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BaBar & Belle

Time Of Flight Counters
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524.2/tb recorded as of 2008-03-19 783.8/fb recorded as of 2008-03-20

Operating energy: /s ~10.6 GeV

(-.. plus data at Y(3S),Y(2S) -- not discussed here.)

oc(eTe™ — ¢€) ~ 1.3 nb so combined sample contains ~ |700M cZ events
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Standard mixing formalism

Mixing occurs for neutral mesons M? = K9, D, B?, B°

Decompose into mass eigenstates |Mi2):
—0
Myo) =p|M®) £q|M") for |q]* + |p|* =1

My (1)) = e M2 22 M 5 (t = 0))

..and we can invert to get |[M°(t)) given mi2, 12, g/p...

General time evolution:

17 —i1(m L T —i(m _ -
M) = oo |e I p|M) + ) + e zr2>t<p|M>—q|M>>]
Vi 17 —i(mq—3 Vi —i(mo—23 Vi
WD) = 5o |7 I | + gf1)) — e 2D (gl 1) — g01)))
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? Cartoon of mixing

For convenience, define:
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b’ Mixing in charmed mesons (=

Charm mixing small compared to other mesons in SM:

Mixing via box diagram Mixing via hadronic intermediate states
(short-range) (long-range)
- i -
DO >
d,os. bk Yod.s. b DO EO DO
<
, — -—
L .[1:_
Contributes mainly to x Non-perturbative; hard to predict SM contribution.

Intermediate b: CKM-suppressed | Most predictions give x,y ~ (0.001-0.01) and |x|<]y]
Intermediate d,s: GIM-suppressed

2 212
m., —1m
:Ijoc(s 2d) ~ 107° o
me PRD 69,114021 (Falk, Grossman, Ligeti, Nir & Petrov)

Recent calculation: |x|<0.01, |y|<0.01 — less tiny!

Tiny!
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P

iw New physics? <o

* Theoretical uncertainty in SM mixing rate => can’t really
observe NP by looking at mixing.

D

* (... though x>y would be a hint...)
* Future theory input might change things.
* In the meantime, can bound NP from above
* e.g. Golowich, Hewett, Pakvasa & Petrov (PRD76:095009,2007)

* CPV has more potential to provide a “smoking gun” -- expected
to be small (typically < 1073) in SM but can be larger with NP.

Grossman, Kagan & Nir, PRD 75, 036008 (2007)

Example NP contributions to mixing:
- g - 7 LQ - G T
Hu
q & q Yy T yo.i demme e —
_ - v _ . - - _ .
i 'fi ( (i Lf:} € i .
Supersymmetry Leptoquarks Extended Higgs
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Experimental results

Broadly, four types of measurement:

1) Lifetime difference between states of different CP

2) Time-dependence of wrong-sign hadronic decays

3) Wrong-sign semi-leptonic decays, e.g. D = K* |7 v

4) Coherent D°D? production at psi(3770) -- CLEO-c
(not covered in this talk)

Mat Charles PHIPSIOS8, Frascati, 2008-04-07




b’ Lifetime ratios: Introduction

T(K_T('_I_)M DY = K~ 11*: Mixture of CP states
1
T(KTK™)

== D0 - K- K*: CP-even eigenstate (also D° — 117 1Y)

Define yop =

ycp related to y and CP parameters by:
yop = ycos ¢ — = Apxsin @

Am=0: CPV in mixing (asymmetry in Rm between D and DY)
cos®# |: CPV in interference between mixing and decay

Falk et al, PRD65,054034

CP observables (Ar or AY) defined as:

A= T (D — KtK~) -7 (D° - KtK~) oy T (D%/D° — K—n)

(DO — K+K—) +7(D% - KtK~) r (DO/DO — K+K-)

Ar

Non-zero value of ycp implies mixing.
If no CP violation, ycp =Y.
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Lifetime ratios: Method

Belle & BaBar methods very similar:
* Require D** — DO 11* tag
* ID flavour of D° at production for CPV measurement

* Suppresses background
* Modest improvement to lifetime resolution

*Use D% = K K*, TT™TT* as signal and K™TT* as control
* Many measurement systematics cancel in the ratio
* Get as clean a sample as possible

