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Mass (GeV/cz)
B-factory, c-factory
s(BB)~1.1nb  o(cc)~13nb
(~750-106 BB pairs) (~850-10° X.Y pairs)
benchmark: D*© — DO z* ., ; D — Kr*
Facility N, ec int. lumin. [fb-1]
Belle 2.5x106 1000 P >99%
Super KEKB 13x106 5000
c-factory 0.4x106 20 coherent
CDF/DO 0.5x106 0.35
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DO - D% Phenomenology

Mixing phenomena o 1 q_2 <0
in course of life neutral meson X° can d; . dy
transform into anti-meson X°
X0 = K9, B,®, B, and D o [[x°) o)

M——T| _
t-dependent Schrédinger eq.: 5'[ ‘X (t)> ( 2 j ‘X O(t)>
mass eigenstates: ‘ X1,2 = p‘ X 0> as CI‘ XO>

CP eigenstates if g/p=1;
decay time evolution:

ml:mz.y_r F fE
r or 2

‘XO(’[)> = D X0>cosh(% j 9 ‘X >S|nh(lxg ytﬂ e_(%ﬂg)t

Decay time distribution of experlmentally accessible states X, X0
sensitive to mixing parameters

D° Mixing 4 KEK Seminar, May 2007

F 4 Fz propagate in t according to distinct

X eigenvalues;
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DO - D% Phenomenology

c Vciic _____ V_ uj* U
] ] ] n W+ —
Mixing description DO d s b dsb DO
observation of K°: W-
1950 (Caletch) U—r - C
mixing in KO 6 Vi Vi
1956 (Columbia) ~ Y&ars d-like quarks in loop
observation of B°:
1983 (CESR) =0 o\ _ x o9 2
1987 (Desy) years l]=d.s.b
observation of B": if m;=m, = due to CKM unitarity:
1992 (LEP) no D° D mixing
mixing in B.°: 14
2006 (Fermilab) ~ years Voo Vaol << Ves™Vasl, Vea™Vadl
observation of DO:
1976 (SLAC) mainly d,s contrib.; my~m, =
mixing in DO: 31 mixing small
2007 (KEK, SLAC) Years
(evidence of) (as opposed to B,°, where term
with mz? |V,,* V,4|?> dominates)
B. Golob, Belle KEK Seminar, May 2007




— c ci_____ " uj u
D - D® Phenomenology W
Do DO
x and yin SM C
2nd order perturb.:
( j )12 <Do‘ AC——Z‘ DO> 1
D D
short
distance: <DO‘HAC__2‘ D°)= ﬂFZVcZVch Vis (e md) (D° Uy (L—75)ctiy, (175 )c| DY)
4 J \ rnc J
G. Burdman, I. Shipsey, ~ -5
Ann.ge\TI?lzcl.Sci.I%z?ﬁm (2003) DCS SU(B) breaking |X| R(1 O )
K+
absorptive part (real interm. states) = vy Do \ Do
dispersive part (off-shell interm. states) = x " }

[.I. Bigi, N. Uraltsev, o .
Nucl. Phys. B592, 92 (2001); Do MIXINg. rare process Iin SM;

A.F. Falk et al., PRD69, 114021 (2004) possible contrib. from NP

D° Mixing 6 KEK Seminar, May 2007
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DO - D% Phenomenology

Oscillations
I
I<X°IX°(t)>F  x=18, y=0
" <X X(t)>F
0.6/

0.4

0.2f

0.8}
0.63
0]
0.23—

00,
B. Golob, Belle

more difficult to observe
oscillations within

1 2 3 4U‘Cs

0.8

0.2

0.6

0.4

1<X°X°(t)>* x=0, y=0.5

<X IX°(t)>F

0.8
0.6}

0.4

0.2

1<X%X°(t)>]> x=0, y=0.01
<X Xty 2
visually unobservable

deviation from pure
exponential
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Measurements

