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There 1s an unimpeachable reason to visit the
Sistine Chapel, namely to see Michelangleo’s
frescoes. ... Most of you who have been [there]
will have forgotten ... there are wondertul frescoes
by other famous masters, namely Botticell....

... I concede that the fascination of charm decays
might not match that of beauty decays any more
than Botticelli can match the power of

+ -
Michelangelo. Ot course, Botticell: 1s still ‘_O (e'e — HadrOnS)(nb)_’

e . 10
Botticell, 1.e. a first-rate artist, but what about :
charm? : Y'(4S) _
... I will argue that future charm studies can S ‘ |
. . BT RLY | LI S
provide us with first rate lessons of fundamental | ** B
dynamics... oL — I |

- 1. Bigt, “Charm Physics - Like Botticelli in the Sistine
Chapel (2001)”
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Neutral Meson Mixing

ds, b

“box” diagram: Am

C—__ _—u
J=

u C

DO mixing is dominated by long-distance
contributions (both Am and AI')

Meson flavors Am/T’ AL'/2T° observed?
K’ sd 0.474 0.997 1958
B’ bd 0.77 <1% 1987
B’ bs 27 0.15 +£0.07 2006

D' cu <0.029

0.011+0.005 March 2007




D% mixing - the Formalism
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D% mixing - the Formalism
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D% mixing - key exp’tal features

¢ Flavor tag by D*

e D° Beamspot e*

¢ p(D*) > ~2.5 GeV to eliminate D%s from B
decays



D% mixing - exp’tal results

3 various measurements using

¢ Lifetime difference
e PRL 98 2118033 ® 0712.2249

¢ Hadronic D° decays
e PRL 99, 131803 e PRL 98, 2118025

¢ Semileptonic D° decays
e (0802.2952 ® PRD 76,014018

'y )
/O
BELLE




D% mixing - by lifetime difference

e Study D" mixing by apparent lifetime difference for D' —
KtK~, 7tn~and D" — K™

e Approximately, the effective lifetimes are:

oy = arg(A)
T = Tir/) |1+ ]% (ycos s —xsinyy)
Th—h — TKW/ 1+ g (yCOSgﬁf—Fxsingpf)
Tk+ CP _
Yyoprp = LA 1l =——p yop=y=AI/2D
<Th+h— > conserved
- T Ti+ CP
AF B Thh Thh AY - - AF conserved O
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PRL 98, 211803 (2007)
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D% mixing - by lifetime difference
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Entries / 1 MeV/c?

0712.2249

D% mixing - by lifetime difference
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e Background events may contain effects
differing in each mode

e Event selection is chosen for high purity

e e.g. require |0m — g| < 0.8 MeV/c?

qo = 145.4 MeV/c?: nominal value for
D*t* — DY mass difference (dm)

Sample  Size Purity (%)

K~ n% 730,880 99.9
K KT 69,696 99.6
7T 30,679 98.0




0712.2249

- by lifetime difference
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0712.2249

D% mixing - by lifetime difference

Oyep (%) ony (%)
Systematic K K" n w77 Av. K K™ 7w Aw
Signal model 0.130 0.059 0.085 0.072 0.265 0.062
Charm bkg. 0.062 0.037 0.043 0.001 0.002 0.001
Combinatoric bkg. 0.019 0.142 0.045 0.001 0.005 0.002
Selection criteria 0.068 0.178 0.046 0.083 0.172 0.011
Detector model 0.064 0.080 0.064 0.054 0.040 0.054
Quadrature sum 0.172 0.251 0.132 0.122 0.318 0.083

e Syst. error on the average can be smaller than
the individual ones because of anti-correlations.

e Combined with the previous analysis (of untagged
sample, 91 fb™ 1), improve stat. error for ycp:

Yop — (1.03 + 0.33 & 0.19)%

cf. yop = (1.24 £ 0.39 £ 0.13)% (this analysis only)



D% mixing - by lifetime difference

FOCUS 2000

CLEO 2002

Belle 2002

Belle 2007

BaBar 2007

World average

Beijing 2007

4 -3 -2 -1 01 2 3 4 5
Yep (%)

0.732 + 2.890 = 1.030 %

3.420 = 1.390 = 0.740 %

-1.200 = 2.500 + 1.400 %

-0.500 = 1.000 + 0.800 %

1.310 = 0.320 = 0.250 %

1.030 = 0.330 = 0.190 %

1.132 = 0.266 %

Belle 2007

BaBar 2007

World average

A

Lepton-Photon 2007

-0.2 0 0.2 0.4 0.6
A (%)

0.010 = 0.300 = 0.150 %

0.260 = 0.360 = 0.080 %

0.123 + 0.248 %



DY mixing - by Do(t) s Kt

Master formula

DCS
A .

