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Neutral meson mixing |:

¢~ ds "
u ds ¢
Mot masagmaates 40 (129)) = (i) (122)
' at \ |D°) D)
|D,) = p|D° +Q|§0> |D,(t)) = |D,) e_(Fl/H%ml)t
|D,) = p|D°) —q|D°) |D,(t)) = |D,)ea/2Hima)t
. 1 ., 1
DY = 5 (ID,) + |D,)) D% = 5 (ID,) — ID,))
ID°(t)) = e (T/2tim)t {cosh [(Avy/4 + iAm/2)t] | D°) + (%) sinh [(Avy/4 + iAm/2)t] |E0)}
|ID°(t)) = e~ (T/2+im)t {(g) sinh [(A~v/4 + iAm/2)t] |D°) + cosh [(Av/4 + iAm /2)t] |ﬁ0)}
= r= ! r r Am = Ay =T r
m:5<m1—l—m2> :§<1+ 2) m=m,—m, Y=L 1
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Neutral meson mixing ||

(FIH|D(t)) = e T/2+"t Jcosh[(Avy/4 +iAm/2)t] A, + 9) sinh [(Ay/4 + iAm/2)t] ftfl
p J

(FIH| D (t)) = e (T/2tim)t { <§> sinh [(Av/4 +iAm/2)t] A; + cosh [(Av/4 + iAm /2)t] ftf}

Af
Ag

(f|H|D?) Ay
(FIH|D®) Ag

(fIH|D®)
(FIH|D®)

Since Amt < 1 and Ayt K 1, expand cos(Amt), cosh(A~/2)t, sin(Amt), sinh(A~y/2)t:

(% + y?)
4

R(D°(t) — f) o« e ' {1 + [yRe(A) —zIm(N) ] (Tt) + |A]?

ro2)

RD°(t)—f) x e T {1 + [yRe() —zIm(N) | (Tt) + |X|2w(ﬂ)2}

Direct  Interference Mixing
A AT A _ A
MIXING PARAM. CPV entershere DCS
D¢ Kt

Note: 1=T"
ote: 1 MDO/C;
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Neutral meson mixing I 11:

V
d/ \s/ \bj _ Uct _
S A - S ° U,C,t | 6 S / 6
VtS*
off-shell (“virtual”) states: Am on-shell states: Al
M eson flavors Am/T Al/2I mixing observed?
K’ sd 0.474 0.997 yes (1958)
B° bd 0.77 < 1% yes (1987)
BSO bs 27 0.15+0.07 yes (2006)
D° cu <0.029 0.011+0.005  before March'07: no
after March 13: yes

small because: = doubly-Cabibbo-suppressed with respect to .
= GIM mechanism cancellation: V_'V_+V_'V_+V 'V =0
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Nelson, hep-ex/9908021

0 S\ . Golowich, Petrov, PLB 625 (2005) 53

D meson mIXIng Bianco €t al., Riv.Nuov.Cim.26N7-8 (2003)
Expect in SM: mixing isdominated by Do—ﬁixing Predictions

“long-distance’ (non-perturbative) 1 1
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D° mixing measurements

® \\/rong-sign semileptonic D(t)— K*I"v decays
measures X'+Y°, no DCS contamination

® \\rong-sign hadronic D°(t)— K*1t decays
measures X' = X cosd + Y sind, y'=Y cosd —X sin0,
where O is a strong phase difference

oy @ Decaysto CP eigenstates: D°(t)— K'K™, e
measures Y cos®, where @ is a weak phase difference

D
new @ Dalitzplot analysisof D°(t)— K°tt'rt decays
measures X, y

® \\/rong-sign hadronic D°— KTt ri'rt, K1t i decays
measures X+Y’

® Quantum correlationsin e'e —»D°D(n1%), D°D%/(nTP)
measures Y, cosO
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Experimental Method

® [nitial flavor of D°(t) isdetermined from D™*— D%t or D"™— Dt
Thisalso greatly reduces background: Q=m__-m_-m_only 6 MeV/c

(very near threshold)

® D°proper decay time At = (IdeC/p) X (m/c) measur ement:

