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Introduction to CP Violation (CPV) in Mesons
Experimental observation of CPV in Charm meson decays
Measurements of CPV in Charm decays

» Indirect CPV and mixing in two-body decays

» Direct CPV in two-body decays

. Interference between tree-level and penguin-level amplitudes in singly Cabibbo-suppressed decays.

. Interference between Cabibbo-favored and doubly Cabibbo-suppressed amplitudes.

» Direct CPV in three-body singly Cabibbo-suppressed decays

Conclusions
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D meson Decays

9‘6 Three types of D meson decays

. q
=) Cabibbo-favored e Veg
p examples: D'—-Kn*, D*-Kn'n*
V*
u
b Ar~[VeVud i
q
) singly Cabibbo-suppressed (SCS)
) examples: D'>K'K-, D'—>n'w, DF KKt u
} At~ |Vchud|, |VcsVus| /
q,q = s,d

= doubly Cabibbo-suppressed (DCS)
p D'—K'm

} Ar~ |Vchus|
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® (CP-violating asymmetries in charm decays provide a unique probe for physics
beyond the Standard Model (SM)

® Standard Model charm physics is CP conserving to first order approximation.
® (CP-violating asymmetries in charm are small.

® New Physics can enhance CP violating observables.

Wolfenstein parameterization of the CKM matrix
Standard Model: CP Violation arises from KM phase in CKM quark mixing matrix

1 2 3 . 1 2
1==A A AX (p—in+—nA
5 (p=in+-nd’)
V= P MRy L 2 . S0
—A 1_5}\ —inA°A AA“(1+inA’)
AN (1-p—in) By e 1
Charm Mesons:
 CP Violation is CKM suppressed at 10~ or less. 7\« N 022
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Experimental Situation
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acp™ = (-0.010 £0.162 )% acp

AacpdT = (-0.329 +0.121 )%

Current data consistent with no CPV at 2.1% CL

Is this an observation of new physics? No straightforward answer, could be SM or NP.
More measurements with greater precision required!
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Measurements in Charm Decays o

9‘6 Precision measurements of the lifetimes of neutral D° meson two-body decay s
indirect CPV and mixing.

! M_ilz(ing =, CPViolfion =, A
'™+ T I'm—1T
= —1 AY =
er 2T o

9‘6 Direct CPV measurements in two-body SCS decays probe the interference between
tree-level and penguin-level amplitudes.

p  Separate direct CPV contribution from D°two-body decays to CP-even eigenstates.
p  SCS decays with Ks° in final state - direct CPV compared with contribution from indirect CPV in

K? mixing.

9‘6 Direct CPV probing the interference between DCS and CF charged D) decays with Ks
in the final state. Compare to expected SM CP violation from neutral Kaons.

Direct CPV can only arise due to an additional phase from New Physics

9’(- Direct CPV exploiting final state interactions in 3-body decays. Measure
asymimetries as a function of position on the Dalitz plot (3-body).
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Mixing and CP violation observables are obtained from the
partial widths of the decays:

D°(D°) — h*h™,h* = K* 7™

! Mixing CP Violation A
't +TT '+ —T7T
— —1 AY =
er oT T
'+ -1+
AY = (1+ycp)Ar Ap = _
S S SN

CP Eigenstates
I'* is the width of the decay to D’ — CP™
't is the width of the decay to DY — CP*

» Mixing appears when the width of CP eigenstates differs from the flavor (CP-mixed) eigenstates, CF
and DCS decays D°—K*mr. _

» CP is violated if the width for D° and DO differs when decaying to the same CP eigenstate.

» The flavor (CP-mixed) eigenstates DO—K** are assumed to be described by the average lifetime I'.
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¥ DO decays to CP-even Eigenstates K'K-, mr'mr

¢'BABAR

BELLE

Experimentally we measure the lifetimes of CP-even and CP-mixed eigenstates.

Experimental assumptions:

(1) small mixing (|x|, |[y| << 1) proper time distributions are exponential with corresponding
effective lifetimes to very good approximation.