* Background model systematics don’t
cancel well between modes

o

D° decay vertex

BaBar: D? —» K-K* Belle: DY/D° — K-K*

vvvvvvvvvvvvvvvvvvvvvvvvvvvvv
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BaBar
KT norinams as
TKK ]
TKK ]
T :;clrn | . |
T | . |

400 405 410

Yellow band: D°® = K~ T1* control mode T [fS]

Lifetime ratios: Results

Sample ycp AY

K* K~ (1.60 £ 046 +0.17)% (—0.40 £ 0.44 + 0.12)%

T T (046 £ 0.65+0.25)%  (0.05 % 0.64 + 0.32)%

Combined (1.24 +0.39 +0.13)% (~0.26 + 0.36 + 0.08)%

§0.16 i
Z | (d) Belle
~:0.15 - PRL 98:211803,2007
[ L
A
M0.14 B
ZM __________ - — — L —
03] LT
O
0.12 -
—O—
0.11 -
0.1 S S S |
0 2000 4000
t (fs)
Sample YCP Ar

K*K-  (1.25+039+028)%  (0.15% 0.34 £ 0.16)%
T T (144 +057+042)% (-0.28 + 0.52 + 0.30)%

Combined (1.31 +0.32 +£0.25)% (0.0 0.30 £ 0.15)%

N

/

3.00 evidence for mixing

No evidence for CP violation

3.20 evidence for mixing

BaBar result can be combined with statistically independent

untagged sample (PRL 91, 162001(2002), 91 fb™') to obtain
yce = (1.03 £ 0.33  0.19)%
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b’ Wrong-sign hadronic decays [¥=

Look for wrong-sign decays, e.g. e
D** — D% 11+, D% = K* 11°

Two main contributions: D KT
Doubly-Cabibbo-suppressed (DCS) decay \ /
Mixing & Cabibbo-favoured (CF) decay DO

Distinguish them by their time dependence:

B /2 1 y/2
Tws(t)=e ' [ Rp +vy'/Rp(Tt) A (T't)?
[Limit of |x] < I,]y| < I,and no CPV] S~ N — 4

DCS Interference

Why x” and y’ instead of x and y?

x" = x cosO +y sind

y' =y cosd — x sind
where 0 is the phase difference between DCS and CF decays and depends on the final state.
Note: (x'2 + y'2)/2 = (x* + y?)/2 = Ry

Mat Charles PHIPSIO8, Frascati, 2008-04-07 12



Wrong-sign DY — K* 11~

CDF: 1.5 fb! BaBar: 384 fb~! Belle: 400 fb~!

@ PRL 96,151801 (2006)

arXiv:0712.1567 (preliminary) PRL 98,211802 (2007) 2 90 KT .
T L e ] I

---------- no CPV (stat. only)
------ o CPV

y' /107

- - . . . v v L e e
0-5 0.5 0.0 0.5 0 02 04 06 08
x2 (10%) x?2/103 . 1073
3.80 evidence for mixing 3.90 evidence for mixing 2.00 evidence for mixing
x",y" highly correlated Mixing . ~ .
Experiment Rp(107) ¢ (10%) 22(10°°) Signif, BaBar: Ap = (2.1 £ 5.2 £ 1.5)%
CDF 3.04 + 055 85 + 7.6 —0.12 £ 0.35 3.8 Belle: Ap = (2.3 +4.7)%
BABAR [8] 3.03 +0.19 9.7 + 54 —0.22 & 0.37 3.9 Belle: Am =067 + 1.2

Belle [9]  3.644+0.17 0.6 T30 018 T02% 2.0

Clear evidence for mixing!
But no evidence for CP violation found.
Mat Charles PHIPSIOS8, Frascati, 2008-04-07 | 3




= ) . D
? Wrong-sign D® = K* 117 11¢

DCS and CF components each have a Dalitz plot.

* Get CF Dalitz model from time-independent fit to RS data
* Get DCS Dalitz model & mixing params from time-dependent fit to WS data

| Time-integrated RS data Time-integrated WS data| 3 %% BABAR
‘ C T % ] ' B .
F o BABAR || | sf BABAR - 004 preliminary
- preliminary - - preliminary L
2.5:— 3 2.5:— =
2_ E 2— = 0.02~
1sE = 1sE = I
: : 1 o -
e E e E I
0.52— E 0.5 _i -0.02_—
R T 1 15 R Y T R T N R * SR R i
2
K Mix | -0.04 Contours: 68.3%, 95%, 99%, 99.9%
ZConslistentlwith no mi>|<ing at 0.8%

00806 -0.04 -002 0 002 004 0.06
x,,

( 2.39+0.61 (stat.) =+ 0.32 (syst.))%

(—0.14 £ 0.60 (stat.) =+0.40 (syst.))% BaBar preliminary
e A (2.9 +1.6) x 10~4 384 fb-!

