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“*Neutral meson mixing
“*Charm meson mixing

“*The BABAR experiment
“*Mixing in D’—Kr decays
“*Comparison with other results
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Neutral Meson Mixing




ral Meson NG

Mixing can occur in four neutral mesons:

KY) =1ds), |K )=|ds)  Mass:~0.5GeV/c’

— \ —u> Mass: ~1.9 GeV/c?

)
)
> — \ b> Mass: ~5.3 GeV/c?
)

— \gb) Mass: ~5.4 GeV/c?
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‘Neutral Meson Mixin

Mixing can occur in four neutral mesons:

KY) =1ds), |K )=|ds)  Mass:~0.5GeV/c’

— \ _u> Mass: ~1.9 GeV/c?

)
)
> — \ b> Mass: ~5.3 GeV/c?
)

Y — \gb) Mass: ~5.4 GeV/c?

Will present mixing measurement for D’ meson

Note: D’ meson first discovered at SLAC
Mark-1, PRL 37, 255 (1976)
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~ Meson Mixi hng

Neutral mesons have no conserved quantum number
— can have mixing between |M 0> and |71

| ——— ?,?—-l— —

KO{E \_/ - 5 KO

Brian Petersen 6



eson Mixing -

Neutral mesons have no conserved quantum number
— can have mixing between |M°) and |M ’)

5 d
—a—{ 55 Y—=—" =~

0 0
K‘P_-_v = HK

vsaan aas ‘(i) = (4 3) (o)

2x2 hermitian matrices
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eson Mixing -

Neutral mesons have no conserved quantum number
— can have mixing between |M°) and |M ’)

S d
—al— 29 ——ail— —

0 0

Time evolution by .0 (1M )\ i |MO( )
Schrodinger eq.: "5t (]M °(t ))) B (M\ % ( )

2x2 hermitian matrices Mesons decay!
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Neutral mesons have no conserved quantum number
— can have mixing between |M°) and |M ’)

S d
—al— 29 ——ail— —

0 0

Time evolution by .0 (1M )\ i |MO( )
Schrodinger eq.: "5t (]M °(t ))) B (M\ % ( >

2x2 hermitian matrices Mesons decay!

Mass eigenstates:
—0
My 2) = p|M®) £ q|M ")
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~ Meson Mixi ng

Neutral mesons have no conserved quantum number
— can have mixing between |M°) and |M ’)

5 d
—al— 29 ——ail— —

KO )5 KO
i _"'_\/
Time evolution by i 3 ’Mo(t) |MO
Schrodinger eq.: M ( )

2x2 hermitian matrlces

Mesons decay!
Mass eigenstates:

—0
My o) = p|M°) £ q|M ")

Propagate with separate mass m; , and width 77 ,:

[ Mia(t)) = e M2 =02/ M o (t = 0))
Brian Petersen
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- eson Mixi ng

. . ma —Mmi
Time evolution of [M7) T=—r T, + T4

state is described by Y — Iy — Ty 9

General time evolution equation:

MO(t)) = e~/ (oosh<Avt/z>|M°> - isinh(Avt/2)IM0>>

Where Ay=(@y+in)l 5= (T1 +T2)/2 —i(m1 + mo)
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eson Mixi ng

mao — M

Time evolution of [M7) T=—r T, + T4
state is described by ry—-T, L= 3
y p—
2T
2
: g x=10
T y=0
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Time evolution of |M°)
state is described by

Intensity
I ! I__L..—d-:r
DO
=

Brian Petersen

x=10
y=0

Intensity
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~ Meson Mixing
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- IXIng Sour ces

InStandard Model only charged weak mteractlon
change quark flavor

Mixing through box diagram:

: W
3 - - d

0 _, Box diagrams mainly
K " Yu K™ contribute to x

In SM, there are no tree-level
flavor-changing neutral currents (FCNC)

Brian Petersen 14



Glashow, Iliopoulus and Maiani (1970):
FCNC calculated from single quark loop still too large

Introduce additional loop with new ¢ quark

- W 7 - W 7
— 4 — !
0 r -0 0 r 0
K 1% | ¥ u K K s | Ve K
i - S e
d I d &

In limit of degenerate quarks, loops will cancel each other
— mass difference between quarks will give a small x

GIM predicted charm quark 4 years before observation

Brian Petersen



g-distance

Additional contribution from intermediate
hadronic states common to K’ and K’

Mainly gives lifetime difference y

Brian Petersen
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Oscillations from

New phy51cs can break GIM suppression

Examples: .
Supersymmetry: ' Fourth quark generation:
g i 5 W i
<1} el i |
K° g% yq K° K° ¢4 yt K°
fie- fie- 3 fite- fie-

i —_ o i H,

9

Differences between measured and predicted mixing
rates would be sighal for new physics

The good agreement in K and B systems
with SM constrains any new physics model

Brian Petersen 17



KO mixing

£

+CPLEAR -2003 x=0.474
y=0.997

: - . L ! 1 1 1 1 1 I L
3 10 15 20

Neutral—kaon decay time [T,]

B’ mixing
BABAR 2006

x=0.7761
y[<0.1

! L L L L 1 L L ' L 1 i
-10 i Lo

f Neutral Meson Mixing

DO mixing

()

B mixing

- -1
. 2:CDF'2006 L=1.0fb
= - - dataz1c 4 95%CLlimit 172 —
%‘1.5% 1645 o O sensitivity 13p X— 24 8
<Et 1f_lgata¢1.6455 iﬂ yNO 1()
= ata + 1.645 & (stat. only) h *
o AU i
E \ A
5F M% H/ﬁ‘* ,1” A
“E \r VY %ﬁ .
1.5F V W‘i‘
_2F| P | | . By Dy | -y
0 5 10 15 20 25 30 35



Mixing in Charm?



