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e The DO can decay to a final state f via
direct decay or via mixing

« Time evolution is given by an
effective Hamiltonian

)

S50 (i)

e The mass eigenstates D,, D, are

)

D) = p|D°) +q|D°)

D) = p|D%) —q|D°)
where

| + [p?] = 1
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Charm Mixing Phenomenology

Survey of mixing predictions

e Mixing can be characterized

In terms of the masses m;, Standard Modl miving precictions
m, and widths T";, I', of the | 105w
ma.SS eigenstates 1 00E-01 1 35 7 9111315 1&? 19 21 23 25 27 29 31 33 35
1 00E 02 . ’ -
T = Am y = g 100EQ3 & ’ 5
r’ 2I° 2 poE04 o
. . i = 1 00E5 4a s at
* Mixing occurs if z or y IS el 4t
non-zZero 1 DOE-07
e New physics models and the :Ezi
S.M. predict |z|, |y| < 102 P efronto ndon
* Define the miXing rate RM (From A. Petrov, hep-ph/0311371
— (2402 4 : , hep- -
— (CE +y )/2 <10 Open triangles: [x|; open squares: |y| )
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CP Violation and D° Mixing

« CP violation can be characterized as one of three types
— Inmixing: lg/p| #1
— Indecay: |Aj/A;|#1
— In interference between decays with and without mixing:

A
)\ng—f |)\f|:1, %()\f)#()

* Observation of any sizeable CP violation would indicate new
physics beyond the Standard Model
— Dominant tree-level D%ecays described by real 2x2 Cabibbo matrix

— Higher-order penguin, other processes suppressed by small V V" ,(no
higher mass, down-type quark available)
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CP Violation and D°
Lifetimes

e Mixing affects DO lifetimes for CP-even (odd) final states
o If CP is conserved, then for CP-even final states

(K~ xT) - T(K™nT)

o~ — 1= —1
Y T(K—KT) T(r=7T)

e Define effective lifetimes
7= DY — K~ lifetime (CP-mixed state)

7T (77) = D° (D) lifetime of decay to C P-even
final states (K~ K+, 7~ 7™)

(Y= (rT+77)/2, A, =T —7r)/(vT +17)

If no mixing: (r) =7° If no CP violation: A, =0
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The BaBar Experiment

1.5 T solenoid

(superconducting) Calorimeter

6580 CsI(TI) crystals

Cherenkov
Detector

144 quartz bags
11,000 PMTs

et (3.1 GeV)

Silicon Vertex
Tracker

5 double-sided
layers

e~ (9 GeV)

e PEP-llisa

charm factory:
charm cross-
section ~ 1.4 nl

e > 1M recon-
structed D%—

Drift Chamber
40 layers

Kr decays Instrumented Flux Return
: 18-19 layers
e Used here:
60-90 fb?
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Kr Hadronic Mixing
Analysis: Decay Modes

e Uses D°(D") — K= hadronic decays, 57 fb! DY
_ “Right-sign” (RS) D° — K~=* Cabibbo-favored (CF) Wfing
— “Wrong-sign” (WS) D° — Kz~ DCS D’
* Doubly Cabibbo-suppressed (DCS) v A decay

» Mixing would also create WS decays KTn™

* Assuming CP conservation and that x|, |y| <« 1, the WS decay
rate I1s approximately

Tws(t) — e 1t (RD + RDy! I't + ‘

2

Z - (Ft)Q)

— RpIs the WS decay rate relative to the RS decays, and we have taken
Into account any CF to DCS relative strong phase d,.. by defining

' =xcosdir +ysindxr, Y = —xsindg, -+ ycosdxx
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Kr Hadronic Mixing
Analysis: CP Violation

« Accommodate any CP-violating new physics by fitting
the D° DY events separately for T,,s(t)

e Fitfor {RE., /=%, y/*} where + (-) indicates D°(D°)
e Combine results to form CP violation parameters
Ri, — Ry Ry — Ry,
— — Av = 7 -
R + Ry Ry, + Ry,

D

* A (Ay) #= 0 implies CP violation in DCS decay (mixing)
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Event Selection

K-

» Select charged tracks of good
quality
» Pair oppositely-charged tracks
— Form DO candidates
» Determine production vertex