2

[x"’,y"" since phase is in general different from D% = K* 117]
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C s _
DO = Ks 11% 11

- S *
Another time-dependent Dalitz plot ff | Belle
analysis -- but this time have: g . :
e CF contributions (e.g. D? = K™ 117) T | _ .
* DCS contributions (e.g. D° = K Tr°) I ..
e CP-even contribution (e.g. D® = Ks p° e N,
* CP-odd contribution ((e.gg DO — Ks fs b B %ﬁ.
.all in the same Dalitz plot, interfering. 1 mg{:;euﬂmﬂf

= Can measure relative phases -- and hence x, y -- directly!

2 ™ no CPV (stat. only)
. — noC - . . .
Belle |  geviatony | Mixing results assuming no CPV:
. --- CPV
I 1| = = (0.80 £ 0.29755; 7519) %
~ T o N +0.08 +0.06
< i . y = (0.33£0.247575 "508) 70
0 ﬁ‘?a ............ _,,-’.';’....._ .
| | No evidence for CPV found:
Nt PF S [l = 0se Ty g =08
3 contours - 16 45 42\ ° Belle, 540 fb-1
1l . : ) arg(q/p) = (—147387517) PRL 99, 131803 (2007)
Mat Charles < (%) PHIPSIO8, Frascati, 2008-04-07 15



Semi-leptonic decays

Look for D = KO |-y,

Pro: No DCS contribution! Theoretically clean
Con: Missing v makes reconstruction/selection harder

BaR Belle
abar arXiv:0802.2952, 492 fb! (preliminary)
PRD 76:014018 (2007), 344 fb"! ° EleCtron & muon mOdeS
* Electron mode onl . . .
4 e Kinematic constraints (Ecm, mp, my)
* Use double-tag to suppress , ,
backeround Improve V reconstruction
5 * DO proper lifetime cut
NQ \ ‘ T T ‘ T T ‘ T T ‘ NN )
% 2 Data (passing all cutS) . | :zz WS electron sample, SVD-2 # WS muon sample, SVD-2
E. 1 Data (recoil cut sideband) ; 700 «lan6t;:§y;2952()0 800/ (len6tr<1et§‘y2<7g(?9
«; 1.5 1 2 3 : 600/ 600:—
é i 1 500" ’
E 1 - 4002— 400}
. 300? DATA 7 DATA
200" FIT, * = 50.5/40 dof 200 FIT, * = 55.5/40 dof
0.5 . ; BKG , BKG
i : 100 7 fitted signal yield — fitted signal yield
: o 0———
A I i1 T N A | A | TR 70.14 0.15 0.16 0.17 0.18  0.14 0.15 0.16 0.17 0.18
015 02 025 03 0.35 AM [GeV/c?] AM [GeV/c?]
AM [GeV/c’]
No evidence for mixing. No evidence for mixing.
90% CL:Rm in (—13,+12) x]10~* 90% CL:Rm < 6.1 x1074

Mat Charles PHIPSIO8, Frascati, 2008-04-07 16



HFAG Combined results

o arXiv:0803.0082 . . .
Mixing Indirect CP violation

§ 2.5 ....... .......................... .......................... .......................... 1-5
> Beling 2007 | CPV allowed Beiing 2007_|

Arg(a/p)

IIiIIIiIIIiIIA | |||||
1.% 0.2 0.4 06 /0.8 12 1.4 16 1.8
la/pl

\
No-mixing point excluded at 6.70 No-CPV point still allowed at |0

World average: © = (0.971535)% World average: |¢/p] = 0867313
Yy = (0-78__|_8.'1198)% arg(q/p) = (—0.171“8'&%) rad
|7
Mat Charles PHIPSIO8, Frascati, 2008-04-07



P

b’ Summary

* D% mixing now established (world avg: 6.70 level)

o Still large uncertainties on parameters
* More work to do (pinning down X, Y, ycp)
o Still statistically limited

* Observed mixing rate consistent with SM prediction...

e ...within large theory uncertainty...
e ...and at upper end of expected range.