® p(D) > 2.5 GeV to eliminate D”sfrom B meson decay
(at e'e — Y (4S) resonance, a(bb)/o(all) = 1/3)
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KEKB accelerator (Tsukuba, Japan)

e'e"—-Y(4S) — BB
— 3.5 GeV on 8.0 GeV

Integrated Luminosity(log)
800

Intaracﬂan 5

Point 200 ]
600 ] /_/
500 v//j
J% é 400 //
0 —-/J/J
3 mmwemmemmes [ Ldt = 710fb1 (25 Dec2006)
8

L peak (Max) = 1.5x 103 cm==s7?
Positron Target

Electron
Source

540 fb~1 reported here
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The Belle Detector

= SVD: vertexing (lifetime)

* CDC: tracking, dE/dX for pid

* ACC: aerogel Cerenk. Counter
* TOF: pid, trigger

= ECL: e, y measurement

s KLM: p, K| measurement



The Bdle Collaboration

. Cincinnati
About 400 people from 59 institutions, many nations Hawaii
Princeton
Virginia Tech
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CP eigenstates; D°(t)— K'K™, Tt'mT

Master formula:

RD°t)—f) < e Tt {1 + [yRe(\) —zIm(N\)] (Tt}

CPviolation ' aA; a4 5 - PAF _ [P _—is
parameters: pA; P qA; q
D°(t) » K™ 1t | 50% D, and 50% D, IA[<<1l=>R~e™

D°(t) —» K’K™ (or 1T'TT)  pureD, L Rze Tt = aT@yt
()\ U1 = R ~e_rt(l+yrt) ~ @ Ttaylt = e—r(1+y)t)

E791, PRL 83, 32 (1999)
= KT/ 1(KK)=1+y FOCUS, PLB 485, 62 (2000)
= 0)
CLEO, PRD 65, 092001 (2002) Yo = (1.09 £ 0.46)%
Belle, PRL 88, 162001 (2002)

Mmor e accurate. Yy CoSp = TKT[/TKK—]_ = yCP Babar, PRL 91, 121801 (2003)

(world average)
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Belle: D°(t)— KK, TI'TT with 540 fb*

.o m(D°) = 1865 MeV
D" E, T ) = s } 2004 Mev
K'K', Tt m(D™) = 2010

Select candidate events. require g = m(KKm)-m(D°%-m() to be very small:

S 10000+ 0 + 0 + 00010 t_-
S D —-Kmn oot D°— K K 3500 D" =T X
§ 8000 8000 3000
% 2500
6000
6000 g *g 000
4000 4000 N N 1500
3 3
2000 2000 “ @ 1000
500 |
0 0 == [ — ]
182 184 18 188 19 182 184 18 188 19 182 184 18 188 19
m (GeV) m (GeV) m (GeV)
1200k events 110k events 50k events
99% pure 98% pure 92% pure
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Eventsper 61.5fs

Belle: D°(t)— KK, TI'TT with 540 fb*

Maximum likelihood fit to decay time spectrum:

dN N
= e /TR R(t) + B(t)
dt T -
resolution function background distribution
104 105 :
(@ KK - (b) Kmt - (C) T
3 4: 10 3
102; 103; 102%
10 - 1021 10 %H | i1
; TSR fﬁﬂﬂ : ; ; |
-2000 0 2000 4000 -2000 4000 -2000 0 2000 4000
t (fs) t (fs) t (fs)
1=404.0+ 2.2 fs 1=408.7 £ 0.6 fs 1=402.8 £ 3.3fs
(110k events) (1200k events) (50k events)