— Intersect DO direction with
beam spot

e Use DY reconstructed from
decays D*t — Drf
« Require CMS p(D*) > 2.6 ’

Gev/c to reject B events ﬂ” 0o p

* Obtain D° proper decay time t Hr" | I P ’
and error o, from production, T N ] E s Decay
decay vertices (typical o, =~ " | eadgoun
180 fseC) ! ] I:)'\'mllumjnllun::(ic\-’rr,

D* CM momentum (GeV/c)
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0.14 0.142 0.144 0.146 0.148 0.15 0.152 0.154
Delta Mass 6 m (GeV)

dm = mp- — myr (GeV/c?)

m,. . and dm Distributions

Combinatorial background

Broken or swapped DO

] Wrong slow pion

O Signal

category om Mg time
signal peaking peaking | long-lived
non- non- prompt &
combinatoric | peaking | peaking | long-lived
wrong slow non- peaking | long-lived

T peaking
broken or peaking non- long-lived
swapped D° peaking

Charm Mixing at BaBar

Ray F. Cowan, M.L.T. 10



Hadronic Mixing Analysis:
Signals and Backgrounds

Wrong-sign events

Use m,.,, dm distributions to
distinguish signal, backgrounds

Characterize & fit for three types of
backgrounds in WS events

— True DY decays matched with
unassociated pions

— Combinatorics 800
— Double-misid (K and = id swapped) 000
e Converts RS event ++ WS event

e Level from fit consistent with PID 200
performance

2
2

200

o
=]

1001

Signal

Events / 4.8 MeV/c
Events / 0.5 MeV/c

(=g}
=]

2
2

400/

Sideband
Events/ 0.5 Mev/c

Events /4.8 MeV/c

0] Q
1.804 1.844 1.884 1.924 0.14 0.145 0.15

Signal my . (GeV/c ) am (Gevic )
H Fake slow i, bkg MK om

Double mis-id bkg
H Combinatoric bkg
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— -

s Hadronic Mixing Analysis Results

Wrong-sign Events Decay Time Distributions

8 a) { a b)

o o 1000 -

= 100- 1 2

g £ Points: data.

o] ol . .
D s0- 1 & 200 7 Histogram: fit.

t (ps) t(ps)

Double mis-id bkg

Combinatoric bkg

Signal region Sideband region Signal
Fake slow n, bkg
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Hadronic Mixing Analysis:
Final Results

- : Mixing, Mixing,
Fits performed for four scenarios with CP | without CP
Violation Violation
Fit case Parameter  Central value  95% CL interval No Mixing, | No Mixing,
S i RV N V7 L with CP no CP
D } ] D ] i - _ _
Sﬂaﬁon Ap 1.2 —2.8 < Ap < 4.9 Violation Violation
allowed 2" 0 2? <22
y' 8.0 —56 <y < 39
Ry Ry <16
Rp 3.1 2.4 < Rp < 4.9
No CP I p
violation x 0 x'” < 2.0
y' 8.0 27T <y <22
Rym Ry < 1.3

Rp = (0.357 £ 0.022 (stat.) & 0.027 (syst.))% Phys. Rev. Lett. 91, 171801 (2003)

Ap = 0.095 + 0.061 (stat.) £ 0.083 (syst.)
No CP viol. Rp =
or mixing (0.359 + 0.020 (stat.) + 0.027 (syst.))%

No mixing
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Semileptonic Mixing
Analysis

Use decay chain D*t — 77D D° — K(Mey
Uses 87 fb!
Only electronic mode (for highest purity sample)

Pion, electron charges tag production, decay flavors
— Right-sign (unmixed) signal has same-sign K, e charges
— Wrong-sign (mixed) signal has opposite K, e charges

No doubly Cabibbo-suppressed mode to distinguish
— Time dependence of mixing signal (in small x, y limit)

Tws(t) = Trs(t) <® @ t 4 x’ Zy’ t2)
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Semileptonic Mixing
Analysis: Right-sign Signal

e R, = Nyo/Nxs signal events Neural net for DY reconstruction

« Unbinned, maximum-likelihood Improves AM I’eSO|l2Jti0n
fits to signal plus backgrounds (o ~ 2.2 MeVic?)