SM charm mixing box has down- type quarks in loop

é W T

. = Effective GIM suppression:
_ L m2—m3)?
ly ”'1--. s.b l Y f'f: s, b DO mg
= 2~ 107> Tiny!
7l - o -—
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~ Charm Mixing

SM charm mixing box has down- type quarks in loop

3 %% T

) - Effective GIM suppression:
(mg —mg)*
4 d,s. bk Y. s.b D’ v m%
= 7~ 107" Tiny!
i o ‘ - &
i
Expect hadronic intermediate states to dominate:
i T u
DO
s e i

Makes it difficult to predict SM expectation
Brian Petersen 21



ixing Predictions

° ° ° m2 - ml
Most predictions give x,y~0.001-0.01 T= "7
and in most cases |Xx|<]|y]| Iy —T'y
y p—
Latest estimations: 2l
< PRD 65 054034 (2002) PRD 69 114021 (2004)
Iy|—001 Falk, Grossman, Ligeti |x|~(01 to 1)°|y| Falk, Grossman, Ligeti,
and Petrov Nir and Petrov
1 =
% unmixed ¥=0.01
£ or y=0.01 Very low rate
107 makes measurement
103 = difficult
L ~0.005% of decays
10° s mixed
10

Brian Petersen
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New Physics in Charm Mixinc

Charm mixing could have New Physics contribution

Supersymmetry: Leptoquarks: Extended Higgs:
3 g il C LQ T & i
——— S il ——— —il— =5
~ HPO
q A Yy ¢ P | T s
g LQ
u - - £ i - - o i e

Charm mixing complements K’ and B’ mixing measurements
s Sensitive to up-type quarks instead of down-type quarks

Some models avoid K? and B’ mixing
signals by having large charm mixing

Brian Petersen 23



The BaBar §f Experiment



Stanford Linear Accelerator Center High-luminosity
' asymmetric energy

o collder

S EeeE ot Y'(45) resonance

Rings

e T

_J_::;j‘ i = = 7_" -- —_ _ﬁ . ‘Main Lina'c‘:‘ > Intj(e:bfé‘,/// e f’; B-FaCtory bUilt
S P tUdy of
> Soet B8 and other CKM-

- SAg Station"- T : 3 ‘
e . BN EEET  physics in
SV | B meson decays

- CENTCTA PPl

e
.‘ : WEar"HaII_ , 3
. 3 S

~10 Hz of BB

Brian Petersen 25






BaBar Expe

BaBar is a large acceptance expenment Wlth excellent
particle reconstruction and identification capability

Electromagnetic Calorimeter Instrumented Flux Return
6580 Csl crystals 19 layers of RPC/LSTs
e* ID, =% KL and y reco utand K ID

Cherenkov Detector
(DIRC)
144 fused silica bars
K, separation

e’ [3.1 GeV]

Drift Chamber
40 layers
Tracking + dE/dx

Silicon Vertex
Tracker
5 layers of double-sided

silicon strips
Tracking + dE/dx

Brian Petersen 27



,5-450_ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, — (bB)=1 1 nb

%‘400__ BaBar 4 ( 6):1 3 nb

£ [ PEP Il Delivered Luminosity: 434.70/fb . -

§ 350 :— BaBar Recorded Luminosity: 418.14/fb }~96/0 """"""""""""""""""""""" —: —_—

B Off Peak Luminosity: 37.43/fb 7 ReCorded >4OOM BB eventS,
[ i N B i o —

g E —— Delivered Luminosity E and >5OOM CC events

< 559l —— Recorded Luminosity A/ 7

— Off Peak

00— 1 Add ~1M ct each day

150:_ ................................................................................................................................................ —]

- 1 Excellent sample to
00 _; search for charm mixing

O —
ol \H
O N o]
N O £ Q
S S & S
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Charm Mixing in
D°—Kr Decay at BaBar



Principle of Mixing

“*Produce clean sample of D’ and D
“+Ildentify flavor (D’ or D??) at decay time

“*Measure rate of mixed decays as function of time

-
o
(23
I IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| T

/ —0 -0
Mixed decays

—0
/ D = D" () 005% of total
D — DY

Unmixed decays
DY — DO
D — D

-? i 1 1 L1 L1 1 1 11 1 | I I | L1 1 1
107 g 1 2 3
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Use D’ from D™ —D’z" decays:

E . DH

D { ¢ /‘{ %) Charge of pion "tags”
d\ ul A& initial flavor as D’ or D’
d

Brian Petersen
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Use D’ from D™ —D’z" decays:

- L DY

D { ¢ /§ %) Charge of pion "tags”
fﬁ\ ul A& initial flavor as D’ or D’
d

" . “t ] RBAR -
Additional benefit: small Q o, F :
Q =m(D*") —m(D°) —m(xt) =~ 6 MeV /& E - D* 5 DYt
. E_'-:-J:-:L:— I_) K ot il
Gives narrow mass peak ™= = |
Excellent background S + g
(B8]

suppression

:
—
|

0.14 0.145 015 0.155 0.16

— 07+Y- 0 A
Brian Petersen Am=m(D’z’)-m(D’) eVl 39



Use decay mode D’ K+ _

70
d
W
{"'H Mix _C =ik ~atl} @
/‘{; S - (9
yoa| [ff = u i ;
i {— / /
d uwl .

\ ar T Charge of K identifies decay flavor

If opposite flavor: Wrong-sign (WS) event - mixing occurred
If same flavor: Right-sign (RS) events - unmixed decay

Brian Petersen 33



Doubl

Hadronic decays do not uniquely identify decay flavor
Get unmixed wrong-sign decays from DCS decays

y-Cabibbo Suppressed Decays

DCS decay: Mixed decay:
D’ K ” KT DKt ks
W "W
C - - d _ Mix _ & e —eaf} 5
DY - o D'=-D _ P
‘Relative rate ~0.3% | Relative rate: 0.005% (for x=0.01)
34
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Discriminate DCS and mixing by

their different time evolution DCS

Also have interference effect: DY K'n~

Brian Petersen 35



Discriminate DCS and mixing by

their different time evolution DCS

Also have interference effect: DY K'n~

Time evolution: (Jz] <1,|y| < 1)

./L',Q _I_y/2
Tyws(t) = RD/+yH\//R_Q (T't) (Tt)?

