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Mixing Formalism

Mixing followed S0 u
by CF decay c,,< TC+ DCS deCay
/’ ,, a
¢ — ¢ ~cose, s C-
b | D K D°
u u u u

 Right-sign (RS) CF decay
* Wrong-sign (WS) decays
— mixing, DCS diagrams

* Mixing implies that the

weak eigenstates are —
not pure flavor states
« Charm mixing AM AT
values typically . X:T : Y=E
quoted using scaled
parameters X, y
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Time Dependence of Mixed Final States

« For [x], ly] << 1, I, X% 4y
time-dependence r Tus(l) _ =R, + YR, T't+ 4y, (Tt)”
of a hadronic final ___, Rs( )

state with mixing

in the limit of no CP violation, and where
and DCS (Rp)

X' = XC0Sd,, +ysSind,, Y =YycCosd,,—Xsindy,

amplitudes
with o, being the relative strong phase
between DCS and CF amplitudes
2 2 ’2 2
: : .. X"+ X"+
* Time-integrated mixing rate — R, = 5 y — 5 y,

« If CP is not conserved, the time distribution for D° and D° can differ

fe® s 4y JRo )+ jf 1ty
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Charm Mixing Predictions

Standard Model

New Physics

* Box diagram SM charm mixing rate
naively expected to be very low
(Ry~10-19) (Datta & Kumbhakar)

« Z.Phys. C27, 515 (1985)
— CKM suppression — |V, V*,|?
— GIM suppression — (m?,-m?,)/m?,
— Di-penguin mixing, Ry~10-10

* Phys. Rev. D 56, 1685 (1997)

* Enhanced rate SM predictions
generally due to long-distance y
contributions: K

o -
y Y

’ AY

DY ——p-—'\ \,——b-— Do
\\ /f
—
K

» Recent SM predictions can accom-
modate high mixing rate (Falk et al.)
— X,y = sin? 0. x [SU(3) breaking]® ~1%
« y: Phys.Rev. D 65, 054034 (2002)
« x: Phys.Rev. D 69, 114021 (2004)

* Possible enhancements to mixing due
to new particles and interactions in new
physics models

» Most new physics predictions for x

— Extended Higgs, tree-level FCNC

— Fourth generation down-type quarks
— Supersymmetry: gluinos, squarks

— Lepto-quarks

g
c u C u
0 ~ ~
>H< q, _ |9
i c u—+3l—3¢
FCNC supersymmetry

 Large possible SM contributions to
mixing require observation of either a
CP-violating signalor | x | >> |y | to
establish presence of NP
— Ann.Rev.Nucl.Part.Sci 53 431-499 (2003)
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Mixing Analysis Strateqy

* Blind analysis of D** — DY%(—K'nt*) nt,,,
—All event selection and fitting methodology determined
before looking at the data
« 384 fb-! integrated luminosity, ~500 x 10° cC events

* Four-dimensional unbinned maximum likelihood fit
—First, fit M(Kr) vs AM [= M(Knm,,,) — M(Kn)] distribution
—Next, fix results of first fit and fit RS decay time and per-

event decay time error using M(Kr) and AM to separate
backgrounds from signal

—High-statistics RS dataset determines WS signal PDFs
*No MC dependence, all PDFs obtained from data

—Last, fit WS decay time and per-event decay time error
to distinguish DCS and mixing contributions

« Several WS proper time fits
—no mixing; mixing with/without CP violation allowed
—extract x’?, y’, Ry from mixing fit
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Event Selection

e Beam-constrained simul-

taneous fit of K, &, m,,, tracks

— fit probability > 0.001
— decay time error < 0.5 ps
— -2 <decay time <4 ps

« DY selection
— CMS p* > 2.5 GeV/c
— K, & particle identification
— 1.81 < M(Knr) < 1.92 GeV/c?

* T4 Selection
— CMS p*<0.45 GeV/c
—lab p > 0.1 GeV/c
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beam spot

0,~100 pm

*0.14 < AM < 0.16 GeV/c?

 Select candidate with
greatest fit probability for
multiple D** candidates
sharing tracks
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RS and WS Datasets After Event Selection
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AM [GeV/c?