(i1) not sensitive to direct CPV and weak phase does not depend on final state — KK and nn
share the same common effective lifetime. [PRD 80, 076008 (2009)]

Effective lifetimes - measured quantities

_|_

T

=7(D° = hth™)

7T =7(D° = hTh™)
D = T(DO — chwi)

hE = K+ gt

If CP is conserved ycp

r 1
TD 1 1
Mixing: YCP = 9 (7__|_ + 7__—_|_> — 1
. . TD 1 1
CP Violation: AY = —
2 (7‘+ T+ )
\ J
=yand AY=Ar=0
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Tagged Candidates D' —D°n,, sample purities > 98%

» Slow pion reconstructed and D? decays selected with two
dimensional cut [m(DY), q]

q¢=(Mp = M(h"h™) —mz)c*

Untagged D°—K'K', K'n* candidates with sample
purities ~ 75%.

» Statistically independent samples used in BaBar analysis
to improve sensitivity of ycp and Ay.

Selection of signal events
p remove D from B decays, pcm(D?) > 2.5 GeV/c

p Belle measures DY lifetime in intervals of pcm due to

Reconstruction Techniques

§'BABAR

D

BELLE

Lo

L 0
K o
DO decay vertex
1/, +
d=200um 7T
G4 ~100pm 7 |Beam spot:
/ /o |9 ~ 100 um,
ll D
/ ) o, =~ 6 um
- — s TR T
NS .
/<;:z:" 7S X ——
oy D° production vertex

Resolution on proper time adequate for
‘mixing measurements.

resolution function offset. Increase pcm(D?) > 3.1 GeV/c- Decay time uncertainty evaluated event-

for Y(5S) dataset

Vertex fit requirements, Particle ID using Cherenkov
detectors.

‘by-event from error matrices from
‘production and decay vertices
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Belle Lifetime Ratio Analysi
arXiv: 1 z 1 z ° 3478 .,,,a; KK (+) KK (- e 541?, == 45.6%.; {+) X f-)

/
® Belle uses tagged decays

® TFull dataset 976 fbl

® Many systematics cancel in the e
relative lifetime measurements.
A mdf= 792.9/684 (CL= 0.2%)
® Measured in intervals of the DO o Bl e i w w
center-of-mass polar angle due to
resolution function offset
dependence.

i
4
5

Dt - D7+ DY - KtKk- N
yop = (+1.11£0.22+0.11)%,

5 7 K Ar = (—0.03 £0.20 £ 0.08)%,
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BABAR

BaBar Lifetime Ratio Analysis =

BaBar uses independent datasets of tagged and untagged decays with full dataset 468 fbl. ol

University of South Carolina
High Energy Physics Group

Simultaneous fit to all decays both tagged and untagged to measure the lifetime.

Flavor tagged Flavor untagged
Dt = D7H; D0 - KTK~ DY — KTK~
D*t — D F: D0 — rtg— D - K—nt, Ktn~
Dt - D7 : D% - K—nt KTn~
2 10F T o 2 10 Do
7 E ' " Data z 10 E I " Data 3 Q E unt igna ° Signal
% 10}; D* Dgigtnall)l ] % 1045 D* D(S]jlf::llal ] § 104? KK D(Sjt;mb]. E 10* I’]Com.b. =
S g KK N BCharm g E M Charm g M Charm
'E : M Charm 'E o ‘é 10° ! ;_5 10°
g 10k @ = F
i 1% 107 10°
10 10% 1o?
I it |
e e e w1 P — = +2p e e L — =
g N -“._‘,- ‘I..,“‘ *--‘....- "', £ 2 "‘-.ap “:T." “"'--“‘ T" 5 = +2 e e e =
B T o 2 1 0 1 2 3 4 R S S DR B AT =
t(pS) t(pS) —2 —1 0 1 2 3 4
L] L] t
Measured Lifetimes ® —
i Evidence for mixing at 3.30
Tkn - ( —
- yep = [0.72 £ 0.18(stat) & 0.12(syst)] %,
. AY = [0.09 + 0.26(stat) £ 0.06(syst)]%.
T ——
PRD 87, 012004 (2013)
404 406 408 410 412
—————— T (fS)
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D?%-D° Mixing and CP Violation
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LA RR NN R RR RN
CHARM 2012