DCS Interference

y =yos d—zsind g phase difference
' = ycos § + xsin o between DCS and CF decays

Note: z* + ¢y? = 2% +4°
Brian Petersen 36




D’ selection:

** ldentified K and =

% p*(D)> 2.5 GeV/c
“*1.81<m(Kr)<1.92 GeV/c?
Slow r selection:

s p*(m,)< 0.45 GeV/c
*p..(7)>0.1GeV/c

% 0.14<Am<0.16 GeV/c? ‘

beam spot

Am=m(Krr )-m(Kr) B
Vertexing:

D’ and z, constrained to luminous region
“* Fit probability > 0.1%

“* Reconstructed decay time, t. -2<t<4 ps
“* Estimated decay time error, 6¢<0.5 ps

Brian Petersen
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Selected

1,229,000 RS events 64,000 WS events

~
& 016 RS data sample ~ oopuee WS data sample 100
0.158 et - | S 0.158 ¥ _. o
8 0.156 - - . O 0.156 T 80
3 0.154 e = 10° © 015 BT
o 0152 B - coas2 =k 60
i < -
<] o015 v .;102 0.15 R
0.148 : - 0.148 Z'_ B 5 40
0.146 0.146 .
: 10 el i
0.144 0.144 18 L . 20
0.142 0.142 8 R
el oE = - L B =y o — e " _-
0.14 ™1 82 1.84 1.86 188 19 192 | 014282 1.4 1.86 1.88 19 192 ©

m(Kr) (GeV/c?) m(Kn) (GeV/c?)

Separate signal from background using m(Kz) and Am

Brian Petersen 38



~ Fit Proce :

Unbmned maximum l]kellhOOd f1t in several steps
(fitting 1+ million events takes a long time)

Fit to m(Kx) and Am distribution:

“*RS and WS samples fit simultaneously

% Signal and some background parameters shared
“* All parameters determined in fit to data, not MC

Fit RS decay time distribution:

“*Determines D’ lifetime and resolution function

“*Include event-by-event decay time error &t in resolution
“*Use m(Kr) and Am to separate signal/bkgd (fixed shapes)

Fit WS decay time distribution:
“*Use D’ lifetime and resolution function from RS fit
“* Compare fit with and without mixing (and CP violation)

Brian Petersen
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Unbmned maximum l]kellhOOd f1t in several steps
(fitting 1+ million events takes a long time)
" Fit to m(Kz) and Am distribution: b
“* RS and WS samples fit simultaneously
¢ Signal and some background parameters shared
“* All parameters determined in fit to data, not MC )

"

Fit RS decay time distribution:

“*Determines D’ lifetime and resolution function

“*Include event-by-event decay time error &t in resolution
“*Use m(Kr) and Am to separate signal/bkgd (fixed shapes)

Fit WS decay time distribution:
“*Use D’ lifetime and resolution function from RS fit
“* Compare fit with and without mixing (and CP violation)

Brian Petersen 40



Signal ckground Components

m(K*7) vs Am * )

Signal:
“*Correct D" —>D’7"
“*Peaks in m(Kxz) and Am

1D'§

1D'§

Countai0 55 May

043

Random z:
¢ Correct D%, wrong r A
% Peaks in m(Kx), not Am== 5

. L L
1.82 184 1.86 188 18 1. [T 0145 013 0135 018

Misreconstructed D’:

“*Real D*—>Dr*

CD'>K u'v

+* Double misid D’—>K—rx*
(WS events only)

Combinatoric:
** Random tracks

Brian Petersen




t Results

5. BABAR- ~ f * Data i

c:e 10 RS preliminaryg . __>9_ 1 05:5 RS D RS Signal :

% I i RS SIgnal: g B Randomr,

= 10% :1,141,500£1200 ~ 10*: Bl Combinatorial §

‘E" ' 1 combinations < § | ‘
5 t 10%
it >

LL

10°

- bae

o S00r | wssignal: 215000 WS | TJwssignal -
2 600" 1 4,030:90 = | =;j=“d°mﬂsD 2
% 400:— — combinations %1000_ .Cfrﬁ::?ggtloriai_:
o _ | €
a2 g

£81  1.865  1.92 ) 0.15 0.16

m,_(GeV/c?) Am (GeV/c?)



% cedu -

Unbmned maximum l]kellhOOd f1t in several steps
(fitting 1+ million events takes a long time)
Fit to m(Kx) and Am distribution:
RS and WS samples fit simultaneously

“ Signal and some background parameters shared
“* All parameters determined in fit to data, not MC

" Fit RS decay time distribution: A
“* Determines D’ lifetime and resolution function
“* Include event-by-event decay time error &t in resolution
\’:’ Use m(Krn) and Am to separate signhal/bkgd (fixed shapesL

Fit WS decay time distribution:
“*Use D’ lifetime and resolution function from RS fit
“* Compare fit with and without mixing (and CP violation)

Brian Petersen 43



De Time Res on

Average D’ fllght length only twice average resolution

¢+ Resolution function described by sum of 3 Gaussians

** Resolution widths scales with &t
** Mean of core Gaussian allowed to be non-zero

/\I".

\ \ /
N ° AN

. 1 o 1 e

—t/7 _42/9° 7 —(1—t

e — e g t'/7e (=t (2" gy
27O V2ro Jy

For combinatorial background, use Gaussians and
power-law “tail” for small long-lived component

Brian Petersen ol



RS Decay Time Fit -

DO lifetime and
resolution function
fitted in RS sample

1=(410.3+0.6(stat.)) fs

Consistent with PDG
(410.1+1.5 fs)

Systematics dominated
by resolution function

Brian Petersen

Events/0.1 ps

Pull

RS decay tlme sighal region

10°c BABAR * Data
preliminary [ ]Rs signal
10° [l Randomr,

Bl combinatoric
10°

102

-
. .- -
- -+
e = —
0 g Y e "™
T *+ A . *' Tk o "' '
g . I il
- e - -
-+ - -
-
-
-5 .............................
-2 -1 0 1 2 3 4

plot selection:
1.843<m<1.883 GeV/c?