RS and WS M(Kn) vs AM Distributions
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Correlation between M(Krn) and AM in
signal events taken into account in PDF
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M(Kn) vs AM Signal and Background Fit Cateqories

* RS categories
— Signal: peaks in M(Kr), AM
— Background true D° combined with random &,
peaks in M(Kr) only
— Misreconstructed D°: peaks in AM only
» Semileptonic DY decays; singly misidentified D% — wtrn-, K¥K-
— Purely combinatoric: non-peaking

« WS cateqgories
— Signal: peaks in M(Kr), AM
— Background true D° combined with random &,
peaks in M(Kr) only
— Misreconstructed D?: peaks in AM only
* Doubly misidentified D® — K-rt+
» Singly misidentified D% — wtr-, K*K-
— Purely combinatoric: non-peaking

Kevin Flood Moriond EW March 13, 2007 iﬁésﬂ 9



Simultaneous M(Kn) vs AM Fit to RS and WS Data

TRrs 1 BABAR ~ = - Data Ibr’é;liigé}ef
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Decay Time Analysis
* Fix M(Kn) vs AM PDF shapes from results of first fit

* Fit RS decay time along with per-event errors to
determine RS signal lifetime and resolution model

— Unmixed Signal, background true D° w/random =,
Exponential PDF with sum of three Gaussians resolution
model fit using per-event lifetime errors

— Random combinatoric: Gaussian + Crystal Ball PDF

* Fix WS resolution to result of RS fit, then fit WS decay
time and per-event error

— Mixed Signal: theoretical mixed lifetime PDF convoluted with
resolution model from RS fit

— DCS Kn, misreconstructed D°, background true D°
w/random 7, shares RS unmixed signal PDF

— Random combinatoric: Gaussian + Crystal Ball PDF
separate from RS fit
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RS Decay Time Fit

* Fit to the full dataset with

. . '"]5;_ BABAR * Data
varied fit parameters: - preimnary [ | RS Signal
— Fit class normalizations g 10*= [l Random =
— DO Jifetime = § B combinatoric
. B sl
— Resolution model E0°E
— Combinatoric shape i 1u=:
DO lifetime: :
410.3 £ 0.6 (stat) fs 3
PDG 2006: 410.1 £1.5fs ﬁ - S .
Y] O —————
Decay time plot selection: n . . t'#* S - = e
1.843 < M(Kn) < 1.883 GeVI/c? - .
0.1445 < AM < 0.1465 GeV/c? 5 -
-2 -1 0 1 2 3 4
t (ps)
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WS Decay Time Fit: Without Mixing PDF

Poor residuals in

signal region \q\sz +
. o #+*+ JH’ +++++H+ ¥ o aan-at]

Decay time plot selection:
1.843 < M(Kn) < 1.883 GeVI/c?
0.1445 < AM < 0.1465 GeVI/c?

set with varied fit 14001 preliminary [_INomixingfit -
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_ Fit class g 1|]m];— B misrecon. D —;
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WS Decay Time Fit: With Mixing PDF

* Fit to the full data- 1600
set with varied fit 1400
parameters: @ 1200

— Fit class o 1000
normalizations *% 800
— Combinatoric shape & 800
— Mixing parameters 400
200

Mixing fit is better
match to data

th
=3
Decay time plot selection: E
1.843 < M(Kn) < 1.883 GeV/c? é
0.1445 < AM < 0.1465 GeV/c?
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Mixing Contours

o \/ ) m- —T—r— ——TT T i i e o -
y’, X2 contours co : BiB1R . :
puted by change in 2 P Y L 2 N
log likelihood 2r X (0.0) :

2. ° S s

— Best-fit point is in - — e E

non-physical region o 1 o —9AL = 0.7~

x2<0,but 1-sigma & | | ~]
contour extends into > QF- 7%=~ W 2AL =239
phyS|Ca| reg|0n i 4:55X10:2 (20) e —

— correlation: -0.94 A 633 %105 o i

- Contours include L e | | | o
systematic errors 8 6 -4 -2 0 2 a4

_ x%10"