. - for f = K™n~ (wrong-sign), A = 420 _ 147, / Rpe¢t9)

" pA; [P

K
nk, 50/0,: 0 : strong phase b/w DCS & CF

( 20,2 2
~ e Tt <RD_|_%‘ﬁ/RD[y cos(¢+5)—wsin(¢_|_5)](rt)_|_g' ( 1—2‘/ )(I‘t)2}

_ Tt <(RD 1 E(y cos d — x sin ) (T't) + (@ Iy )(Ft)2} ( |qq/bp|::() 1)

no CPV

_ ( B /2_|_,y/2) B
— _Ft<R R /Ft (Jf th
T Ry 4 Ry 00+ C Y oy

' =xcosd+ysind 1y =wycosd — xsind



PRL 98, 211802 (2007)

D° mixing - by D°(t) — K*m~

FIG. 1. (a) mg, for WS candidates with 0.1445 < Am <
0.1465 GeV/c? and (b) Am for WS candidates with 1.843 < 50
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DO mixing - by Do(t) — Kgﬂ'_l_ﬂ'_

Master formula
1
(Ken™n~|H|D(t)) = % ((Kem™n~ |H|D1(t)) + (Kgm n~ |H|Dy(t)))
— Ao Ta/2vimi)t A o—(T2/24ima)t

(KOt |HIDY(#)) 2 = |A[2e DO | 4y)2e TO-0)t
+2¢7" R(A1AS) cosxt — IT(AA3) sin xt]

e The amplitudes A; are functions of Dalitz plot (DP) variables mi =
m?*(K2n™) and m? = m?*(K%r ) and account for intermediate states.

e The amplitude as a ftn. of m% and m?* is expressed as a sum of quasi-
2-body amplitudes and a const. non-res. term.

e The ¢t-dependent decay amplitude is fitted over the DP and the mixing
param’s. are extracted.



PRL 99, 131803 (2007) P

BELLE

DO mixing - by Do(t) — Kgﬂ'_l_ﬂ'_
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PRL 99, 131803 (2007)

D
o

BELLE

D° mixing - by D°(t) — Kor ™

ND()
L = l_[ ij(ngww,i, Qi)?j(mz—,i’ m%r,i’ £;)
i=1 j

Determine z, y, by maximizing In £ + In £

Fit case Parameter Fit result 95% C.L. interval
No x(%)  0.80 +0.297009+010 (0, 1.6)
CPV (%)  0.33 £0.243598100¢ (—0.34, 0.96)
CPV x(%)  0.81 =0.30%910+009 x| < 1.6
(%) 037 £0.257097+0.07 ly| < 1.04
lg/pl  0.867939+0.0¢ + (.08
arg(q/p)(°) — 141181317

CL. for no mixing = 2.6%

y (%)

-+ no CPV (stat. only)

no CPV

CPV (stat. only)
CPV




0802.2952 B
PRD accepted QBE

DY mixing = by DO s K(*)€+y

e semileptonic decays, with no DCS contribution, gives direct access to
mixing rate R,

P(DO — DY — X_I_f_?g) x Ry 2 et
[,7dt P(D° — D° — X0 1) P4yl

Ry =

OO Y
fO dt P(DO — X_€+Vg) 2
o select D' — K (¢tv (¢ = e, ) from D** — Dr+
e search for signalsin AM = M (n,K{lv) — M(K/{v)
Require M2, = m? d(P*)? =0 MC si *
€ Koy — Mpo dll ( V) = MC signal, electron mode 1400 - MC WS background,
- N 3500 - 1200 - electron mode T
P, = Pom — Pre — Prest Py Pk 3000 - : nrt
- —— both constr. 1000 _ a7
RN 2500 ~ 2 L . '
p\/ | o M"(K1lv) constr. 800 o wFler]
Yy 2000 i :5'1.. --- no constraints , '-., Rt N
1500 - [ ° 600 - nFs
1000 - [l 200 - T poth constr.
500 I PR 200} _,'.'J """ MZ(K].V) constr.
- | LI [ - mo copst;aipts
N 96.14 0.16 0.18 0.2 96.14 0.16 0.18 0.2
Prest V AM [GeV/c*] AM [GeV/c*]