Belle measurements

- semileptonic decays,
DO — K® gh
PRD72, 071101 (2005), 253 fo'L
- hadronic decays to non-CP final
DO — K*r
PRL96, 151801 (2006), 400 fb!
- hadronic decays to multi-body
final state, D° — Kg n*r
arXiv: 0704.1000, 540 b
- decays to CP final state,
DO — K+*K/m*m
hep-ex/0703036v2, 540fb-1, acc. to PRL

B. Golob, Belle
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D Beamspot e
extrapolate production vtx

common:
D** —DOr*

charge of n_ tags the flavor of initially
produced D;

p*(D*) > 2.5 GeV/c

eliminates D meson production
fromb—c

KEK Seminar, May 2007




Measurements semileptonic

Semileptonic decays
Wrong charge combinations (WS):

D* — DO mt,. * DO0O— DO0O— KM ev

slow
‘‘‘‘‘‘‘
L2 .
.........

no “DCS” decays = N,/Nrs = Ry =(X?+y?)/2 =
f=K0v; A=A =0 xy<<1
X°
KKW v|D" (t)‘ " 4y t2e!

Reconstruct v:

missing momentum with
kinematic constraints

Signal:
AM = M(Kevmg,,,,) - M(KevV)

NRS

B. Golob, Belle

[\
<o

entries [1000 / MeV/Cz]
[ [
n o n

D° Mixing 9

b
o

o

PRD72, 071101 (2005), 253 fb!

D0— K®)-e*vy

-

= (229.45 +

right sign (RS)

AM [GeV/c?]

0.69) -103
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Measurements semileptonic

Decay time:

reduce bkg., increase sensitivity;
<t >(bkg., RS) < <t >(mix. signal)

6 binsin1<t<10
R — Nus R,
M, =

NRS,i Ews i

Result: %.oz_k _

R,<1.2-108  95%C.L.

dominating systematics from limited o.oos;_: NmHimimIIMiKJHi dnan nee

bkg. statistics (embedded ©t

slow)

r, [107]

Ry = (0.20 = 0.47 = 0.14) -10[EES S

oo MNAANN

oA\

PRD72, 071101 (2005), 253 fb!

01 0 0.01 0.02 0.03 X 0.04
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PRL96, 151801 (2006), 400 fb-!

Measurements K+

3o Q interval

Wrong charge combinations (WS): § "
_ '\3 1500
D** — D° m,, D°— D°— K'm £
................ v % 1000
DCS decays = interference i
500 -

‘<K+7z_ ‘ DO('[)>‘2 oC {RD +\/R7Dy't +#t2}et

1825 185 1875 19

t-dependence to separate DCS/mixed Mass (GeV)
X'=XC0SO+YySInd Yy'=yCcoso —xsino 36 M interval
Slgnal' RD — DCS rate %1000_-\/\/8 Eilt?nd;mn .
M= M(Kt) CF rate S =i
Q = M(K 7T TESIOW) - M(KTC) - M(TC) % B Combin.
S s00f
. S
2D M-Q fit: 250|
NWS = 4024 + 88 Ngs ~ 10° % 5 10 15 20
Q (MeV)

B. Golob, Belle DO Mixing 11 KEK Seminar, May 2007




Measurements K+

Decay time:
resol. function from RS

7(DO) = 409.9 =+ 0.7 fs

Tops=410.1£1.5fs o]
X2, ¥y, Ry free parameters

Events/ 100fs

PRL96, 151801 (2006), 400 fb-!

1000

500

WS t dist/"

] Signal
DO & D3body
&% Combinatoric
Mixing (95% UL)
’ Interference (95% UL)

x2=(0.18 = 021 _.).1073

y'=(0.6 = 40,.) 103

0.02

0.015

0.01

0.005

|

-O.IIII

B. Golob, Belle
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2000

0 T 2000 4000
Proper time (fs)

- noe CPV (stat. (ml_'yi
””” no CPV B
B — PV B
L] AN
i (x%,y)=(0,0)
C.L. 3.9%
0 oz o4 Toe os
x’2 %107

95% C.L. (x’?, y’) contour
frequentist, FC ordering
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arXiv: 0704.1000, 540 fb-t