— —
ﬂ — Ty)
o0l §sooo -
s [ ] DO sgnl s I
—o00— | RS S |
B DO bkgd o000
Sl | Lifeti J ! RS AM
goco | LITELIME [ zero life g o
5000 — [ ] D+ i
4000 — 3000 —
3000 —
i 2000 —
2000 — i
B 1000 —
1000 —
0 N 1 1 1 | 1 1 1 | 1 1 1 0
008 006 004 002 0 002 004 006 008 0.1 0.14 0.145 0.15 0.155 0.16
ctau {cm) deltaMass (GeV/ic2)
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Semileptonic Mixing
Analysis: Wrong-sign Signal

Full lifetime projection

0 random D+
- B random DO
_ ; B zero life

h
[=
——

Fit Result: 114461 WS events 3

Normalize to #RS events, obtain i

R, . =0.0023-£0.0012(stat.)0.0004(syst.) | =

R_. <0.0042 (90% C.L.) -
%45"} B Do sgnl . —
gdoo__ . peai%rg] D-l\ 0.15 0.1 0.05 0 0.05 0.1 0.15 ot (cmc;.z
@ 3

Cay
=]
o

Lifetime projection

250

200 %

Events / { 04025 )

150 *
100

50

1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1
0 L
0.14 0.16 0.18 0.2 0.22 0.24
dm (GeV/c2)
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Lifetime Ratio Analysis

Use 91 fb-! dataset
Look for specific final states:
D' - K nt, KTK*, ™
Require D° to be tagged via its production mode D** — Dr/
Also use untagged K-K*sample

Sample Determines
K—nt 7V

K K+t

Tt } 7), A

Untagged K~ K+ (1)
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e Perform fit to D° decay time

Lifetime Ratio Analysis:
Decay Time Fit

Decay Time Fits

-
[=]
wn
T

-
[=]

-

T T

distributions for each sample

— Unbinned, maximum-
likelihood

— Independent variables m., t,
o, from each event

— Use reconstructed D° mass
value to assign probability
event is signal (determined in
the mass fit)

— Histogram: fit

— Points: data

D °Candidates / 0.20 ps
S, o,

—
[
T

—_
Lo TR
w -
TTHT
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Lifetime Ratio Analysis:

Results
« Dominant systematics 0 0
— Background models, for both Y and AY Y = <T—> -1, AY = %AT
-
» For the three samples separately "
Sample Y (%) AY (%)
K-K* 1.5+08 +05 —-13+0.8 =+0.2
mat 1L.7+1.2 *i2 03 £1.1 40.2
Untagged K~ K* 02405 154 -
Combined 08404 T3, —084+0.6 0.2
e Combined results Phys. Rev. Lett. 91, 121801 (2003)

Y =(0.8+£04102)%, AY =(-0.84+0.6+0.2)%
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Summary

» Three separate charm mixing analyses
— No mixing or CP violation observed so far
— But not systematics-limited yet
— May be able to see a signal with more data (500 fb-* by 2006)

e QObservation of CP violation would imply new physics

o Krdecay analysis (Phys. Rev. Lett. 91, 171801 (2003))
Rp = (0.359 £ 0.020 (stat.) &= 0.027 (syst.))%
« Semileptonic analysis: R,;,<0.0042 (90% C.L.)

(Phys. Rev. D70, 091102 (2004))
 Lifetime ratio analysis (Phys. Rev. Lett. 91, 121801 (2003))
Y =(0.8+04102)%, AY =(-0.84+0.6+0.2)%
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Coming in 2006

« Several charm mixing analyses are underway In
BaBar
— Km: updating to 250 fb-t
— Knrl: new analysis
— Krnr: new analysis
— K®™ev updating to 250 fb-1

» Results will become available during the next
year

PANICO5 25 Oct 2005 Charm Mixing at BaBar Ray F. Cowan, M.L.T. 21



Backup Slides
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»

é‘qv Analysis: 95% C.L. Contours

Fit allows 2> to take values < 0
Strong correlation of 2%,y

Employ frequentist method (similar tc I
Feldman-Cousins) to obtain 95% C.L of

contours
Two of four scenarios illustrated

0.04

0.02/-

here -0.021

-0.04

Phys. Rev. Lett. 91, 171801 (2003)
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