* No sign of CP violation (direct or indirect) in charm yet

* Limits still well above SM expectations -- room for NP.

Mat Charles PHIPSIOS8, Frascati, 2008-04-07 |8



Backups
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CP violation

CP violation

Direct Indirect

Ay =(f1H,|D") # 4, =(f|H,|D")

In mixing In interference between
q mixing and decay
r,=|—| =1
p

Direct CPV: Manifests as an asymmetry in time-integrated decay rate between particle & antiparticle
Indirect CPV: Manifests as an asymmetry in time-dependent decay rates (& thus time-integrated too)

Mat Charles PHIPSIOS8, Frascati, 2008-04-07 20



U CPV:WS hadronic D° decays e

Wrong-sign hadronic D decays -- time dependence goes like:

Titq(t) \/liAD (14 Ap)(1+ Ayp) . \/liAMa:’2+y’2 )
_ VRp T T
T Rp + 1T Ap) $AM)(y cos o Fx sinp)I't + T+ Ay 4 (I't)

Simplify by writing separately for D° (+) and D° (-)

% L y/iz
Tyws(t) =e ' [ Ry +\/Rpy™ Tt + (T't)?

4

i.e AD:R$_R5 AM:RK“_RK4
RS+ Ry’ Ry + Ry

Then:

* A difference between Rp™ and Rp™ indicates CPV in decay
e A difference between (x’* and x’7) or (y'* and y'") indicates indirect CPV

Advantage of expressing it this way: fit parameters (x'%, y'%, Rp?)
are well-defined even when mixing is small or zero.

Mat Charles PHIPSIOS8, Frascati, 2008-04-07 21
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? CPV: Hadronic D° decays =

Searches in time-dependent analyses

— 0 + -
BaBar D? — K* 11 Belle D° = Ks 17 11
RD 3.03 £ 0.16 £ 0.10 _ 1£0.30 +0.06
Ap 91+ 524+ 15 lg/p| = 0.86 359 “0.03 io().08
12+
—0.24 + 0.43 + 0.30 _ (_q4+1645 +2)
v arg(q/p) ( 147 75 1
y 98 + 6.4+ 4.5
z'?” —0.20 + 0.41 + 0.29
y'~ 96 + 6.1 + 4.3
BaBar D° = K*K~ and TT*11~
_ Sample Yycp AY
Belle D® — K* 11 K~K* (1.6040.46 £ 0.17)% (—0.40 & 0.44 + 0.12)%
— -
Value  95% CL mrt (046 £ 0.65 +0.25)% ( 0.05 % 0.64 + 0.32)%
yy B LAT (=76, 107) Combined (1.24 £ 0.39 £ 0.13)% (—0.26 = 0.36 £ 0.08)%
Ay 670 £ 1200 (=995, 1000)
z'? - < 0.72 . — —
y’ - (—28, 21) Belle DY = K*K™ and 117171
R - <040 | Ar = (0.01 £ 0.30(stat.) £ 0.15(syst.))%.

Small mixing rate = Limited sensitivity to indirect CPV
Mat Charles PHIPSIO8, Frascati, 2008-04-07 22



Time-integrated CPV

Search for CPV in D%— K*K-(#%),nwtn(7°)

SCS = Single Cabibbo Suppressed

e CP violation in these modes is predicted to be
@(10->-10"%) in SM. Evidence of CP violation with present

experimental sensitivity is a sign of Physics bevond SM.

F. Bucella et al., Phys. Rev. D51, 3478 (1995)
S. Bianco et al., Riv. Nuovo Cim. 26N7, 1(2003)
Y. Grossman et al., Phys. Rev. D75, 036008 (2007)

e Time integrated CP asymmetry get contributions
from the 3 different CP violation sources: decay,

mixing, interference betwe_en mixing and decay.
aépzr(D %f)_r(lj %]_C); f=K+K_(7T0),7Z'+7T_(7Z'O)
(D’ - f)+T(D’ - f)
e Experimental difficulties:

— precise determination of detector D° tagging asymmetry
(ne, reconstruction in D**—D%+* decays)