74

Measurements K¢ n*r

o 3
wru :
t-dependent Dalitz analysis >
different decays identified through Dalitz analysis;?: 2
CF: D9 - K*nr* £
DCS: DO » K*rr 1
CP: D°- p®Kqg C
their relative phases determined (unlike D° - K*r°); - - (?Gevz!c")a
t-dependence:
M(m?,m?,t) = <Ks7z+7z_ ‘ Do(t)> = m_2: Dalitz variables
1 | . 10a _ | |
== am?,m2)e " v e [+ 2L A(m?, m2)e — e |
2 2 — L
<f|DO> <f|Do> M ,=fxy); nb. Krix2,y

analogous for M= <f | 50(t) > _ _
sum of intermediate states

A(m?,m?) =Y a, e B(m’,m?) +a,, e

B. Golob, Belle DO Mixing 13 KEK Seminar, May 2007




Measurements K¢ n*r
Fit

no CPV: %zl,fl:ﬁ:ﬂ/lzﬂv A
fit M(m.2,m,2t) to data distribution = x, y =
)
Signal £
M(Kg n*n~) and
Q= M(Kq n*rm,)- M(Kg mttm)- M(r);
3 o signal region in M, Q
Nsig= (5344i08)x’| 03 signal E
P ~ 95Y% B rnd slow ¢
=~ o B combin. ‘§
€3

107

Dalitz model
A(m?,m?)=>"a, e B(m?,m?)

13 BW resonances, nhon-resonant contr.;

1.825 1.85 1875 19
Mass (GeV)

B. Golob, Belle DO Mixing 14 KEK Seminar, May 2007




arXiv: 0704.1000, 540 fbt

Measurements K¢ n*r

— 3r - o oo
o i °§ 10000 - .
* +
Dalitz projection of fit - s 1400
O 2 2 7500 |
Resonance  Amplitude Phase (deg) Fit fraction NE+ g
K7(392)" 1620+0006 1343+03  0.6227 & 900
Ko (1430 2.12£002  —094+08  0.0724 Al 12
K£(1430)" 0.87£0.02 —47.3+£12  0.0133 ¢ 2500
K*(1410) 0.65 = 0.03 11144 0.0048 H
K*(1680)"  0.60 £ 0.25 147429 0.0002 0
K*(892)T 0.152+0.003 -375L13  0.0054 P
Kr(1430)" 0541+0.019  91L8+21  0.0047 m? (GeVic?)
Kf(1430)t 02760013  —106+£3  0.0013 . . <
K*(1410)t  0.33+0.02 ~102+4 00013 8 K*(892) 2
K*(1680)t  0.73£0.16 103+11 00004 > : >
o(770) 1 (fixced) 0 (fixed) 02111 (p 40000 gy
w(782)  0.0380+0.0007 1151+£11 000683 o o
£(980)  0380+£0004 —1471+£11 00452  © o
£(1370)  1.46+0.05 086+18 00162 2 ' =)
£2(1270) 143002 —136+12 00180 {20000 o %000
0(1450) 0.72 = 0.04 A1£7  0.0024 c c
oy 1.39 +0.02 ~147+1  0.0014 > >
7 0267+£0013  -157+3  o0o0oss W o . .
NR 9.36 = 0.07 55+2  0.0815 2 K : 1 s 2
m? (GeViic?) m 2 (GeV’/c?)
test of S-wave nr contr. (fy, 5,,):  Results (fit fractions, phases) in
K-matrix formalism agreement with
(measurement of (|)3) PRD73, 112009 (2006)
B. Golob, Belle KEK Seminar, May 2007




arXiv: 0704.1000, 540 fbt

Measurements K¢ n*r

Decay-t projection of fit |
=(0.80 £ 0.29 =% 013, 10)% 101

y = (0.33 = 0.24 =+ 010" )%

10‘5—

most sensitive meas. of x; .,
Xx= 1.8 x 3.4 = 0.6%cleo, PRD72, 012001 (2005) 104 bk
y=-14+25+ 09% -gr,,.

