7n")pK™) « 15 ‘ B8 . cos(0g — v+
I'B™ — (K 7#tn s )pK) x 1 + im“j; ) + 2 : - cos(dp — v —

e R, ~ l:sensifive fO vy

e R, ~ 0:lose sensitivity to y, but obtain good

constraint on rp
e Similarly for R, _,efc.

25 May 2010
Chris Thomas — Oxford & RAL — CLEO-c
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Measurement at CLEO-c

o As with two-body ADS, external constraints on
DY-decay parameters can be provided by
QUOﬂTum-CorrelgTed CLEO-c data Phys. Rev. D 80, 031105(R) (2009)

Knr® against Kgn® K3n against K; n"

4280809-004

=003

F [
= 120 [ -
__ 400F (a) i]lH 15 F (b) k
L 350 } 3 100 } g
o) E o I
Data = 300 } 19 sof ]hl .
© 250F J =y i *
. 9 C { o 60— } —
Estimated < 200F 10 [ { ][
wn F - B i
background £ 150 by 42 0l it .
> 100 s | i |
Ll = t B - .
o ooy qw 20 1 f ]
o b N ]
)P RV, B et L0 ol T T TP YT N Y
1.84 1.86 1.88 02 0 02 04 06 08 1
| M. (GeV/c?) _ MM? (GeV?3/c?)
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Measurement at CLEO-c

 Double-tagged yields are sensitive to various
permutations of coherence factors and
sfrong phases:

Double-tag yield Sensitive to

KEnFrtn— vs KEnFrtn- Ry, 2

KEnFrtr— vs KEnT Ry, cos(0f3m — oK)
KEnFrntn— vs KEnFrO Ry, R, cos(SK3™ — gKrn)
K*rFntn— vs CP Ry, cos(0K37)

e 818 pb! data used; yields in backups
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CLEO-c results

4280309-001 4280309-002

of nn® (deg.)

350 F 350
: a - b
300 | 1o (a) 300 f (b)
250 |- 20 . 250}
200 M 30 § 200f
150 |- % Best Fit ; 150 [
- el :
100 | 100 |
50 |- 50 |
ST TR AT PR R RN SR R T RN ST 0: W NS WS N ST FE "
00 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 0 0.10.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1
RKer . RKSn
Rirro = 0.84 +0.07 Ry = 0331533
Kar? _ /oa=+14\0 K3r __ 1+26\0
op™" = (227547) op°" = (114553)
Highly coherent Low coherence
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Projected impact on y

e Invaluable additional input for LHCb y
exfraction

« Coherence factors, and §5™ constraint,
provide additional sensitivity equivalent 1o
doubling the BB dataset for 2 for!  tues20s0st pusic note
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The future

e At CLEO-c:
» K=nT quantum-correlated analysis to be updated
with full statistics (results expected autumn)
= KJKTK~ analysis to be finalised
s Update of Kqntn— analysis with newer BaBar

amplitude model, Belle model, and statfistically
optimised binnings
= Coherence factor analysis of K¢K*n™

e BES-IIl w(3770) physics program
e DO results can be used in LHCDb, etc.
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Conclusions

e DV-hadronic decays play an important role in the
precise measurement of y

« Quantum correlations at CLEO-c enable precise
measurement of D decay parameters

e BES-lIl taking data at w(3770)
e Dalitz analyses of Kqntn~ and KK K-

e ADS methods K=n¥F, KEnfntn—, KEnFr0

e Critical input for precise determination of y at LHCb
and future ete— machines

e Combination of measurements, 10 fbo'! LHCb data:

o, ~ (] 9 — 27)° LHCh-2008-031 public note
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Backups
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Influence on y precision
e ADS method =::

-

= ¢ LHCb-2008-031 public note
1=
= { ) ;
105
2 ¥ H t
o : t
7E- ®  LHCb Knthh ADS/GLW ¥ n
6 A +CLEO-c 8} constraint
50 Y +LHCb K3t ADS
4 E B+ CLEO-c K3r constraint
T TN (VR T TR | R 7. R 1
35" ()
o KomtT
S/Tt /Tt h222g RS RAEEE REARE RN REREE RELLE
m - =
S 20 ;\\\ Amplitude fit, model error 7° |-
S 175 F NS s Binned fit, CLEO-c error 2° |3
5 15 X -
21250 ~
< 10 E —
2 75¢E T
5t
25
0 =1

1 2 3 4 5 6 7 8 9 10
Integrated luminosity [fb™]
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BaBar Kt~ model

TABLEII. CA, DCS, and CP eigensiates complex amplitudes e, 77 S-wave P-vector parameters, K7 S-wave parameters, and

fit fractions, as obtained from the fit of the D® — K27 7~ Dalitz plot distribution from D** — D%, P-vector parameters [, for

prod ; prod

v # 1, are defined as f7,° /)" . Errors for amplitudes are statistical only, while for fit fractions include statistical and systematic
uncertainties, largely dominated by the latter. Upper limits on fit fractions are quoted at 95% confidence level.

