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Threshold Charm Production

= Running near cc threshold produces quantum correlated D° and DO
ete- —> y(3770) > DD° [C=-1] OR e*e  — y* — DODO% [C = +1]
At @(3770), same-CP final states forbidden; opposite-CP states enhanced
= Tagging the CP of one D identifies the CP of other D.

Unique access to amplitude ratios, phases, & charm mixing. | strong phase
= Exploit interference effects in time-integrated rates. (weak phases are

Correlated — — |2 trivial in charm)
orrelated EEaFEEEYR o\/ . o\ _ /. o\ /. 5
[iroae%ys (o)

[Cabibbo-
suppressed] |—o0 \
. <| D >
= DO strong phases are necessary inputs for _ _l @
Charm mixing studies at B-factories, CDF, FOCUS i > magnitude

CKM studies at B-factories and LHCb [Cabibbo-

favored]

= This talk: CLEO-c @(3770) measurements of strong phases in
D° —» Km Kumn® Kmnm K hth- (h=Korm)
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~ Charm Mixing (no CPV)

= Flavor eigenstates (D, 50) # mass eigenstates (D, D,). D,, = 5

. : AM AT
= Mixing characterized by x = ——and y = —

oI
= y=(0.73 £ 0.14)%:

Direct lifetime measurements: K 7 -
= Compare K*K- and i~ with K-+,

Time-dependent Dalitz analysis of — 4
KOt~ and KOK*K- <K 4

» Intermediate CP-eigenstates give y.

= Interference between CP+ and CP- gives X.

"y’ =y oSOy, — X SiNOy, = (0.48 + 0.23)%
Time-dependent wrong-sign rate D° — K*m—:
= Interfering DCS and mixing amplitudes modulate

exponential decay time.

Oy, connects
measurements
of yand y’

= Ambiguity from strong phase:

...........
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CKM Phenomenology for y/¢,

= Interference between B- — D°%K- and B~ — DK~ is sensitive to y/s.
Need D final states that are common to D° and D°.

Kt~
OR K*mmo
Kt

~vub
) /'ig,n(x,y) For multi bodv decavs:
fﬁ, e

6.7
fr.e' .
0.1 Flip sign for Bt o AFAF

= coherence  avg. cosO = R cosd
(LR XN Accessible with DOD° factor  strong
(N Y4ir-la YA quantum correlations 0<R<1 phase

(=1 for Km)
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-_ Removing Model Dependence in K% h*h~

= Model-dependent 0,(x,y) from amplitude analysis incurs model uncertainty
of O(5°) on y/®;, independent of B decay statistics.

Phase Bins Unknown strong phases:
= Model independent 3
analysis: -
e 5 16 symmetric bins
Divide Dalitz § - _ e
plot into bins. 2r G=¢ Si=-S5;
8 equal bins in b
predicted phase I
shown at right e
Choice of bins -
coordinated 0.5 Op=T
with B-factories & - | | | | |
LHCb q)llIID.SIIII1III|1.5||H2HH2.5HH

= Each bin is a separate decay mode with c; = R; cos0; and s; = R; sin0,.
Bins with & ~ 0 or m act like CP eigenstates = sensitive to cosines of phases.
Bins with & ~ +11/2 are sensitive to sines of phases.
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Quantum-Correlated Decay Rates: y(3770)

o v =en) ety Grenue)
Final States Time-Integrated Rate ( x A,-ZAJ-Z) <fio> =—re ¥
i j 1+r?r?-2ricosd;rcosd; - 2 r;sind; r;sing; <' ‘ b >
Exclusive ;2 r2 - 2 ricosd; ricosd; + 2 r;sind; r;sing; 4
Inclusive i X 1+r2+ 2@r,-cosc‘3,-

 Same as incoherent decay

Semileptonic: r=0 CP eigenstates: r=1 and =0 or m y 22, At cos O,
= Use CP-tagged exclusive rates to extract: '

= For some final states, we know r and 0:

COSOy,: Reconstruct K*K- with K" = K~mr* must come from D, (CP-).
rate < B, (1t y)B, .1+ re'a‘ ~ B, By-(L*T2rcos @ + R, Ty)

Rys =T (D° — K*m)/T(D° — KT*)
VY at first order: =i + Ty + (X2+y2)/2
= Reconstruct K*K- (CP+) with semileptonic = SL must be D, (CP-).
» Semileptonic width independent of CP, but total width depends on CP.

Ne ki /nKK(ST) - BeF/Fl =B, /(1Y)
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CLEO

W1 Experimental Technique

ir- 0 no
= Single tag: fully reconstruct one D Pair-produced D® and D

= Double tag: reconstruct both DY and DO ST X<— Q—) i

Both D% and 50 fully reconstructed. | <— —> i
§ 00000 DO % K+.IT_ —
i (CLEO-0) e*e- — D°D°

_ 2 _ 2
M BC \/Ebeam | pD |

1.88 .
Mbc, GeVic?