5

y N o b HY
0.02 5 i ++ +++I +“+++ﬁ*+”ﬁ+**ﬁ'“*** |

0.005

0.0155_ 'fzooo 0 2000 t[fs ]4000
ot 409.9+0.9 fs
i Tppe=410.1+£1.5fs

_i|||
001 0 0.01 002 0.3 y 0.04 @

B. Golob, Belle DO Mixing 16 KEK Seminar, May 2007




Measurements KK/ n*n
DO — K*K-/ 't

CP even final state;

in the limit of no CPV: CP|D,> = |D,>

— measure 1/T,

Vo = (K 7")
& 7(K™K™")

no CPV

—1:y003¢—%Astin¢=

S. Bergman et al., PLB486, 418 (2000)

A,;, ¢: CPV in mixing and interference

Signal
M, Q, o, selection optimized in MC
K+*K- K-t e
N.. 111x103 1.22x10% 49x103

sig

P 98% 99% 92%

B. Golob, Belle DO Mixing 17

hep-ex/0703036v2, 540fb1, acc. to PRL

[X,2) = | X°)£0|X°)

10* k@) i SEBE

side

Events per IMeV/c’
o

10*F

1.9

1.82 184 186 1.8

M (GeV/c)
o [ (@ SR

Events per 0.1MeV
o

10

0 0.005

0.01

0015 0.2
q (GeV)
KEK Seminar, May 2007




hep-ex/0703036v2, 540fb1, acc. to PRL

Measurements K*K-/ n*r

o distribution

Flt 0.06 | Kemt
simultaneous binned likelihood fit to ] |
K*K- /K'n*/n*n decay-t, common free yp, 20
dN N R 0‘03; .
= je tlrf&(t —t')dt'-l- B(t) 0.02] fl‘
dt =« (M sideband) |
R : ideally each o; Gaussian resol. term 0; el
with fraction f; VS i %
tectyen/: - described by 3 Gaussians = event-by-event o,
. | mMC e?"
R (t—t £y wGt-t,so,f) S 408.7+0.6 f5
()lek( o) S
WA
parameters of R depend slightly 410 -*%*? ------- T
on data taking conditions e v ?
[ Belle preliminary
408.7=x=0.6 400 | i | .
4 2 3 4
-FS run period

B. Golob, Belle D% Mixing KEK Seminar, May 2007




Measurements K*K-/ n*r

¥?/ndf=1.084 (ndf=289) [

hep-ex/0703036v2, 540fb1, acc. to PRL

Result

2000 4000

Z, : KK/t

0.11 |
0.1 e . . . Ll
0 0 2000 4000
t (fs)
B. Golob, Belle

t (fs)
difference of lifetimes
visually observable

3.2 o from zero
4.1 o stat. only)

4000
t (fs)

negligible CPV, y .=y

001

evidence for D° mixing
(regardless of possible CPV

DO Mixing 19
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BaBar, hep-ex/0703020, 384fb-1, acc. to PRL

Measurements K+

ol 800_ WS t _
Reminder > 600 :
X'+ ; .
KK* ‘D(t)‘ oc| Ry +4/Ry y't +——— Y t?let = |
4 @ 4000 |
. & i
Signal: 2 200 :
M= M(Km) 10' :
.81 1.865 1.92
AM = M(K T Tg) - M(KTT) my., (GeVic?)
1600? BAlIfA R | I_-'-.__ """" Iélaﬁg‘f; . _; i - - Data ]
Flt 14’“05_ preliminary B Random =, _E §1 500 WS DWS Signal
: ‘% :zzg; = Misrecon. D° E g I .Random T,
Pk, = Combinatorial — "
% anué --------- No mixing fit ] ~N1000- ) Misrecon. D°
3 600F- = o= ’ B Combinatorial -
400 3 2 : :
200 = o 200
Y < o SR - LI>J I
ok ¢ data - no mix PDF
g %O —mix-nomixPDF (M4 015  0.16
3 o i Am (GeV/c?)
© 5oL -
2 R Aaaar i s NWS=4O30i90

t (ps)
B. Golob, Belle DO Mixing 20 KEK Seminar, May 2007




Measurements K

Result
Rp

= (3.03 = 0.19) -10-3
2= (022 + 0.37)-10%
y'=(9.7 = 54 )-1073

including sys. error

Comparison
BaBar, hep—ex/0703020

v [l 0_3]5 Belle, PRI1.96, 151801 (20(?6)
20 - 20 | 95% C.L.CPV allowed
i BaBar '\ Belle
10[ '
| S e
-10- 95% C.L.
r 1-D errors Belle
BaBar/Belle
‘ 1 1 1 Il Il 1 1 1 L I 1
-0.5 0 x’2 [10=31 0.5
B. Golob, Belle D° Mixing