0.1445<4Am< 0.1465 GeV/c?




Unbmned maximum l]kellhOOd f1t in several steps
(fitting 1+ million events takes a long time)

Fit to m(Kx) and Am distribution:

“*RS and WS samples fit simultaneously

% Signal and some background parameters shared
“* All parameters determined in fit to data, not MC

Fit RS decay time distribution:

“*Determines D’ lifetime and resolution function

“*Include event-by-event decay time error &t in resolution
“*Use m(Kr) and Am to separate signal/bkgd (fixed shapes)

" Fit WS decay time distribution: :

“*Use D’ lifetime and resolution function from RS fit
\*1* Compare fit with and without mixing (and CP violationb

Brian Petersen
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WS | F | Xi ng

WSdecay t1me SIgnal reglon

Fit results assuming no mixing:

1600 "« Data =

Ry: (3.53£0.08+0.04)x103  1400: -

@ 1200 T

g 1000 B wmisrecon. D —;

% 800 - Combinatorial _;

= 600 .

: : 400 =

However, residuals in 5 E
signal region are not good\ _ S 5 D

- dla - N0 mix

2 /7. 50 2

X/ bin=49.7/28 N -

é u;..‘..#**q‘j_ + +++_+__+_++ﬂ++ﬂ_, _H___HE

& R

R T T4 Tz 34

plot signal region:
1.843<m<1.883 GeV/c?

0.1445<4Am< 0.1465 GeV/c?
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WS ﬁ w ng

Fit results allowing mixing: D decay t]me, elziial reglon

1aun;—B B s Data —;
R, (3.0320.160.10)x103  1a00E i 74 o
4 1200 Misrecon. D’ E
'2: (-0.22+0.30+0.21)x107 & 1000 — b
y': (9.7+4.4583.1)x10% £ Ak T
X2, y' correlation: -0.94 Aha _
200 o

- ajta - no m@x PDF

Fit with gives better S | e - g mix PDE
description of data ™" g - .
x*/bin=31/28 80 E
2= . 1 0 1 2 3 4

How significant?}

plot signal region:
1.843<m<1.883 GeV/c?

0.1445<4Am< 0.1465 GeV/c?
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S | gn B

Slgmflcance calculated from change in log llkellhOOd

No mixing

X 1 ) J e e B B B B B L J

e BABAR d

- preliminary _|

2 0} Best fit (stat. only) 7
ey I
2 10f
N
:".‘l-‘ 0:_

| | | | | | | | | | | | | | | | | | | | | | |
20— 40 05 0.0 0.5 1.0
x? /107
Brian Petersen
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Significanc cal n log lkelihood:

Signal

30

IIII|IIII|IIII|IIII|'Il‘II

20— -

—2AInL =939
Corresponds to 4.5¢
(with 2 parameters)

Best fit

26}

g = _3c]

No mixing

I I | I
BABAR |
preliminary _|

(stat. only) 7

i¥e)

50

Brian Petersen

-1.0

-0.5 0.0
x? /107

0.5

1.0

50



> ~

Best fit is
30 -

|||||||||||

L=0.7

y' /107

7
o
0
ﬁ‘r///(:*

Bd
ng

o o e
v
20 / f Physical Si)lutionl ):
,_ XA
No mi
40 05 0.0

Z / '= 3 ”
10 /////;7//////‘/5{4{'{{/ g (Y—6.4x10 ) e
x2/10°

0.5 1.0

Brian Petersen



Slgnal Slgnlflcance W|Th Sys’rema’rlcs

Including systematlcs decreases SIgnal SIgmflcance

X ) e s I S B B B 1

= Eﬁﬁiﬁ i

20— — —— Best fit —:

S10r -

< EFit is inconsistent~_ 4, 5 B

e 0 20

“with no-mixing at 3.9k~ i

10 No mixing = i

h s/

I | | | | | | | | ] | | | | ] | | | | ] | | | | 1
20790 .05 0.0 0.5 1.0

rzi 10 -3
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Slgnal Slgnlflcance WITh Sys’rema’rlcs

Includmg systematlcs ecreases 51gnal SIgmflcance
X || J e B B L B B B

BABAR 1l

preliminary _|

Best fit

-Fit is inconsistent .
“with no-mixing at 3.9c

Evidence for D’- D’ mixing! -
-1.0 -0.5 0.0 0.5 1.0
x?/10°
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Validation Studies

Performed extenswe checks of m1xmg SIgnal
¢ Could something fake signal?

¢ Is significance estimated correctly?

“* Are mixing parameters unbiased?

Fit to MC with no mixing

No signal found in MC:
x’2: (-0.02+0.18)x10°3

y’': (-2.2+3.0)x103

no mixing
inside 1o

y' /1107

In MC with signal,
fit reproduces sighal
- no intrinsic bias

: -3
Brian Petersen X2/ 10 54



Validation: WS/RS Yield vs Time

-2<t<0 ps

0<#<0.2 ps

0.2<t<0.4 ps

0.4<¢<0.75 ps

0.75<t<2.5 ps

Brian Petersen

[ s signat

Fiandams,

W e

Events/i MeVic*

ents: , |

Dain
[ rssigna

10* Random x,

2 [ [—

2 ¢

-

S

§ 1

4

e

Events/i MeWc*

Events/o.2 MeV/c*

+ Dai

[ s sigral

Randame,

W ot

Eventsi MeWic*

® Dan

[ rs sianal

Randomr,

I coriraicrc

Eventsi MeVic®

Events/0.2 MeVic*

* Dan

[ s siana

Fiandam

W o

Eventsio.2 MeVic*

Events/1 MeVic*

Events/o.2 MeV/ic*

0.155 0.16

Eventsi1 MeV/c*

[ wssigna

Fandomr,

[ [ —

WS events:

Events/1 MeV/ic

Eventsi MeVic*

#*  Daia
[ s Signal
FRandomr,
B Morscon.
B crbna

Events/ MeV/c?