« Accounting for sys- -
tematic errors, the Rp: (3.03£0.16 £ 0.06) x 10
no-mixing pointis at | [x’2: (-0.22 + 0.30 + 0.20) x 102
~4-sigma contour y: (9.7+4.4+29)x 103
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-2 A log L Frequentist Coverage

* Generated >10000 toys without mixing to test
frequentist coverage

Expected N(toys)
greater than line

\\ Actual N(toys)
greater than line
Value observed
,/ in data fit

A

3358 | 524 35 2

2
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-2A log likelihood
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M(Km) vs AM Fits in Decay Time Bins

« Kinematic fit done independently in five decay time bins
— Each bin has approximately the same number of RS candidates

* Rys independent of any assumptions on resolution model

Prediction based on
resolution and mixing
parameters from full

likelihood fit

Prediction from fit
with no mixing

v*=24.0

0-45 - o T € ] = 4 & = P
- BAaBAR ¢ n
- preliminary _
0.4 1 -
<3 :
: | I
n:; i I -
0-35— ______________T_ ————————————— ]
0.3}?
-2 -1 0 1 2
t (ps)
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Validation: Mixing Fit Using RS Data

« Perform mixing fit with RS data

— No mixing signal expected

ey =(2.6+24)x104

. x'2= (9.2 + 10.6) x 106

e -2(loglL, ;, —logL

no-mix

)=1.4

* No mixing signal found
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Mixing Contours: Mixing Fit Allowing CP Non-Conservation

- Fit D® and D° samples for mixing separately
— Best fit in each case ~3 sigma from no-mixing hypothesis

No evidence for CP violation

x'2* = (-0.24 + 0.43 + 0.30) x 103
'+—(98+64+45)x1o3

Kevin Flood
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BABAR

preliminary
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x'2* = (-0.20 + 0.41 + 0.29) x 103
y"* =(9.66.1+4.3) x 103
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e Sources

Systematics

— Variations in functional form of signal and background PDFs

— Variations in the fit parameters
— Variations in the event selection

 Single parameter systematic estimates from difference
between parameter value from fits with and without

variation, expressed in units of statistical error

systemat.ic R, y’ 2
source:
PDF: 0.59¢ 0.45¢ 0.40c
selection criteria: 0.24c 0.55¢ 0.57¢
Quadrature total: 0.630 0.71c 0.70c
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Summary

« Assuming CP conservation and including systematic
effects, we find a charm mixing signal at ~4 sigma CL
—y =(9.7+4.4+2.7)x103
- x2=(-0.22 £ 0.30 £ 0.20) x 10-3
« Submitted to PRL, hep-ex/0703020

 Strong phase (0,) introduces rotation of x,y into x',y’

— If 9y, ~ 0, SM can likely accomodate the observed rate

— If &y, ~ /2, then |x| >> |y| and NP process may be more probable
* Results consistent with previous analyses

— Babar Kr, 2003: (-56 <y’ <39) x 103, X’ <11 x 103(95% CL)

— Belle Kn, 2006: (-28 <y’ <21)x 103, x’ < 3.6 x 103(95% CL)

— Assuming o, ~ 0, comparable with Babar and y, analyses

-Belle, 2003: y = (11.5 £+ 6.9 £ 3.8) x 103
-Babar, 2003: y = (9 + 4 £ 5) x 103

 No evidence for CP violation
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Additional Slides
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BaBar - Belle K7 mixing contour comparison

statistical contours from
BaBar and Belle (400 fb1)

best fit results are
within 2o (statistical)

Kevin Flood

% zé_ BaBar 1o

1.52— BaBar 2o
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n.sf—
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Including Systematics in Contours

, T , -’.z R R /y _} B
i o e
’ ..... DR

Systematlc variations produce new mixing parameters sets
- tend to scatter along correlation axis:

-0.02 . ~
im:_ e —_—— Included in contours as follows:
voreE Systematc variations - for each variation calculate
e change 1n likelihood between
o01z|- new and old point 1n old likelihood
= (o o 2: _ -~ .
001 T "o .. m.“=( 2AInlL)/2 3 16 in 2D
0.008|— + -
0006  -2AInL~0.10 i o : 1
- - Scale likelithood with - 5
0004} -2AInL~0.18 1+ Z m;
0002 .
v oo bae® = Should correspond to scaling the

%2 03 03 02 02 015 01 005 0 o :
X statistical uncertainty up

=9

CPV systematics use same
scale factor plus tiny
correction for charge
asymmetry in efficiency
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Accounting for systematic errors in contours

= Sources
= variations in functional form of signal and background terms
= Vvariations in the parameters
= Vvariations in proper time, proper time error and D* overlap removal criteria

= (X'2,y) contours:

- for each variation, compute s = 2 [In Ly — In £;] /2.3
where L, is the maximum Ilkellhood from the standard fit and L, is the likelihood
from the standard fit with ( x'5, y; ) fixed to the values obtained frum the fit with

the /" variation

PDF variations: Laj = .12
selection criteria: )'s? = .18
total: Xs? =.30

« divide changein —21log £ by thefactor [ = 1 + Ys? = 1.30
to account for systematic errors
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Final

ystematics

Systematics summary:
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Validation: fit to generic Monte Carlo

= repeat fitting procedure on R18b generic Monte Carlo sample (~400 fb1)

= WS mixing fit results:

y=(-0.22 £ 0.30)%
x?2=(2 £ 18)x10>
R,=(0.413 £+ 0.014)%

= MC generated without mixing
« No mixing is observed
* R, consistent with dialed value

Kevin Flood Moriond EW
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0.1445 < Am < 0.1465 GeV/fc?
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Validation: generic MC mixing contour

S
display of statistical = 08
contours from R18b generic 0.6
Monte Carlo (~400 fb) 0.4—
x2 = (2.0 = 18)x10°5 Lol
y =(-2.2 = 3.0)x103 O
0.2
. 0.4
(0,0) point on the 1o contour =
=06
No evidence for a false mixing  -0.8 -
signal seen in MC (generated A
without mixing) -
-1.2 :_ §
o 1 1 S NP PR RN B RN R B
-0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08
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Validation: Toy studies

» test for unbiasedness:

%

'=1%

Avg. measured v (%)

=2
=
Y

'|III||

L, 0 00z o004

Kevin Flood

pa e
-1.5 -1 0.5 0 0.5 1 1.5 2
Generated 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.

PR I T T N SO W B
0.06 0.08 0.1

Results indicate no bias in estimating mixing parameters
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R18b data decay time error distributions

ignalErrar SignalErrar

Entries 1228761

n 02375
(0522

category 1-3 DecayTimeError sPlot:

category 4 DecayTimeError sPlot:

ral

P P ol BT R ATSR AT S TR AT T B SCATA S VA S AT S i A
‘o oo 01 0415 02 025 03 035 04 045 05
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Proper Time from Sldebands

Asmgmng systematic
Instead of fitting proper time for background in full fit,

fix it to fits in pure background sidebands:

1.81<m<1.84 GeV/c? 1.883<m<1.92 GeV/c2
0.148<Am<0.16 GeV/c?
700, 0.148<Am<0.16 GeV/c?
: . Data
600[
Emf |:|-:-at1'W'E-
:3_ - i
S 4000 P
s F 2
S 300F £
ik :
200F
1033
0': 1 2 1 0 1 2 3 a
5 i c t(ps)
5
= — S — £
. i T T T G o L f*f"*ﬁm*“ﬁ*m?
-33 i 0 1 2 3 4 -55 = =
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Time Dependence of Mixed Final States: CP Violation

R[J;,M o R[_),M
RE)L,M + R[_),M

- Define CP violating observables —— Ay =

- Direct CP violation in DCS Decay — Rj # Ry
» CP violation in mixing — ‘%‘ +1 [: 1+ AM ]

e CP violation in interference COS ¢ +1
between decay and mixing:

* Rewrite time dependence to explicitly include asymmetries

G0 _ [FAp , o EATEA s isngiry s BB X4V 0
o R Rl Ay cogmdsmnys LA X
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