BaBar, hep-ex/0703020, 384fb-1, acc. to PRL

IIII|IIIIiIIII|IIIIJ|IIII

evidence for (x,y) #

(0,0)

consistent

21
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Measurements

Results

y
0.02r;

. Y30 Kot (x,y)=(0,0) has
C.L.2.6%

0.01
0.0 K*K-/ n*n: y=0 has
TR C.L. 6x10+4
0.005 f_
0
-0.01 \ j\\ 7 0. 0.03 4 0.04

B. Golob, Belle DO Mixing 22 KEK Seminar, May 2007




Measurements

Combination

1996 FNAL E791 R, = (0.11 030 __+000 . )%

2005 CLEO II.V R, = (0.16 % 0.29 + 0.29 )% R,, semil.
2004 BaBar R, = (0.23 + 0.12 + 0.04 )%

2005 Belle R, = (0.020 + 0.047 + 0.014 )

1999 FNAL E791 AT = (0.04 + 0.14 £ 0.05 ) ps ' (yep = (0.8 =+ 3.1)%)

2000 FOCUS y op = (3.42 + 1.39 + 0.74 )%

2002 CLEO 1LV y o= (—1.2 £ 2.5 + 1.4 )%

2003 BaBary o= (0.8 £ 0.4 *05 )% Yep
2002 Belle y op= (—0.5 + 1.0 %07 )%

2007 Belle y oo = (1.31 £ 0.32 £ 0. 25 )%

2006 Belle x'2=(0.018 *0021 )% y'=(0.06 *04° . )%

’2 )
2007 BaBar x'2= (—0.022 + 0.030 £ 0.021)% y'=(0.97 + 0.44 + 0.31)% Xy
2006 BaBar K * 1~ 1t © = (0.023 +0018 __ + 0.004)% R Knm
2006 BaBar K* 1~ m* 1= R, = (0.019 0016 .+ 0.002)%
2005/2007 CLEO IV x=(1.9%2 . +04+04)% y=(—14+24+08+04)% X, Y
2007 Belle x = (0.80 + 0.29 + 0.17)% y = (0.33 + 0. 24 + 0.15)% ’
2006 CLEO-c R, =(0.17 £0.15)% y=(—5.8+6.6)% cos &, =1.09 + 0.66 Cleo-c

B. Golob, Belle DO Mixing 23 KEK Seminar, May 2007



http://www.slac.stanford.edu/spires/find/hep/www?eprint=hep-ex/9606016
http://www.slac.stanford.edu/spires/find/hep/www?eprint=hep-ex/0502012
http://www.slac.stanford.edu/spires/find/hep/www?eprint=hep-ex/0408066
http://www.slac.stanford.edu/spires/find/hep/www?eprint=hep-ex/0507020
http://www.slac.stanford.edu/spires/find/hep/www?eprint=hep-ex/9903012
http://www.slac.stanford.edu/spires/find/hep/www?eprint=hep-ex/0004034
http://www.slac.stanford.edu/spires/find/hep/www?eprint=hep-ex/0111024
http://www.slac.stanford.edu/spires/find/hep/www?eprint=hep-ex/0306003
http://www.slac.stanford.edu/spires/find/hep/www?eprint=hep-ex/0111026
http://www.slac.stanford.edu/spires/find/hep/www?eprint=hep-ex/0703036
http://www.slac.stanford.edu/spires/find/hep/www?eprint=hep-ex/0601029
http://www.slac.stanford.edu/spires/find/hep/www?eprint=hep-ex/0703020
http://www.slac.stanford.edu/spires/find/hep/www?eprint=hep-ex/0608006
http://www.slac.stanford.edu/spires/find/hep/www?eprint=hep-ex/0607090
http://www.slac.stanford.edu/spires/find/hep/www?eprint=hep-ex/0503045
http://arxiv.org/abs/0704.1000
http://www.slac.stanford.edu/spires/find/hep/www?eprint=hep-ex/0607078