Events/1 MeVic*

Events/0.2 MeVic
8
T

+ Do
[ wssignal
Fandam,
I tseecan. o
I corbirorori:

Events/o.z MeVic*

#  Daia
[ we= Signat
Randamx,
B vasrecon. 0°

B corsinanoniz

Events/o.2 MeVic*

Events/0.2 MeVic*

Events/0.2 MeVic®




Rate of WS events clearly increase with time:

l

0.45

Rys (%)

0.35

0.3

| BABAR

preliminary

| (stat. only)
0.4

Brian Petersen
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Rate of WS events clearly increase with time:

0-45 I T T T
| BABAR
preliminary

_(stat. only)
0.4

Ryys (%)

035 = = = =

0.3

4 Inconsistent
+ N\ With no-mixing

1 hypothesis

R T X2=24

Brian Petersen
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Rate of WS events clearly increase with time:

0.45

0.4

Rys (%)

0.35

0.3

- BABAR
|~ preliminary

| (stat. only)

Brian Petersen

Consistent with
prediction from
full likelihood fit

v’=1.5

Inconsistent

with no-mixing

hypothesis
=24

58



al IdCl'l'th for Mixing

Fit RS data with PDF
allowing mixing

x’2: (-0.01+0.01)x103
y’: (0.26+0.24)x10-3

—2AInL =1.4 (W.r.t. no mixing)

D’ decay time distribution

is described properly

Brian Petersen

RS decay time, signal region

Events/0.1 ps

= BABAR i fil
— preliminary |:|m1x1ng 1
Random x,

. Combinatoric

# Data

E ﬂ e g - -:... g e + o
B s v e aE R g9 B s w s
-2 1 0 1 2 3 4
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Valuda’rlon Coverage of 2AL09£

Slgmflcance of 51gnal is calculated as change in log likelihood
with respect to no-mixing hypothesis

Generated >100000 toys without mixing to
test —2AIn £ gives correct frequentist coverage
10 +——ittoys to the right of line

104;ﬁiH31339 4808 270 |
074 — 1 toyS eXpeCted

4565

10“;— \LI\LL
: \ _ —2AlnL =239
107 observed in data
5 20 i¥e) /

lo

Entries

10 =

| _ W Expect 0.6 events
SR Y VE AL, ) with —2AIn £ > 23.9
-2A log likelihood find 1 event
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__Oystemalic Uncerfainties

Two types of systematic uncertainties considered:

Fit model variations:
“* Change signal and background models
used in fit, to test assumptions made

Selection criteria:
**Mainly decay time (error) ranges used in fit

Systematic: R, X2 y'

Fit Model 0.59c 0.40c 0.45c
Selection Criteria 0.24c 0.57c 0.55c
Total 0.63c 0.70c 0.71c

Fraction of statistical uncertainty

X2-y' correlation also present in systematics
Effectively the (x?,y') contours increase by ~15%
Brian Petersen

61



Allo W mg P Icmo n

CP v10lat1on could mtroduce dlfferent time
dependence for D (+) and I’ (-):

Tws(t) I,n"li 1+ Ap '[1 + Ap)(1 £ Ay) , 3 T+ 4y 2% +4¢°
WS R /R 08 @ F 2 sin @)t : ‘
el ! 1F Ap BTN D\vl' 1 F Ap )(1 F 4 h}l{?’um?:‘” sing +1'uf1:|:.r’1m 4

(I't)*

Three possible types of CP violation:

< Direct CP violation in DCS decay Ap # 0

¢ CP violation in mixing Aj; # 0

% CP violation in interference between mixing and decay s ¢ # 1

Simpler to fit D? (+) and D’ (-) separately:
£\ 2 £\ 2
+ . — , (=) (¥"™*) 2
I s(t) = (RD +y*/RB(Tt) 4 (1) )

" 3

CP violation if one or more parameters are different
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Results of fitting D’ and [ separately:
x’*2: (-0.24+0.43+0.30)x103 x’2: (-0.20+0.41+0.29)x103
y’'*: (9.846.4+4.5)x103 y' o (9.6+6.1+4.3)x103
Ap=(-2.1+5.2+1.5)%

y'1107?
y'1107?

- BABAR

=10~ preliminary o <10 preliminary

| 1 1 1 | 1 1 1 1 i
0.5 0.0 0.5 -0.5 0.0 0.5
x?2 /107 x?2 110

No evidence for CP violation found
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Comparisons with other
Charm Mixing Results




Previous a nals 1S

Fully consistent with previous BaBar analysis:

e PRL 91,171801
40 | 57 b1

o | /CPV allowed

oD 2 .
- > . }/CP consérved
. oS 4 N % i
) —B =
¥ - -, X
°10_ =~ 0or ——
S— & a L
hb-; - o
20 VoY T
L 5 et /
L7 O Physical(y) -
40 - ® (Central (x°, y') No CPV -
R — = 85% CL CPV allowed .
L i —— 85% CL CPV allowed, stat only
L s B = — — 95% CL CP conserved N
L = -+« 85% CL CP conserved, stat onl
-20 | | | | | | | | | | | | | | | | | | | | | | 1 -60 B I | | l y |

40 05 a‘:-‘:o_a 05 10 0.5 0.0 0.5 1.0 1.5 2.0 2.5
X x? /107
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K Analy s Bel le

Last year Belle publlshed
analysis of K decays:

2 20 " PRL96,151801 —— 400 fb"
i — na CPV stat. anly]
o s mo CPY
10 __ R Py —_

| no-mixing
555 / excluded at 2c

Brian Petersen
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Kn Analysus %

Last year Belle publlshed
analysis of Kz decays: Results consistent within 2c:

= o0 i PRL 96,151801 —— 400 fb" +« F 1
a : —  no CPV (stat. anly] = 2:— BaBar 1o Stat. on y
[] S - e CPV . —
10 - — P 7 1.5 BaBar 2c
5 1= BaBar 3c
u.sf—
- | no-mixing ] 0 00)
b/ €excludedat2c 1 st
3 ] - Belle 2c statistical
fa s s e 11—
0 0.2 0.4 0.6 0.8 008 008 004 002 0 002 004 006
K’E v 1ﬂ'3 X210
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__Average Kr Mixing Results

Heavy flavor averaging group (HFAG)
working on providing official averages

Combine BaBar and Belle likelihoods in 3 dimensions (Rp,x"”,y")

—
Preliminary

average
(not official)

0.015

Preliminary average:

Rp: (3.31+0.13)x10°3 0.005
x7: (-0.01£0.20)x10°3 0

BaBar

: e o I -3 A0 . .
y' (5.1£3.2)x10 " No mixing
excluded >4c  Belle
0.0151
. g N E SN M el gy FEga A
-0.001 -0.0005 0 0.0005 0. ﬂlJ1
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Bel le Dal itz naly5|s of | DO»K STTTT

Tlme dependent Dalltz analy51s
of D’—>K zr measures x and y

without unknown phase
(First done by CLEO, PRD 72, 012001)

Belle result

2
i ar)(|v 0704 1000 - no CPU [stat onlyl
540 fb — no cPV 959%; CL1
>
O ===+« «+a. E' -”‘t‘:&:‘: ------- ' :F':r:ur’: e e m
\ no-mixing
L i excludedat?2 4G
-1 0 1 2
X [%]
x: (8.0+2.9+1.7)x103

y: (3.3£2.4+1.5)x10°3 69



Bel le Dallz naly5|s o DO»K ST

Tlme dependent Dal1tz analy51s
of D’—>K zr measures x and y

without unknown phase BaBar-Belle comparison:
(First done by CLEO, PRD 72, 012001)

0T

Belle result 384 b
2 20— BABAR
arX|v 0704 1000 - no CPV (stat. U”'FL - preliminary ]
540 fb — no cPV 959%; CL1 ?:10:_ K
§ - -
> 105 (x,1)=(8x107,3.3x107)
O b inaiiaai TMAMe h e aeah e FEA s B 4
E‘h_____-,f'f | 20" .56[77537.ﬂ| AT T I
: . -1.0 -0.5 0.0 0.5 1.0
Nno-mixing x2 1107
Al excludedatl 4o Within 1o for certain
X [%]

vt (8.0£2.9+1.7)x10° values of the phase 6

y: (3.3£2.4+1.5)x10°3 70



Belle Llfe’rlme

Belle measure llfetlme d1fference Decay tlme distributions:
directly using CP eigenstates:

(D" T
H(DP > fopy) = T

5
S

entries/0.1
.
L |

1+ Ycp 103
Yop = Yy s ¢ (=y, if no CP violation) i
(CP and mass eigenstates the same!)
10
Belle use two CP-even eigenstates: TRERT AL

D'>K'K and D'—>ntr
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Belle Lle’rlme Ra’rlo easuremen’r

Belle measure llfetlme d1fference

directly using CP eigenstates:

7(D° = fopy) =

Yyop = Yy s ¢ (=y, if no CP violation)
(CP and mass eigenstates the same!)

Belle use two CP-even eigenstates:

7(D° — K—7™T)
1+ycp

D'>K'K and D'—>ntr

Belle result:

yep: (13.1£3.2+2.5)x10°3

>3c above zero
(4.1c stat. only)

Brian Petersen

Also evidence
of D’ mixing!

Decay tlme dlstr1but1ons

entries/0.15
ey L
0y [

[
L3

o

g

s

L]

L-& (.17 ¢
~ 0.16}
e

S 015
—

S 014}
013}
0.12
0.11%}

0.1F

540 fb*
 hep-ex/0703036 '~ &7
- submitted to PRL

- Belle preliminary

{}.{}Q:"""'"'---l---l...




_More BaBar-Belle

Belle measurement Belle 540 b . hepex/0703036
is consistent with old Ycp+ (13:1£3.222.5)x10° submitted to PRL

BaBar lifetime ratio BaBar: 91 fb*
measurement vep: (8.0+4.0+5.0)x10-3 'PRL91, 121801

Comparison to BaBar Kz analysis:
30—

Assume y=ycp =
Use x=8x10-3 from 20~

Belle's Kt analysis i

y' 1107

Results consistent
within 1o for certain
values of phase 6

o

A0

.20:'|II|||||||||||||||||||
Brian Petersen x?/10° 73



Combi esl’rs

HFAG has first preliminary averages for some measurements:

2 2
Y s _ X"+ Y (Semileptonic
yop =y s ¢ i = 2 _.decays only)

'l'l'llll|Illl|lll||Illl|IIII|I'III|IIIIIIIII|IIII'|'I T"I"“|||||||”||||||||I||||III|IIII

0.732+ 2800+ 1.030 %
0. 300

.
0.110* 9% %
FOCUS 2000 }.'_,7 3420+ 1390+ 0.740 %
CLEO 2005 | | . | 0.160 + 0.290 + 0.290 %
CLEO 2002 |H . 4| -1.200 £ 2.500 + 1.400 % | |
BB ar 2003 | o 0.800 + 0.400 + 0.500 % BaBar 2004 . 0.230 +0.120 % 0.040 %

Belle 2002 H =-0.500 £ 1.000 £ 0.800 %
Belle 2005 0.020 £ 0.047 £ 0.014 %

Belle 2007 H 1.310+ 0320 £ 0.250 %

b e bvece e Lo beec b bl

-02-0.1 0 01 02 03 04 05

Workdaverme A (11.243.2)x1073 Ve | (0.50+0.45)x10°

Ry (%)
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Next step for HFAG combme all measurements
D'—KK/nr yep=(11.223.2)x10° D’—Kev Ry=(0.50£0.45)x1073