Or one missing particle (v or K°):

|:40 ET T e ve Use detector hermeticity and beam
- Ksono' parameters to infer missing mass.
30 E
2 (CLEO-c)
20 F
10 Clean event environment,
0 0, o very low backgrounds
MM*, GeV“/c
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Update: Strong Phase in D? > Kn =~ [6_]

= Previous publication: PRL 100, 221801 (2008) / PRD 78, 012001 (2008).
Dataset: 281 pb! at @ (3770) [ C-odd initial state ]
First meas. of strong phase between CF A(D° — K-1r*) and DCS A(D° — K*m-).

Standard fit:  ¢o5§ = 1.03793L 4 0.06

CPV allowed

Extended fit: cosd = 1.10+0.35 +0.07
[Incl. external zsiné = (4.47>f +2.9) x 1073
mixing meas. |

Type Final States AG average
Flavored Knt, Ktn~ i
Sy KVtK—,ntn~, Kdn%2% Kzl
S_ Kgﬂ‘o, Kg'q, ng C ‘
et Inclusive Xetv,, Xe v 0_3_2|5_wz IPPNTTT 0.5‘-'1"‘.‘1“1‘.5

o (radians)

= New today: preliminary update with full CLEO-c dataset
818 pb'! at w(3770). Not yet in
Additional final states. HFAG average
» Includes direct measurements of r,.2 and sind,.,.
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CLEO

Final States [y ]

~1400 KOcrtmi~ vs. K

~3000 — Sindy;,
= Single tags for all fully- CP-tagged K
reconstructed modes except | — cosOy, _l
KO.mm-.
Flavored - Ruten CP—  Semilep Mixed
hadronic
= Double tags for almost all K KK+ KOs Kev  Kgm (bin 0)
combinations of modes. K- o K%n Kev Ko (bin 1)
Like-sign and opposite-sign. KOmom0 Kow Kuv Ko (bin 2)
At most one missing KO, 0 KO, om0 Kuv  Korrtm (bin 3)
particle (K% or v). o Ko, Ko (bin 4)
= Except for Kev vs. K m : s
0 e pe el K% w New in update KO~ (bin 5)
]; j KOt~ (bin 6)
. ~3500 Ko+t~ (bin 7
= 261 yield measurements CP-tagged Klv SR
K°.mm~ from PRD 80, Sy
032002 (2009)
~30 WS Klv vs. Kt

- Tk
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CLEO

Semi-Muonic Decays

= CLEO muon chambers inefficient below 1 GeV.
= |dentify right-sign D° — K-p*v using missing
energy and momentum.

Main background: D° —» K-r*m? separated
kinematically.

=  Wrong-sign uses similar technique, but 300x
lower yield.
Main background: mis-ID Km flavor in RS decays.

Dramatically reduced by requiring kaon to be in
Cherenkov counter acceptance.

= S/(S+B) goes from 50% to 97%.
Combined Kev/Kpv relative uncertainty ~25%.

= Unlike with incoherent D%, wrong-sign gives r?,

not Ry. . S
Rys = [(D° — K~)/T(D° — K-Tr+)

=l + Ty’ + (X2+y?)/2

Mixing effects cancel in the interference term
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[6Kn] Preliminary

CLEO-c

N
(41
o

N Events

200}

Right-sign

150}

j

:

100

?J

50

-

*

lﬁﬁu—ﬁ—rﬁ

o uiglgbanls J—JE—JF—V-I\\\I TR -
-0.1-0.08-0.06-0.04-0.02 0 0.020.040.060.08 0.1

U=Emiss_ |P

miss |

6

N Events

- Wrong-sign

il
Tfrﬁ WLy

Ml AT L‘T ]_

8

sl
0.08-0.06-0.04-0.02 0 0.020.040.060.0



Fagng g E gt E gt n g gt

’:'..":'.."E""':':":':"E":".

Paar/Brower: NIM A 421, 411 (1999)
BaBar: PRL 97, 211801 (2006)
Belle: PLB 648, 139 (2007)

= Doubles the number of Kev vs. CP+

= Technique for two missing particles:
Used at B-factories for semileptonic decays
Kinematic constraints on v and K° define two cones for D° and DO,
If cones intersect, then 0 < x,? < 1.