Measurements average x=(0.94 f 0.36)%

Average y
0.02

fit to individual
measurements
with x, y, o free 0.015

assuming
Gaussian 0.01
p.d.f.’s;
correlation for ¢ gos
Kt
0
-0

X, Y ~ 1%, significantly deviating from 0
B. Golob, Belle

01 0005 0 0.005 001 0015 002 0025 0.03

=(0.68 = 0.21 )%
unofficial! 5 210 + 190

X

D% Mixing 24 KEK Seminar, May 2007



Measurements cpv

CPVin D0system  (f[H|D°®)  (f|H[D°®)

CPV
first two generations involved;
/ 1-%)@-%)\4 A\ AN (p — in)
At AN 2ptin)] 12— (14 447) AN?

1 1 1
\A)\?’[l —(1— 5)@)(,o +in)] —AXT 4 §A)\4[1 —2(p+m)] 1-— §A2)\4

Wolfenstein param., 20N 0(L0~%)

1+ e A 20

T
CPV in D° very small, <103, 9 1 a -
P

parameterization: P

DO — Kt KK/ ntn Kg mhm
t distributions depend also on CPV parameters

X, y at upper limit of SM expectation — search for CPV;
at current level of sensitivity positive signal clear indication of NP;

B. Golob, Belle D% Mixing 25 KEK Seminar, May 2007




o
1

220

Measurements CpPv < I
10 s
CPV in D9 — K% PRL9, 151801 (2006), 400 for |
CPV allowed fit: >
separate D° and DO tags 10 -
(X’Z,y’,RD) N (X!iZ’ y’i,RDi) E \
N _ N _ -20 - CPV allowed
AD:RD_RD AM:RM_RM /o
RS + Ry R|\+/| +R,, 0 0.2 0.4 0.6 0.8

x’2 %107

Ap = (23 £ 47) 103 direct CPV

A, = (670 &= 1200) 103 indirect CPV

hep-ex/0703036v2, 540fb1, acc. to PRL

K~ 1 _ o PV

(D’ 5> K K)=7(D* > K'K*) 1 .
=— - > - =—A,YCOS@p—XSIng
(D" > K K)+7(D" >K'K") 2

B. Golob, Belle D% Mixing 26 KEK Seminar, May 2007




Prospects

CPV in DO — Kg mt*n  anXiv: 0704.1000, 540 ot
preliminary study:

s(|g/p| 1 + A,,/2) ~ 0.30, individual meas. test CPV
o(¢) ~ 0.3 rad with sensitivity ~ R(0.3)
no evidence so far
i rospeCtS 1«[%]3 A 3.9....
near future: 1 ab? o K -

I1I | | I2I - I3
)(['%]

B. Golob, Belle KEK Seminar, May 2007



Prospects

Super-B combination of results
rough expectations, 5 ab! o(x) ~ o(y) ~ 0.10% mixing
y o(|a/p|) ~ 0.09, o(4) ~0.05 CPV
0.02 —

\ x,2, y,

possible CPV  ¢.015-
- New Physics - |
tested with -
~ R(5) better il
sensitivity; o
0.005_—

(several extensions
of SM predict

CPV ~ R(1%)) of: [

Y. Grossman et al., N “8 0
hep-ph/0609178 -0.01 -0.005 O 0.0 0.025 0.03
X
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Summary

= Belle and BaBar presented evidence for D° mixing
x=(0.94 £ 0.36)%
y=(0.68 £ 0.21 )%

* VValues of mixing parameters at upper end
of SM expectations;
new measurements to further constrain x, y
(and hope for more accurate predictions?)

= Search for CPV = NP search;
Super-B factory would allow for sensitive searches
In reasonable extensions of SM
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