= there is a difference between KK and Kt
(here, t0 is free for each final state)
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Belle: D°(t)— KK, TI'TT with 540 fb*

cross-check: divide the data into sub-samples

m 440 ¢ x°/ndf 1445 | 3 » 440 ¢ x'/ndf 4035 / 3 m 440 x°/ndf 1966 / 3
= Pl 404.0 + 2172 | & ol P1 408.7 + 06423 | T C P2 402.8 + 3.274
= 430 F = 430 = 430 F
420 420 420
K 40F S 410 @) . 5 410,,; ,,,,,,,, <£ ,,,,,,,,, i ,,,,,,,,, 4} ,,,,,,,,,,,,,,,,,,,,,,
400 SP | T + 400 | 400 [ | ‘ | jL
30 kK 30 b kn 30
380 ——r : : : 380 - ] 380 - : : :
0 4 4 0 4
run period run period run period
-t
K T[ )/ T o 7 x°/ndf 2165 / 3 ’\5‘ 7 E | X°/ndf 1533 / 3
= 6 P1 1.437 + 05675 | 2= 6 | P1 1.311 + 0.3195
o C o £ o
) 5 E O 5 F @) 5 F
> = + 0 > 8 = + 0 > = + 0
) Y., =1.25%0.39 % 2 Vp=144£057% S F Yp=131+0.32%
3 b 3k 3
2 E # ! | $ 2 ‘ Jw i 2 £ \ A ‘ +
1C ? | 1 | f 1F T T ?
0 - (= 0 -
-1 F -1 F -1 b
2 - KK 2 & TOT 2 £ KK+
_3 E I I | I | _3 E I I | I | _3 E | I I I |
0 4 4 0 4
run period run period run period
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Belle: D°(t)— KK, TI'TT with 540 fb*

Systematic errors:

acceptance
equal t assumption

mass window position

difference btw background and sidebands
difference btw final states opening angles
background parameterization

resolution function

analysis cuts

binning

TOTAL

Final result: 1y =131+0.32+0.25%

Search for CP violation:

D' K+tK")

A =0.01x0.30£0.15%

Yer Ar
0.12% 0.07%
0.14% 0.08%
0.04% 0.003%
0.09% 0.06%
0.02%

0.07% 0.07%
0.01% 0.01%
0.11% 0.05%
0.01% 0.01%
0.25% 0.15%

>3 o above zero
(first evidence for D°-D° mixing)

0 —T(D°—-KTK")
' " KkTK )+ (D" KTK™)

no evidence for CP violation
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Dalitz plot analysisof D°(t)— K°1t'Tr

(KYmtn~|H|D"(t)) = %(wgﬁ—mwlu» + (KYntn|H|Dy(1)))

A, e~ Tu/zHim)t | g o=(Ta/24imy)t

R(Do(t) —>Kg7'r+7'r_) — |A1|2 e—f(l-l-y)t 4 |A2|2 e—f(l—y)t n
2¢ Tt lRe(A1 Aj)cosxt — Im(A, AJ)sin wt]

i, A
A Zaje iA
j

NOTE: sign of X is determined

The amplitudes Al are functions of m2(K ) and

o U u e Ks
2(K 10) and account for variousintermediate states:. D . . o
Each amplitude has a magnitude (aj) and phase (6j) <3 T

= must include these parameters (34 of them) in the fit
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Eventy5MeV

Belle:

D°(t)— K’ TTTT with 540 fb*

DY—- D1t

L»KSn*n

Select candidate events based on m(Kr) and g = m(Krou)—m(D®)—-m(T) :

3 . |
= sigha
g J y
= e =
5 background #1: Do
w real D°, fake D**
background #2:
random combinations
1825 185 1875 19 0 5 10 15 20
Mass (GeV) Q (MeV)

A. J. Schwartz

/
-0 —
534k events

95% pure
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w

25

n? (GeVich)

Events /0.02 GeV’ic'
(] W (A1)
8 8 8
8 8 8

20000 |-

15000

10000 |

5000 |-

Belle: D(t)— K TUTT with 540 fi™

05 1 15 2 25 3
n? (GeVict)

| mszSﬁ') :

05 1 15 2 25 3
n? (GeVic')

A. J. Schwartz

Events /0.02 GeV/c!

Events /0.02 GeV’/c!

5000 |
4000 |-
3000 |-
2000 |

1000 |
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L
05

L L
15 2

2‘.5 3
m (Geviich)

9000 |-

8000 |-

7000 |

6000 |-

| m 2‘(n‘*nl') |

o . " " " . . . " "
0 0204 0608 1 12 14 16 18 2

m 2 (GeV'ic!)