Z
. (Ke)
Ap} 1 h CLEO-c
_ Kevy/Kj = Preliminary
-1 812_#__ I} = ,Z) KE\'E:’K;:” .
Py: ~ | v D ° ’ Everything else S]gnal

All MC

/
Ve (/
X /I‘
f" ,\' M BDI
N PR ul
~s2T LI
1_"‘% \‘\
DN

/.
—H—I|III-|III|III|III|III|III|

/ 1
/ ) |
X pj:_? td L I I I Ja b L [I—— |2_- —n—-—‘—-—v—-—|1—':I:'—._':—(—-—|—,_é | 1 1 i__1
(1) .
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= | Fully-reconstructed single tags: | |35
S & 1890
Fit beam-constrained mass : ? DD K'w,CPs
distribution. 6 ot gree.
_ \/ 2 . 2 ::: §1.87: '_';"_'..""
M BC Ebeam | pD | oo % f A '5? s
m: §1.86:

= | Fully-reconstructed double tags: || * peD 78

Two fully-reconstructed STs e B | | B

Count events in 2D Mgc plane. | L A i
- EXCluSive Kev DTS: | Kev VS. eam-constrained mass ev/c

One fully-reconstructed ST oo Koo L T T o

. I -0 K1 vs.

Plus one K and one e candidate | «f 1 - Komo

Fit U distribution oL 1il30 £ .
= | K° {n% n, w, m°n% DTs: | 11150 = E

One fully-reconstructed ST . | . - .

Plus {m%, n, w, m°m% candidate 11110 = =

Compute missing mass-squared _ _ _ 11 o = =

= Signal peaks at M?(KO). U=E. .. —IP_|
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_CLEO
CLEO-c
Fit Results [y ] Preliminary
= 51 free parameters = Statistical uncertainties on y and
Npp, 21 branching fractions rg;C0SOx, (W/0 ext. meas.) 3x
24 amplitude/phase parameters smaller than 2008 analysis.
for KO- Estimated impact on HFAG
5 Kt and mixing parameters average: o(y) reduced by ~10%
= Fit performed with and without First direct measurements of r,.?
external measurements of v, x, v’ and sinq
(same as in HFAG May 2010 avg.) = Preliminary systematics.
Parameter I:I;Tcl;?isr gll_)EGO’ Fit: no ext. meas. Fit: with ext. y, x, y’
y (102) 0.79 + 0.13 3.0£2.0+1.2 0.635+0.118  Average of y and
X2 (10°3) 0.037 + 0.024 1.5+2.0+0.9 0.022 £ 0.017 | ¥ =Y €00k = XSinOyq
(now limited by sindy.;)
L (11073) 3.32 + 0.08 412 +0.92 + 0.23 3.32 + 0.08
cosdy, 1.10 £ 0.36 0.98 *0-27 .. +0.08 1.15+0.16 + 0.12
sindy, -0.04 + 0.49 + 0.08 0.55+0-36 , ,, + 0.08
Okx () [derived] 22411 49 0£22+6 151+ 7
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;&‘: CLEO-c

Likelihood Contours [6y_] Preliminary

New prelim. results - statistics only
(no ext meas.)

= Improved likelihood behavior

over 2008 publication: \ = N\\

Previous nonlinearities from use 004f
of Ry to derive r,.? s :
0.00 \

Rys = [(D° — K7)/T(D° — KTr)

Likelihood
Yy
(]
o (
w
[«%]
1 1 1

=l + Ty’ + (X2+y?)/2 NPT SRR By
05 07 09 ;;sﬁ 13 15 17 05 07 09 141 13 15 17
Solved by our new independent AL ol G
2 o T — 1] > 008fF T
measurement of ry. gl @ (b)
(WS Klv vs. K) = |
f 0.00 |-
. . —-0.04 |
Will give more robust averages
. . —0.08 |-
with other experiments (HFAG)
| ‘ -0.12
0.5 0.5 1.5 0.0
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[ PRD 80, 031105(R) (2009) ]

= Similar formalism for Km, except now include coherence factors (R)
for multi-body decay as free parameters.

Type Final states
Flavored KTrn*, KtrtptnT, KTptq0
CP-even K"K, mtn, K7, KV70, KQw
C' P-odd K2V Klw, K2¢, Ko, K21

total CP-tagged  ~3200 vs. K-

events ~4700 vs. Kt

= No single tags — estimate from external branching fractions

T L T T
[kt
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D? 5> K ttnt? and Kttt ™ Results

= Low coherence in K31 has
advantages:
Gives sensitivity to y
comparable to Km
analysis

Also increases sensitivity
torg

= Expect ~40% reduction in
error on y/ ;.