= 0 SKmr @+~ 21 DO%K TT7T o e B S
.3.3155 D%Kﬂ- Prellmlnary i A) : -- no CPV (stat. c:-nlluf_L
i : . — no CPV
- average 4
001 —
{I.ﬂﬂsi— = § T il
o S
-{I.{Iuﬁi— = i o bazsme s I~_~1,‘_,__,__,__Jr?,;';,_,___
o=y 2: (-0.01+0.20)x10: = (8.012.911.7)X103 -
oyt (51:3.2)x10° ¥ (3.3£2.4+1.5)x10°
ao0r " ng00s ; oo00s Iﬂ.fé1 1 1 o .X' [%] = R 2

HFAG will provide average for x, y and 6 (available soon)

We plan to also provide averages allowing for CP violation
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_Implications of Charm Mixing

BaBar and Belle mixing results flI’St presented at
Moriond electroweak conference on March 17

8 new hep-ph preprints on charm mixing since then

Five use D’ mixing results to evaluate limits on: rop-oh0703204
’fCertam SUSY models (flavor suppresion by “alignment”™) o0 0703235
“*Several little Higgs models hep-ph/0703254, arXiv:0704.0601
“*Non-universal Z' model hep-ph/0703270

Models are further constrained, ~a. Light non-degenerate
but constraints are limited squarks unlikely to
by lack of precise SM value be observed at LHC

Currently only observation of CP violation
would be a clear sign of New Physics
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Summary



Su Flook

BaBar studled DOdecays 302}_ —

| " B4BAR |

* Evidence for mixing (3.9c) 200 nep-ex(0703020
*:* No sign of CP violation 7 10, \ -
« Consistent with other e Ry,

measurements and SM

10

New results from Belle by e
o . s 20740 05 00 05 10
“*Evidence for mixing (3.20) <2/ 10°
o s hep-
. Meas.urement O.f X an dy o e exI0703036
“*No sign of CP violation _E —_arXiv:0704.1000

né_ K/ F__.-: \\]
Next steps E o — A
«*Combine measurements (HFAG) "t — ==
“Try to pin-down x, y and & - —

e e e e e I e e
00363 -0.02 -0.01 0 o0l -::u:qui:.n&

*More searches for CP violation 78
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Belle D°—Ksnm Analysis

4 3-body decay modes:
amplitudes A(D” — f) and A(D" — f) depend on Dalitz variables.

4 Dalitz space dependent matrix element is for negligible CPV

;) 2 El(ﬂ i Eﬁ{t}

. a.e1(t) —ealt
+ A(m%.m e1(t) —ea(t)

M(m2,m3,t) = A(m%,m?) 5 = 5

where my is defined with the D* tag

m(Kq,7T) D*~ — D%~

and time dependent functions with

{ m(Kg,wT) D*t — D'nr™
m4y =

o == .'"E
Elrglifjlzt“- t(my z2—tl 2/2)8

¢ |[M(mZ,m3,t)|° thus includes = and y
4 The only measurement sensitive directly to x

Brian Petersen
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Belle D°—Ksnm Analysis

Dalitz fit

o o S Besonance  Amplitude  Phase (deg) Fit fraction

% ¥ e K*(802)  1.620+0.005 1343+03 06227

& 8 o Kg(1430)—  212+002  —009+05 00724

| g i K3(1430)" 087+0.01 —473+07 00133

@ (14109~ 0.65 + 0.02 111+ 2 0.0048

" e 16801~ 0.60 4 0.05 147 + 5 00002

: - f\/ K=ot 0152400038 —375+11 00054

=] K3(14307t 0541 £0.012 018415 00047

i - d 1I 1'4, K330t 027640010 —106+3 00013

S Y T W R LB KY(1410)7 0333+0.016 0 —102+2  0.0013

g : K*(1680)%  0.73+0.10 103 + 6 0,004

u'm Ex \ ] Pl 7T 1 (fixed) 0 (fized ) 0.2111

i § || w(T82) 00380 +£ 00006 1151 +00 00063

B 2 o ! Fo(980) (.380 £ 0.002 —147.1+£00  0.0452

& 8 g fol1370) 1464004  086+£14 00162

L o f2(1270) 1434002 —136+11  0.0180

e a0 . p(1450) 0.72+002  400+19  0.0024

.. ] e | | m 1387 £ 0.018  —147+1 00014

- ~ i 1] = 0267 £0.000  —157+3 00088

L L SN . NS T e NR 2.36 + 0.05 156 + 2 00615

4+ Dalitz model: 13 different (BW) resonances and a non-resonant contribution

+ Results with this refined model consistent with the analysis performed for the
Belle 95 measurement, PRD73, 112009 (2006)

Bi ¢ To test the scalar wm contributions, K-matrix formalism is also used



Belle D°—K i Analysis

Time fit (in projection) Systematics
Largest contributions (x107%)
X Y
e 118 Model dependence
Tee X1y Timefit
Total (x10—%)
X Y
+16.9  410.2
—15.2 —14.6
Hmi 002
Results (preliminary) L
z=0.80=+0.29+0.17 % 5 d
00005 —
y = 0.3 2 50 : m
y == (033024 -10.15'% o NS
most stringent limits on x up to now 43:::
Cleo, PRD 72, 012001 (2005): U’ﬂ'ﬁg_ inner: stat. only
r=184+3440.6% o
Br y=—-14+25+0.9% 0.0 67 5,015 0.01-0.006 0 0.008 'dﬁi'éﬁn'{iiiéinz



Belle b7 KK/zr Analysis

Simultaneous A K /77 /K binned likelihood fit

[

2 = 1.084 (289)

quality of f

105
Km

1
I
o=
I p

o e

L
R

g/ Siiana

DY — K lifetime very stable in
slightly different running periods

1
1
- -
i =
| b
Ly ' k!
S | L
o " JM,
= 1 g
I R
[P, 1
" o -
= “
¥ i
1
T i
....-.._..“ 1
= T
PR T T TR [N T TN T I PN N -1 TR TN T N TN O TN 1
5 42 0=z &8 =B
=h h “h =h =
{s1) ¥

|

rum pert
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Results (preliminary)