0802.2952
PRD accepted

<O

D mixing - by D° — K™ ¢ty

AM = M(r,Klv) — M(K/{v)
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PRD 76, 014018 (2007)
D mixing - by D° — K¢ty

e full reconstruction of the opposite side (“double-tagging”)

e neural-network selection based on p,, pg., thrust axis, opening angle

e “signal yield” by counting ; backg’d estimate comes from MC

g 1000 Ilfetlme cut only on WS
= 800 5| ]
< [ z 0.1 7
£ 600 s | P 1
S | [ L 1
400 0.05- E_i - . .
I ; AR | determine confidence interval
. e R e by rise of Likelihood ftn.
%015 02 025 03 035 t [fs]
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g £ 1 -
S I 7 Eosf -
: = 0.6/ E
0.5} 1 04 E
E i ] 0.2 i B
00.15 L1l |0.2| | (I).l2’5| | |0.3| | I(I).35 O (| L 1Ill | | L 1

0.2 0.25 0. 35
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DY mixing = by DO s K(*)€+y

0.300
0.110 *93% <

CLEO 2005 | o | 0.160 = 0.290 = 0.290 %
0.070
0.004 * [0y %

Belle 2008 H 0.013 = 0.022 = 0.020 %

World average H 0.013 £ 0.027 %

-0.2-0.1 0 0.1 0.2 0.3 04 0.5
Ry, (%)




CP violation in D°
(DY — f) — T(D° — f)

time-integrated asymmetry: Aqop =

[(D" = )+ (D" =

— in decays
— 1n mixing
— in interference b/w mixing & decays
for f =K K*, 7 nt: Agp ~ O(107° — 107%)

for f = 7wt xl: Acp ~ O(1079)

Principle of measurements

- D*t — D% f

— Nreco — pyprod B(D*t — D) - B(D° — f) - € - €,

DO D*+
— contributions to measured asymmetry:
A" = App + Acp + A7

23



DO CPV - exp’tal results

3 several searches for CPV using

¢ In singly Cabibbo-suppressed modes
® preliminary e PRL 100,061803

& In 3-body modes
e (0801.2439 ® 0802.4035

b >
/O
BELLE

24



PRD 100, 061803 (2008)

CPV in DY - KK, ttm

A (cos %) + AXC (— cos 0%)
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reconstruction efficiency

slow

asymmetry in 7

CPV in DY

Ah+h
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CPV in DY - KK, ttm

ALE = . ASS = (0.00£0.34£0.13) %
T = (+0.41 £ 0.52 £ 0.12) % o= (—0.24 +0.52 4 0.22) %

Summary of systematic uncertainties of Aqxp.

Source DY — KTK— DY — gtn—

Signal counting 0.04% 0.06%

Slow pion corrections 0.10% 0.10%

Acp extraction 0.03% 0.04%

Quadrature sum 0.11% 0.12%

Syst. err. will improve w/ more D* sample



CPV in DY - KK, ttm

® | E687 (1994)
| ® CLEO (1995)
® E791 (1998)
o FOCUS (2000)
i “ CLEO (2002)
—@— CDF (2005)
BaBar (2007) o 0 + 17—
Belle (2008, prelim.) o Acp(D” — KTK™)
| +|0+ World A|vg. (not inc||uding Belle)
-0.0|5 - I0.60I - I0.05I - IO.|1OI - I0.15
° E791 (1998)
° FOCUS (2000)
: ° : CLEO (2002)
—o—t CDF (2005)
BaBar (2007) @
Belle (2008, prelim.) ‘e ACP(DO — )
| F|H World A|vg. (not inc||uding Belle)
0.0|5 - IO.bOI - I0.05I - IO.|1OI o I0.15



CPV in 3-body SCS D° decays

¢ In singly Cabibbo-suppressed 3-body D° modes
e D' wrtr ), KTK 7’

¢ What to look for
e differences in D° and D° Dalitz plots in 2-d.
e differences in angular moments
® |ntermediate states (model-dep.)