Resonance Amplitude Phase (deg) Fit fraction
K*(892)- 1.629+0.005 134.3+0.3  0.6227
K:(1430)- 2.124+0.02 —0.94+0.5  0.0724
K;(1430)~ 0.87+0.01 —47.3+0.7  0.0133
K*(1410)~  0.65 4 0.02 111 + 2 0.0048
K*(1680)~  0.60 & 0.05 147+ 5 0.0002
K*(892)* 0.152+ 0.0038 —37.5+1.1  0.0054
K}(1430)* 0.54140.013 91.8+ 1.5 0.0047
K}(1430)* 0.276 +0.010  —106+ 3 0.0013
K*(1410)* 0.33340.016  —102+ 2 0.0013
K*(1680)*  0.7340.10 103 + 6 0.0004
p(770) 1 (fixed) 0 (fixed) 0.2111
w(782) 0.0380 & 0.0006 115.1-+0.9  0.0063
£2(980) 0.380 + 0.002 —147.14+0.9  0.0452
£2(1370) 1.46 +0.04  98.6+1.4 0.0162
f2(1270) 1.434+0.02 —13.6+1.1  0.0180
p(1450) 0.724+0.02  40.9+1.9 0.0024
o 1.387 + 0.018  —1474+1 0.0914
o 0.267 4+ 0.009  —1574 3 0.0088
NR 2.36 £+ 0.05 155 4+ 2 0.0615
1.19

Fit fraction =

/ la, A, (m? ,m3)|*dm? dm?

/ 1Y a, ewT.Ar(mz_ , mi)|2 dm? dmi

r=1

18

= destructive

interference



Belle: D(t)— K TUTT with 540 fi™

Timefit (in projection):

10

10 x = (0.80 + 0.29)%

positive

10 y = (0.33 £ 0.24)%

10 tD =(409.9+£0.9) fs
54, — consistent with PDG
t # +.+++++ + +++ +++ b e, t i (in fact better precision)

i RS e

Y S — - - - -
-2000 o 2000 4000
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Belle: D(t)— K TUTT with 540 fi™

L argest systematic errors. AX (x 1073 Ay (x 107
p(D*) cut +0.076 -0.078
t dependence of Dalitz background —-0.056 —-0.057
background timing parameters +0.037 +0.063

decay model (form factors, variation of
fixed masses & widths, K-matrix,

No non-resonant comp., others) +0.13 +0.051
-0.11 —-0.066
TOTAL (+0.17, -0.15) (+0.10, -0.15)
Final result: vy °”

Belle preliminary | Ksrtut

@

0.015

x = (0.80 + 0.29 + 0.17)%

0.01

0.005

y =(0.33 £ 0.24 + 0.15)%

0

\—//
-0.005
[95% C.L. ]
rise of the likelihood function at (x,y)=(0,0) 000 ner: stat. only
which corresponds to no mixing is: 0,015
—2AInL=7.33 = CL=only 2.6% -0.0362 5015 ~0.01-0.005 "0 0.005 0.01 0.015_0.02

X
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Belle: D(t)— K TUTT with 540 fi™

—i(m(l,z)—il"(l,z)/2)t

Sensitivity: €uy = €
Mt ) = A mt) SOLEO S 40— a0
At ) AOFEO |y ) ) = el
_ A(mE,m?)

then

Define m2.m?) =

2 2
MP LA w1+ im0 e~ ReGo o] ¢+l (T ) £ e

4
Ix] Re{x} Im{x}
10 ~+ 3 10 + 3 10

£ E

2.5f |X| 25

2.5

15f 15 15

P, N W OO N 0 ©

0.5

Yk & AL © N B O o

=
o

0.5F 0.5

3 0.5 1 15 2.5 3 7
m? m?2

0.5 1 15 2 25

= much of sensitivity comes from the K*(890)" region and interference region between p(770) and w
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Wrong-sign D°(t)— K*1t decays

Master formula:

RID°(t)— 1) o e {1 + [yRe(r) — 2 Tm(N)] (T8) + AP :y Ty
Ry A, o
for f=K'r: AEZA l%l@ez(w)

lg/p| CPV in mixing
A, =(R,—R,)/(Rp+ R;) CPV in the decay amplitude (direct CPV)
¢ CPV in mixed/direct interference

R(D°—K*r™) « o+ ;@[y cos(d + 6) — = sin(d + )] (Tt) + 'Z‘ W(Tt)z}

4

D_|_\/7 ﬂ( )} DCS

' = xcosd+ ysind y' = ycosd — zsind &’DO CE
A. J. Schwartz Charm Mixing, Joint Experiment/Theory Seminar, Fermilab 22
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_ { D+Fycosa—msma)(rtHM(WV} ('%”:01) no CPV
s




Belle D°(t)— K*TT with 400 fb™

R.Barate et al. (ALEPH), PLB 436, 211 (1998)

E.M.Aitala et al. (E791), PRD 57, 13 (1998)

R.Godang et al. (CLEO), PRL 84, 5038 (2000)
J.M.Link et al. (FOCUS), PRL 86, 2955 (2001); PLB 618, 23 (2005)

B. Aubert et al. (Babar), PRL 91, 171801 (2003)

o)
74 » L.Zhang et al. (Belle), PRL 96, 151801 (2006)
new —» B. Aubert et al. (Babar), hep-ex/0703020

Events/5MeV

A. J. Schwartz

o I

1.85 1.875 1.9

Mass (GeV)

Events/0.125MeV

1000 |

250 |

4024 events
52% purity

Charm Mixing, Joint Experiment/Theory Seminar, Fermilab

750 |

500 |

B Random Tt -
W D°3body |
I D,,D" ]
B Combin. ]
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D°(t)— K*TT (Belle and BaBar)

Timefit: & — signal
= ' DO & D3body
£ 10001 B8 Combinatoric
g Mixing (95%UL)
- I \ &7 Interference (95%UL)
500 |- ]
0 I o 0020202022 NN ‘ ‘ ‘
-2000 0 2000 4000 o
Proper time (fs) S 20
no CPV (stat. only)
R =(0.364 + 0.017)% ol L o o N
D 2 ( ) (x,y") = (0,0)
/O 12— +0.021 0 has CL = 3.9%
BELLE X - (0-018 _0023 ) A)
400 fb™
20 |
y| — (006 +0.40 )% L o |
-0.39 0 0.2 0.4 0.6 0.8
no CPV x'? x 107
RD =(0.303 £ 0.019)%
1 2 ) ! ! o
- (— =+ 0) o (X ’y) (O’O)
x' 2= (-0.022 + 0.037)% : (Xy)=00
4 evidence
384 b y' =(0.97 +0.54)% for mixing
new | e !
no CPV -0.5 0.0 0.5
x2/10°
A. J. Schwartz
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Belle D°(t)— K*TT with 400 fb™

Use toy MC to obtain frequentist (Feldman-Cousins) confidence region (95% CL):

@ 14+ 4,,\"
IO + M / .
— 20 T T T T T T T T T T T T T T ] w, —= (1 :F AM) (w COS¢:l: y,SlI]_ ¢)
x I ] 1/4
---------- no CPV (stat. only) x (1 Ay / ’ s
y'= = (1:FAM> (y' cos ¢ F x' sin ¢)

Fit Case | Parameter 95% CL interval (x1073)

' 12 <0.72
No CPV Y —9.9<9y'<6.8
I ] R, 3.3<R;,<4.0
Ry, 0.63 x 107> < R,, <0.40
-20 ¢ ] A, —76< A, <107
/oL oPVallowed | Ay _995< A, <1000
0] 0.2 0.4 0.6 0.8 x'? 2 <0.72
X'? x 107 % —28 <y’ <21
Ry, R,, < 0.40

unusual contour shape dueto ambiguities
No CPV: (x'2y"')=(0,0) hasCL = 3.9% (outside 95% CL contour)
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What have we |learned?