CHARM 2012

E791 1999 I{ | %I 0.732 = 2.890 + 1.030 %

3.420 = 1.390 = 0.740 % LHCb 2012 } } . } } -0.590 = 0.590 = 0.210 %

-1.200 + 2.500 = 1.400 %

[ ]

CLEO 2002 I i

Belle 2012 -0.030 = 0.200 = 0.080 %
Belle 2009 H 0.110 £ 0.610 = 0.520 %
LHCb 2012 H 0.550 = 0.630 = 0.410 %
0.088 + 0.255 + 0.058 %
Belle 2012 H 1.110 = 0.220 + 0.110 %
0.720 = 0.180 = 0.124 %
World average H -0.022 + 0.161 %
Worldaverage 0.86610.155% IJIllllIIIIIIIIIlIlIlIIIIlIIIIIIJ_
.lillllllllllllllIIlIlIIIllIIIIlIlllllllllIIIIIJ_I '1-2 '1 '0'8'0'6'0-4'0-2 0 0.2
43210123475
Ap (%)
Yep (%) BaBar: PRD 87, 012004 (2013)

Belle: arXiv: 1212.3478

BaBar has most precise measurement for mixing parameter ycr.
BaBar central value is closer to zero.
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Direct CPV due to interference of CF and DCS decays

) Direct CPV is evidence of NP in interference between CF and DCS amplitudes in D*—Ks n* and DS —>Ks LK=*

) Single weak phase in SM, therefore expect NO CPV { \<%<: }K+

p  SM contribution due to K mixing Asm ~ 3.3x10-3 v pK
< d } Tt

p  Experimental uncertainties at sub percent level

Direct CPV in SCS decays §< }K

p D*—K'Kr* D'—h*hnl, D*-KsK*, Di—Ksn*, D'-K*K-, D'—n*r, decays with 1 ... {

A

) SCS decays are unique - probe gluonic penguin operators. d < d } ™

) CP asymmetry generated from interference of tree-level and penguin-level amplitudes.

) In SM effects up 10~ may be observable with NP models generating ~ 102 | Grossman, Kagan, Nir PRD 75, 036008 (2007)

) Source of new physics most likely contributes to decay via loop-diagrams.

( )
A(D— f)=4, e + 2e" AS=0,Ad=0

Al — ‘Af’2 2| A1 As|sin(dy — d1) sin(¢pa — ¢1)
‘Af’2—|— ‘Af|2 ’A1‘2+ |A2‘2—|—2A1A2 COS(52 —(51)

Acp =

J
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° decays to CP-even Eigenstates K'K', m'm  Jgr=4

BELLE

For final CP eigenstates, indirect CPV is universal.
Difference in time-integrated CP asymmetry separates
non-universal direct CPV contribution.

AALT = Aop(KTK™) — Acp(ntn™)

HFAG world average: AAcp = (-0.329 = 0.121)%

LHCDb D production modes : (1) inclusive semileptonic b-hadron

decays (2) direct production of charm D**—D%x Belle (ICHEP 2012 976 fb'l)
Measurement (1): AAcp = (0.49 = 0.30 = 0.14)% [arXiv 1303.2614] [arXiv: 1212.5320]

Measurement (2): AAcp= (-0.34 £ 0.15 % 0.10)% [LHCb- AAcp=-0.87 + 0.41 + 0.06
CONF-2013-003]

Belle preliminary using 976/fb

55 092 pEEE : —— D'-K'K D'—»n'w
< 0.015 Horeh 2012 RIS R xm’ 2;': - B 0.04 l ¥ /ndf $058 3 :3 0.04 I ¥ /naf 653 3 l
<u 0.03 b Pi 0.3249E-02 & 0 2088E-02 < 0‘03 b Pl 0. S470E-02 0.3575E-02
002} @) 002 b) +
0.01 0.01
0 1 | 0
|
-0.005 |- -0.01 | ! ——  om}
-0.01 ‘ -0.02 | 002
R G -0.03 | 003 |
-0.015 R -0.04 ‘ ‘ -0.04 ‘ ' '
\ > 0 02 04 0.6 08 0 02 04 0.6 08
-0.02 b b T NSO I ] I A * *
-0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02 Icos 6 1| lcos 61

aind

e —
May 19, 2013 FPCP 2013 — R. M. White 15




CPV from K°mixing Lo
_ sty (ot )