= Also useful for HFAG
mixing average:

But first need to convert
average K+m—m? phase to
K*1m phase
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Parameter Mixing constrained Mixing unconstrained

Ricnro 0.84 + 0.07 0.7870 3%
SETTO (o) 227+14 239132
Rc3r 0.33%5:33 0.36703
K3 () 114728 118753
x (%) 0.96 + 0.25 —0.8733
y (%) 0.81 +0.16 0.7737
§E™ ~151.5+38 —13073%
350 [ 50N
sof [ ]1o @ 300 -
250 — [l2c —~ 250 —
200 [l 30 Q‘é” 200
150 Y Best Fit 5 150
100 [ o 100 £
50 - 50 £
:. | | | ‘ | | . 0 -

0 Dol b b b b Lo o
0 010203040506 0.70809 1 0 010203040506 070809 1

e Not yet included in R
HFAG average




CLEO

Update: Strong Phase in D? > K’ 1. h*h~

Haztatasidrarty
LA

= Previous results on K°% ,mm~ using 818 pb-' of y(3770) data:
PRD 80, 032002 (2009), 8 equal phase bins [used in 0, analysis]
= New today: updated results with same dataset.
Phase binning optimized for precision on y/@;
= Different schemes explored.
Add K%  K*K~:
= Use {2, 3, 4} bins instead of 8 because of lower statistics.

total CP-tagged
events for C;

3

m? [(GeVic})?
|Bin number|

~800 vs. KO ,mmm-
~4700 vs. K% KK

~2000 total
K° hth=vs. K% h*h-

- N w -~ (3] » ~ @

L *\\I\‘IIH'HH‘\II\‘IHI \\l‘\ll\
0.5 1 15 2 25 3 1 11 12 13 14 15 16 17 18 events for S;
2 2,2
ms [(GeVic)T] m? (GeV2/c)
R
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For most binning schemes, induced

D? - K% 1. h*h™ Results

One set of binning choices shown at right.

uncertainty on y/@; is smaller than current

model uncertainty of 3 to 9 degrees:
arXiv:1005.1096 [BaBar]
PRD 81, 112002 (2010) [Belle]

Also useful for mixing studies at B-factories:

Time-dependent Dalitz plot fit of K;°h*h-

determines x and y simultaneously.

Depends on knowing strong phase across Dalitz

plot.

Could be done w/o0 model dependence
using CLEO-c measurements.
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Preliminary
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—— Statistical
—— Systematic
* Model Expectation

0.5 1

KOK K-

S

—— Statistical
—— Systematic
* Model Expectation

0.5 1

1.5
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= Quantum-correlated CLEO-c dataset has yielded direct
determinations of amplitudes and strong phases in D° decays.

D° —» K Kmn® K Kg °hth-
All measurements are statistics-limited.
Already significant impact on charm mixing and CKM studies.

= BES-IIl has exceeded CLEO’s y(3770) dataset.
Should be able to improve on CLEO-c results.

Eventually:
= Competitive measurements of mixing parameters.

= Use C=+1 D%D% from higher-energy data.
= Orthogonal sensitivity to mixing parameters and strong phases.

= Access to CP violation.
= Many more possibilities to explore!
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BACKUP
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External Measurements [0y ]

Table 5: External measurements of y and y' with associated measurements of r? and =2,

Parameter Value (%) Source Average (%)
Yop HFAG 1107 £ 0.217
T [0732£04+04  CLEOILV [17]  0.419£0.211 [4]
080+ 020+£0.17 Belle [48]
0.16 £ 023 +0.12 +0.08 BABAR
y —14+24+08+04 CLEO ILV [47] 0.456 + 0.186 [41]
033024015 Belle [48]

0.57 £ 0.20 + 0.13 £ 0.07 BABAR

Correlation Coefficients

2 0.364 0017 Belle [50] T —0.831 +0655
0.0675 35 1 —0.900

' 0.01850 55 1
= 0.303 £ 0.016 + 0.010 BABAR[51] 1 -—0.87 +0.77
0.97 + 0.44 + 0.31 1 —0.94

7" —0.022 4 0.030 + 0.021 1
= 0.304 + 0.055 CDF T —0971 +0.023
y 0.85 + 0.76 1 —(0.984

" —0.012 + 0.035 1
r 0.333 + 0.011 Average 1 —0848  +0.701
Yy 0.48 + 0.23 1 —0.042

" 0.002 + 0.012 1
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| Coherent vs. Incoherent Decay

C=-1 = Qverview of quantum correlation
3770 effects:
ete” -l y* DOD0
/ 34 No QC M With QC B Doto
. CP+/CP+
Forbidden by cpr P+ — | 0, [, T
CP conservation cP- CP- ——> h CP-/CP-
| ] ] ] L | | | ] |
Maximal enhancement | CP+ C(CP- — CP+ /CP— -
] ; ] ; i | | f |
Forbidden if no mixing | K'm* K"
> R Km* /K
Interference of Km* CPz ——— o -
CF with DCS (gives cos®) | cp: K1+ | 1, K" /K"
0 1 2
CPs Yield / No-QC predicti
Single Tags Unaffected | K-t X 1€ ° prediction
SL Quantum correlations

are seen in data!
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