FOCUS 2000

CLEO 2002

BaBar 2003

—> Belle 2002

Belle 2007

World average

A. J. Schwartz

'l'l'llllllllllllll|Illl|||l|||'|ll|IIlIIIlIllIIlITI

0.732 £ 2890+ 1.030 %

P_,_ 3.420+ 1390+ 0.740 %

. 4 -1.200 + 2.500 + 1.400 %

Lol 0.800 + 0400+ 0.500 %

—] -0.500 + 1.000 + 0.800 %

H 1310+ 0320+ 0.250 %

L1224 0321 %
]J.llllllllllllll||||||||||I|]|||||||I|||||||||.I.|
4321012 3 4 5
Yepl %)

TIIIIIlIIIIIIIIIIlIlIllllT

CLEOD 2005/2007 } I » } -1.400 £ 2400 £ 0.894 %

~— P Belle 2007 0.330 £ 0.240 £ 0.150 %

World average H 0.309 £0.281 %

J.IlllllllIIIIIIIllIIIIJIII.I.

4 3 2 1 0 1
¥ (%)
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What have we |learned?

All D°(t)— K*'Tt measurements, Adding -2In £functions from

allowing strong phase dto always semileptonic decays, K'rt, K_Tmt,
take its preferred value (for a given x and y): V.., KTETP, KMTETETE, ((3770):

?‘ﬂ‘ﬂd:l AR L B LR I Tkl I [ I R | T | At I: ?ﬂaﬂd‘_l T T T T TT T T T L T TTT | T 1T 1T | T 1T | R I 5 55
003 B. Petersen 3 005 B. Petersen -
= | riond 2007 3 = Moriond 2007 3
0.02— g — 0.02— —
0.01E- N = 0.01F =
oF = o =
0,01 i 0.01 | =
= 3 Wik no mixing point (0,0) =
0.02]- 7 = excluded at5 o ]
& - -0.03— —
0.03— — § B
: : I | | AL | | 1 11 1 | 1 111 | 111 1 | 1111 | | I T . | | 1111

_ﬂ ﬂ ] & e ) | | O | | T | I 111 ] I 11§ 1 I | | | 111 | L1 1] -ﬂlﬂ'a.ﬂ“' -ﬂ.ﬂ3 ‘ﬂ.ﬂz 'ﬂ.ﬂ‘l ﬂ ﬂ.ﬂ1 'ﬂ.'ﬂﬂ ﬂ.ﬂ3 ﬂ.ﬂ"‘
%04 003 002 001 0 001 002 003 004 x

X

-21n L
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3,0.04 L L o . P L T T T T T T T T
0.03
0.02

0.01

0.01
-0.02

-0.03

What have we |learned?

All data [semileptonic decays, K™,
K oy ., K'ore, Kiorere, @(3770)]:

0

B. Petersen;
Moriond 2007 3

III|IIII|IIIIII
-ﬂ'q&.ﬂll 003 002 001

=2ALL

0

11 11 11 | L1
001 002 003 004

T4
L] TTT T T T T

| Ilillllllll

B. Petersen_E

uF x=0.0088"0
- ' Mdriond 2007 -
12
10—
8-
o
4
2= :
EX projection Ao/
04 003 002 001 0 001 002 003
A. J. Schwartz

atb
HbIII|III|III|III|III|III|I
$a
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-2ALL

18
L]

T T T T T T T T [ TTTT
B. Petersen

:_ Y=U-006?.1l3.ﬂllill n
uE s Moriond 2007 7
12 =
10— —

8- -
6 -
4 -
2+ . —

:Iyl plrloljlelcltllgrlll 11 1 | 11 _-i-_ I ) . | | L1 1 | | 11 1 I:
—8.04 0.03 -0.02 -0.01 1] 0.01 0.02 0.03 0.04

¥

Conclusions:

X

y

= (0.88 £ 0.33)%
(2.70 above zero)

= (0.67 = 0.20)%

(3.40 above zero)

Evidence is consistent and convincing that D%s mix;
affect is dominated by non-perturbative processes
(y); may be new physics in x; need more data &
better theoretical calculations to tell.

Sincey_, is positive, CP-odd state is longer-lived

(like other neutral meson systems); but positive x/y
implies CP-odd is lighter
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