® phase-space-integrated asymmety

29



CPV in 3-body SCS D° decays

0801.2439

e Fit M(D") for signal & backg’d yield Z100000 e, s “
o D* — D for flavor-tagging and backg’d sup- g
S000 7]
pression
2 ”””%ééé%gé%%%;/’/ i
e Fill separate Dalitz histograms 9% 17 18 19 2 |
. ) 60000 - - - (ﬂlnﬂ)
— events from M (D") signal region for data : DOt b)
. . . % [ e misrec. signal |
— simulated backg’d w/ the normaliz’n fixed FAOO0DL s other bicsa
from the M (DY) fit |
b)
EFFICIENCY

M(K'n"'no)



0801.2439 P

CPV in 3-body SCS D° decays

o effi’cy-corrected signal yield separately for D° and DY

e detector-bias in tracking is the main source of syst. err.

o Ay effect is also studied with DY — KT K~, 777~ events

26000 £6000 i
) 0 + -0 2 0 + 0 3
% D'—=n'nx a) ) D —n'nx b)
2 %
E ------ mgsrec. sigf)lal E ------ misrec. signal
44000~ D*—~Kn'n 1 <4000F 7 D'—K'wx' 1
Z; = other bkgd ZE @ other bkgd

2000 | 2000

Acp = (Spo — 5p50)/(Spo + Spo) =
= (0.43 £ 0.41(stat) £+ 1.01(track) + 0.70(other syst))%
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CPV in 3-body SCS D° decays

e a direct comparison of the effi’cy-corrected, backg’d-subtracted Dalitz
plot for DY and DY

1 |74
A=(npo—Ronpo) /\JoR  + R?-0% == A
i=1
= 1.020 = 0.016
3 R | 0983i0 006.4 e ——— g~ | inthe simulated ensemble
% AEEARCE . A ) [
> o % . (Data)
2 b 24 ., 1.020 (mrw), 1.056 (KKr)
€1 e )
T | T + . ) CL. for No CPV
o DA e KK 0.328 (nnm), 0.166 (KKn)
0 1 2 3* 0 a2
m2( ) (GeVZ/e?) m2(K n") (GeVz/c )

IIIIIIIIIIIIIIIII e asymmetry in moments of helicity angle 0y
2 TR | | Xi= (B~ R-P)/\[o2 + R %
It 2 O}HW W‘m, | 0Ty
2| M I m AT | M I | ﬁ I | HHM T: CL. for No CPV

......... Y DU B ~ 0(30%)

026 1.01 176 026 1.01 176 026 1.01  1.76
m(z*7) (GeV/c?) m(rtn’) (GeV/c?) m(x*r) (GeV/c?) 32
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CPV in 3-body SCS D° decays

e model-dependent asymmetry in Dalitz plot amplitudes :

and consistent with O

e phase-space-integrated asymmetry

. 1—‘ B :
0.01 (a) 0.04" (b)
Ea. | I B
gﬂo 0 °g0.02
AR AR L AR AL AR R AR R R M, N s
ﬁ O | Mc::g 0 LU UL
-0.01" 1 -0.02F
0 02 04 0.6 0.8 0 02 0.4 06 08
| cos Ggﬁwl | cos E)CMI

e any Ay is cancelled in | cos 6%
D

Arp — (—0.28 + 0.34 + 0.19)% (7T7T7T)
CpP — (0.62 + 1.24 & 0.28)% (KK?T)

< (a few)%
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CPV in 3-body SCS D° decays

BaBar (KKrn)

BaBar (ann)

Belle (nnn)
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Updated mixing/CPV parameters
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Summary

¢ Firm and consistent evidences for D% mixing

e Systematic efforts are going on to measure D mixing
parameters in various ways

& No evidence for CPV in DY

® Perhaps, not much bigger than O(1%) level

® Improving the syst. uncertainties shall be important
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