KK 1.25+0.394+0.28 | 0.15+0.3440.16

tiiy 1.44+0.57+0.42 | -0.28+0.52+0.30

Belle

KK+ 7r | 1.31£0.324+0.25 | 0.01+£0.30+0.15

Belle preliminary (540 tb—1)

yep = 1.314+0.32+0.25 %

= o above zero
(4.1 stat. only) :
first evidence for DY — D mixing

Ar = 0.01£0.30+0.15 %

no evidence for CF violation

Brian Petersen

events/00. 15

420 2 4 6 8 10

iy (17 ¢
~= F Pelle preliminary

5 HEE pLe K | oK
L 315 - decay time ratio
:‘:.ﬂu;
013¢
012}
011¢
01f
009 b=
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MC

Test for unbiasedness:

<\-
I
—r
(4
o

3

Avg. measured y’ (%)

o
-
E -

(=]
Y
N

/

o
o ¢
®

o
o
[=}]
III|I I|III|III|III|III|III|III|III|I

Avg. measured x? (%)
(=]

0.02
0
0.02
-0.04 PR I S TR TR N TN TR SR N SN S TN SO SO HN SO T M N
0 0.02 0.04 0.06 0.08 0.1
2 15 1 -0.5 0 0.5 1 1.5 2 Generated x*?2 (%)

Gen.erated y’ (%)

average fitted value of mixing parameter versus generated value.
Error bars: RMS of fitted values: expected parameter errors
Straight line has unit slope, 0 intercept.

Brian Petersen

Results indicate no bias in
estimating mixing parameters
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EXE

HEEWEY LA K I harose cheaniae” Belle is B-factory at
TP Sl (=) -] 35‘:’:"‘:: pib Tsukuba, Japan
energ‘vcgg:!imjeter = _ J e s

TOF Counter — e 1,,,,»|*| C o mn
ez PID .--Vﬁfj,IS]m]lar to BaBar,

e but has a larger dataset

st RY o hF £
Central
. Drift Chamber

< ] momentum

-~ dE/dx for PID

Silicon Vertex ol Ky, =1 = 7 S
1) g /8—54 2 Detector LMuon Detector M2
TR diE5 vertex K; , i detection

Older charm experiments:
CLEO (e*e collisions at Cornell)
FOCUS, E791 (fixed target at Fermilab)
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~ K® Mixing -

Neutral meson mixing first observed in K’—K” system
Short-lived “K,” seen in 1947:. 1=89 ps
Long-lived “K;” seen in 1956: t=51 ns

0.7 0
Mixing frequency  H
x first measured :
in 1958 I
%;,_5 c:-.4;
Now measured 0.3k
precisely in —
many experiments ¢
Q.1 |
of

0.1

Brian Petersen

CPLEAR - 2003

Phys Rep 374 165

x=0.474
y=0.997

1 1 1 | 1
10 13

Neutral—kaon decay time [T,]

|
20
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B’ mixing first observed by ARGUS experiment in 1987
Large mixing frequency implied ¢ quark was heavy (m;>50 GeV/c?)

‘T’ ~ ‘ . BABAR - 2006
ghs [T —|PRD 73012004
BO BO % x=0.7761
éfﬁ | b ly|<0.1
d W b Q_ﬂ- >|

1 lI.I 1 1 1 1

Mixing is now prec1sely/

measured at B-factories 0

Lifetime difference T
has not been measured _ il
Expected to be small A e e e
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B’ oscillate very rapidly

Rate first measured in
2006 by CDF and DO

CDF-2006

tit
~ datat1c 4 95%CLIlmit  17.2ps’ PRL 97 242003
1.645 6 O sensitivity ’31 3ps’
BENN data i 1.645 8} '1*# . A i "3, - ..":
data + 1.645 o (stat. only) ?J*a S = gl i } \ \/ Vil
.:: l_l \'- I_ 4 e -\::'- r -"‘,_ [ d y

—

Amplitude

One of the main

HEP discoveries
in 2006

2
5

1
0.5
0

2

-0.

1
—

1
N
f:J—I—III|IIII|IIII|II}~_,_'.‘.->_:_'-.-:o
| Fi |

-1.5

Brian Petersen Am. [ps ]



Systematic: Combinatorial Decay Time

Decay time in combinatorial bkgd not independent of m(Kn)
Fix PDF parameters to fits in different background sidebands:

700

1.81<m<1.84 GeV/c?
0.148<Am<0.16 GeV/c?

600

Evenisiu. ps

preliminary

2 1 0 1 2 3 4
t(ps)
2.7V PTG B VSR TEoee o YL ORI O

kg T Hr H ‘F!Ti* "'_-t'-}-‘r mHHW

=2 -1 o 1 2 3 4

Brian Petersen

92
M(Kr) (GeV/c?)

Systematic

variation:
y' -0.3c
x? +0.2c

1.883<m<1.92 GeV/c?2
O 148<Am<0.16 GeV/c?

t(ps)
5
Fi |
= o oy e e s 1 e
J,_T"+~;I'+T Ti.d‘ .J.+.L|+j_-l,-9,-T T
I R R RN N B



Brian Petersen

Sys’rema’nc e Resolution

- RS decay time,

Decay time resolution function resolution mean
in data has non-zero mean _ fixed to zero
Core Gaussian shifted 3.6+0.6fs 1“5§_B;;3£‘;‘£ s s
@ qp4 3 [l Random r,
Effect is not seen in MC s F Bl combinatoria
- probably due to misalignment § " ¢
m =
102
For systematics set mean to O: _L
5
y 0.3c .
riation:
Variatio 036 - . =
I:I:. 0 e it e - N ++;_.f ++:_
No reason why resolution . o0 e
should be different for I . R | R R S S
RS and WS decays t(ps)

91