- forward-backward (FB) asymmetry in cC production.
Nicola Neri La Thuile 08 29
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Time-integrated CPV

Experimental procedure

e Determine relative D0/50 soft pion tagging
ficiency using D—K-n* data

=greatly reduces systematic uncertainties

1 1.02

5y
‘,‘g 03 1.01 Category Aalp  Aalp
= 1 2-Dim. PDF shapes +0.04% 40.05%
0 0.99 Te correction +0.08% £0.08%

acp extraction — £0.09% +0.20%

0.98
Quadrature sum  +0.13% +0.22%

0.2 0.4 0.6 0.97

Pr, [GCV/C]
e Another thing to take into account: A
. . = p~few %
— correct for FB asymmetries Az in e’e——cc

production: Z°%y mediated diagrams interference,
high order QED diagrams interference.

- effects are anti-symmetric in the cos6.y

e extract a., (symmetric in cos6., ) “

Mat Charles

PHIPSIOS8, Frascati, 2008-04-07
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Time-integrated CPV

e Search for CPV in T
$ DO—s K*K-, 1t

W k| B -
umz &M§W %0: § %&@&& §\§§§§

KK ( 0.00 % 0.34 (stat.) & 0.13 (syst.))%
(—0.24 £ 0.52 (stat.) £ 0.22 (syst.))%

S

Q

L
Il

No evidence for CPV in either modes

Nicola Neri La Thuile 08 31
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Time-integrated CPV

Search for CPV in

‘*ﬁ‘ D°— K*K-n°, ntmn?

SLAC-PUB-13058 |

Data: 385 fb-1

® Signal sample 82.5K evt for m*7—n° and 11.3K for K*K-n%: 98% purity.

oCP asymmetry evaluated with 4 different methods: 3 methods are
model independent (MI).

e Difference between D? and D_0 Dalitz plot in 2 dimensions (M)
e Difference in the angular moments of D° and D° (MI)
e Difference in Dalitz plot fit results for amplitude-phases for D and D°

e Difference in phase space integrated asymmetry (MI)

Last method is insensitive to Dalitz plot shapes, so complements the other methods.

Nicola Neri La Thuile 08 32

Mat Charles
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26



Time-integrated CPV

BaBar Search for CPV in

o el D%— K*K-n%, ntrmn?

“ o -~ K'K=nt ! K*K-r?
:~3“ ST Jl" 000 - o
S @ F = | " (0) , (@ | 1 o004 (b)
32:— i ! 3 j e, 15 iz 0+ 002
Ey IR T o “o
:5;*1:_' SE T, I t“ﬁ: ﬁ . [42 -0.01 1 0.02
= ol = 3 = | 3 L T Lo ]
1234 01154 0 02 04 06 08 0 02 04 06 08
m( ") (GeV e m2(K1°) (GeV 2:"(‘.4) | cos Bg},\l | | cos egﬁ“ I
4 e . )
A=(npo—R-npo) /\/0350 +R2-02 Phase space integrated Ag:
+,. -0
| | N at" " = (<0.31£0.41+0.17)%
Normalized residuals. R efficiency o
S = (1.00£1.67£025)%

\corrected ratio of D% wrt DY events. YA

~

-
No evidence of CP violation at few % level in either decay modes

with any of the 4 methods used to evaluate the CP asymmetry.

J

\

Mat Charles

PHIPSIOS8, Frascati, 2008-04-07
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Time-integrated CPV

il 120K evt

D'—rnm

Nicol?
\_

]

M)

25 Me \-"frl iclat

K—mtnl |

2M evt

Search for CPV in D—gxtrn?

arXiv:0801.2439
Data sample 532fb™!

-60000

f
1

Npy/1

20000

40000}

0 o+ D
D —=Knmr

------ misrec. signal

gz other bkgd

1.6 1.7

2

e

b)

1.9 2

MK ")

Systematic uncertainties on phase space integrated A p

Source

MC stat.|Tracking

Fit | Kg veto

PID|Binning

A | Total

0.24

1.01 [0.5

8| 0.23

0.15| 0.05

0.15

1.23

~

g ACP(DO — 7T+’7T_7T0) —
B(D° — nta—7Y)
B(D® — K—ntzV)

(0.43 + 1.30)%
0.1012 4 0.0004 4 0.0018

34
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