Component iy i, (deg) Fraction (%)
K*(892)" 1740 = 0.010 130.0 = 0.3 55.7+ 2.8
K§11430)° 82 0.7 153 = 8 102+ 1.5
K3(1430) L410 = 0.022 138.4 % 1.0 22+ 16
K*(1680) 1.46 + 0.10 —174 = 4 07+ 1.9
K*(892)" 0.158 + 0.003 —427 + 1.2 0.46 + 0.23
Kg1430)t 0.32 + 0.06 143 = 11 <0.05
K3(1430)* 0.091 = 0.016 85 = 11 <0.12
p(770)° 1 0 20 = 1.6
w(782) 0.0527 = 0.0007 126.5 = 0.9 0.9 = 1.0
£2(1270} 0.606 = 0.026 157.4 =22 0.6 = 0.7
B 9.3 0.4 ~78.7 = 1.6
Ba 10.89 = 0.26 ~159.1 = 2.6
Bs 24.2 + 20 168 = 4
Ba 9.16 = 0.24 90.5 = 2.6
fiv 7.94 + 0.26 73.9 = 1.1

i 20 +03 ~18+9

: 51+03 333

e 3.23 = 0.18 48+ 25
shred —0.07 = 0.03
T § wave 1.9 =26
M (GeV /%) 1463 = 0.002
I (GeV/e?) 0,233 + 0,005
F 0.80 + 0.09
by 233013
R 1
by ~531 = 004
a 1.07 =011
r ~1L8=03
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Belle Kqntn~ model

TABLE I: Fit results for D° — K2rt7~ decay. Errors are

statistical only.

Intermediate state| Amplitude Phase (°) |Fit fraction (%)
Ksaq 1.56 4+ 0.06 214+ 3 11.04+ 0.7
Ksp" 0 (fixed) | O (fixed) | 21.240.5
Ksw 0.0343 £ 0.0008|112.0 £ 1.3| 0.526 £0.014
Ks fo(980) 0.385 £ 0.006 |207.3 £2.3| 4.724+0.05
Ksos 0.20 £ 0.02 212 + 12 0.54 +£0.10
Ksfa(1270) 1.444+£0.04 34294+ 1.7] 1.8240.05
Ksfo(1370) 1.56 £0.12 110 £4 1.9+0.3
fi’spo(145[]') 0.49 £+ 0.08 64+ 11 0.11 £0.04
K= (892)+ - 1.638 £0.010 |133.2+04| 629408
1T(892)7 7t 0.149 £ 0.004 |325.4 &£ 1.3 0.526 £ 0.016
K*(1410)" 7 0.65 £ 0.05 120 £4 0.49 £+ 0.07
K*(1410)"m 0.42 £ 0.04 253 £5 0.21 £0.03
fi5(1430)+ 221 +£0.04 |3589£1.1 7.93 £0.09
K§(1430)~ 7 0.36 £ 0.03 87T +4 0.22 4+ 0.04
fi5(1430)+ 0.80 £0.03 |3148 £1.1 1.40 4 0.06
K3 (1430)" 7 0.23 £0.02 275 +6 | 0.093 £0.014
K* (1680)"' 0.88 £0.27 82417 0.06 £ 0.04
K*(1680)" 7 21+02 130 £6 0.30 £ 0.07
non-resonant 27103 160 £5 50+1.0

DOo-hadronic decays related to the extraction of y

Chris Thomas — Oxford & RAL — CLEO-c
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Determining ¢ and s

e ¢ and s can be measured with quanfum-
correlated Kg;h*h~ events at CLEO-C

e CP-tagged data can be used fo constfrain ¢

Double CP - Double flavour
tag y|e|d \Ajl [?:I: IT{?:_ + _.-—I{i I{_i X JT‘:—;E tag yleld
SingleCP| _— REs 25}“\ Single flavour
tag yield tag yield
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Determining ¢ and s
* Kghth™ tagged with Kg;h*h~ can be used
to constrain ¢, and s

Double Kg hh

tag yield
Voo,
M;; = 5C (ﬁ N _;+ K K — 3'\/1’1'1'\1}1’111'1}‘ O
Single flavour Double flavour
tag yield tag yield

* Log likelihood used to extract ¢ and s
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ADS: input from charm physics

e Use external input of 047 to guide ; T

fit at B-physics experiments s \/

« Current world average (HFAG): [08™ = (26.479:8)°

arXiv:hep-ex/0808.1297

= B-factory mixing measurements
= Input from CLEO-c (TQCA)

http://www.slac.stanford.edu/xorg/hfag

o TQC A: Phys. Rev. D 78, 012001 (2008) I QC Pred. (r=0.06, coss=1, no mixing) Ml Data___ awssar
I-—r—: IIIII CIT’+/ICPI+
» 281 pb! data used (to be updated) | 7 . . .
, oprers L T
« K*rn* fagged with CP & flavour tags | “j——
T 1 Kk
O RCITG ~ BCPBKW(]-—'_QIKW 5K7T—|— ...) .1+2|ms.6 IIIII T IKTIc/CIP+I
] Zoosiy e | IKTIr,/CIP—I
= Quantum correlation observed! Avg (YiekiNo-QC prediction)
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Coherence factors

 Coherence factor results normalised to
Incoherent expectation

K3r: low coherence

Knr% high coherence

25 May 2010 DO-hadronic decays related to the extraction of y

PLs
Pkr,Ls
Pcp-
Pep.

Knn®
pKEﬁ,LS

c by b by
0 0204060

8 1 1.

(RTINS T N IR B M B
1.4 16 1.8 2

Observed / Incoherent Expectation

Chris Thomas — Oxford & RAL — CLEO-c
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Yields in Dalitz plot analyses

Tag group Kgntn— KKHK-  Kinfnm K KK~
CP+ 471 50 517 59
CP- /86 46 322 64
Flavour /829 745 12098 1174
Kgmtn 475 56 867 126
K;nrr- 140

KKK~ 4 9
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Yields iIn TQCA

Mode Yield Efficiency (%)
K-nt K—7t 20+1440 36.1+34
K-nt K*tr= 600+254+5  41.1+0.2
K-t KTK~ 71+841 355406
K-zt mtn~ 244541  444+1.1
K7+, K%x%7z0 324+6+1 8.0 +0.3
K—nt K9x° S8+0+1 184403
K-rt K% 80+28+00 6.0+0.3
K=t Kw 20+5+0 8.7+0.2
K*+7= ,K*7~ 20+£14400 441+33
K+tr= ,K*K- 54+740 361406
K*tr— mtn~ 254541  481+1.1
K+r= K%n'z" 33+6+0 8.0 £0.3
K+r= K%x" 76940  18.6+0.3
K+a= K 9+3+0 6.1+0.3
Kt Klw 33+64+1 8.0 +£0.2
KYK- K%  30+6+1  17.14+0.6
KtK-KYp 70+27+00 71+08
KtK~ Kow 204440 6.8 +0.4
mtr=, Kon® 134440 192412
mtr= K%n  20+14400 81+14
mtr Klw 70427400 09409
Koa0z0 K9rY 144440 3.5+£0.2
K200 K%y 40420400 1.2+02
Kim7Y KSw 40£20+£00 14402

DOo-hadronic decays related to the extraction of y
Chris Thomas — Oxford & RAL — CLEO-c
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Yields in coherence tactor analyses

Mode KEngFrFat KEgFg0 KEg7F
KFrtnta® 4,044 + 64 - -
K*rFnxFz+  201+5.9 - -

KFrEz! 0,504 £ 09 7,6342 + 87 —
K*zFzY 63.6 - 8.8 12.5+4.1 -
KFrt 5,206 =72 7,155+ 85 -
K*r¥ 35.6 6.2 7.3+3.3 -
K+YK- 536 =23 764 £ 28 -
ata~ 246 + 16 336 + 18 -
KOrx070 283 + 18 406 +21 221 £15

K" 827 +£30 1,236 4+ 38 689 & 28

KYw 206 = 18 449 £22 251 £ 17

K" 705427 891 4+30 473 +22

Kow 319 £10 380 4+21 183+ 14

K26 53.0 7.5 00.9-+0.9 42.8 +6.9

K%(yy) 128412 116 £11 65.5 +R.3
Konp(rta=7Y) 359465 363+7.2 272454
Koy 35.7+6.0 606478 30.0+£5.5

25 May 2010
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