Acp =
B(D{ K (xt,K+))+B( D, — K (r—,K~))
+ Bip=
. s Dy~ KK DFf — K2K*
> ) KO u
D i e cpy ~o DF — K2n*
5 u >> ¢ 2 ¥ S o
n DF K0 Proceeds through CF and DCS transitions.
- < - K s CF dominates - single phase and no SM
* CF ¢ : : CPV.
=l 0=+
=S == AT D:l: KO
u c 7
scsﬁc K* . D KOKi
S
3 5 2 Dt s CP V~0. 1% No CF transition - amplitude for tree-level and
SCS penguin level are comparable.
= a d 0 Penguin amplitude has relative weak phase to
d d = tree-amplitude - relevant interference.

CPV contribution from K° mixing [PDG 2012]: + (-) 0.332 + 0.006 % when K° (K?) in final state.

AD+ — K g 77 Belle has most precise measurement for direct CPV in charm. All channels
CP analyzed by BaBar and Belle. Results consistent with CPV from K® mixing.
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Search for CPV in presence of aBA BAR

[ ] [ ] [ [ ] (D
indirect CPV from K° mixing <>
D:l: KO h:': N—|_ N_ . ) BELLE
( s) — S rec rec Map of charged particle reconstruction correction
rec Sost R —
NTGC _|_ Tec 8:’% 1.005
O.ZE 1
‘Reconstructed asymmetry A,.. contributions: 3:) 0995
(1)CPV from the decay of the charm meson - what we want ey 5 3 s o 0985
omentum (GeV/c
to measure |
(2)CPV in the K% system, depends on the Ks° lifetime 0.005 © Belle PRL 109, 021601 2012)

[Grossman and Nir, JHEP 4 (2012), 2]

(3)Production asymmetry of the D meson, odd as a function | ¥ o051 +M """""""""
of the D meson polar angle in the center-of-mass. Extract o +
directly by measuring reconstructed asymmetry in intervals
of the polar angle.

0015 | | 1 | 1 1 |
(4)Detection asymmetry of the n* or the K*. Corrected from o
the detection efficiency measured from high-statistics -
control samples. " e 4
(5)Dilution asymmetry from different nuclear cross-sections. 0.0z 3 —t+—

0.03 |- R
I i Belle 977 tb-1 PRL 109, 021601 (2012) 004 &1 L L1

D —>K o 05 1
Aqp = (—0.363 + 0.094 + 0.067)% |cos6"
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Decouple localized and DP-integrated Acp

CP asymmetry can be:

ro
-

=  Localized in a specific part of the Dalitz plot.

= Integrated over the entire phase space.

The two must be decoupled:

m?*(K'm*) (GeV’/c?)
”
|

=  (Obtain phase-space integrated asymmetry. I .0_‘ -
=  Model independent techniques require normalizing D* and D- |
events to have same integrated yield. Measure the ratio of L
efficiency corrected yields R. O'ST »
=  Model dependent - measure asymmetry in a particular 1.0 1.5 20 25 3.0
resonance. Magnitudes / phases w.r.t. to one resonance, €.g. m3(K'K) (GeV2/c4)

K*0(892)

Probing for direct CPV with SCS Dalitz plot decays take advantage of final state interactions.
Final state interactions can affect / produce amplitudes of resonances and strong phases.

Important for CP violation studies since small NP CP phases can be enhanced in localized regions of
Dalitz plot and differential observables can shed light on the mechanisms at play.

May 19, 2013 FPCP 2013 — R. M. White 18
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As with two-body measurements, phase-space integrated direct CPV measured as function
of the production angle.

P Auc has several contributions: Ars, Ak, ... additional asymmetries must be accounted for.
Analysis techniques of BaBar and Belle - complementary but different

p  Belle uses larger dataset of SCS and CF decays to search for CPV in D*—on™*.

p  Belle measures asymmetry difference between the SCS decay D*—on* and the CF decay Ds*—¢mn*.

AA. — N(DY)—-N(D~) _ N(DF)-N(D7)
rec ™ N(DT)+N(D-) N(DI)+N(D7)

p  BaBar measures phase-space integrated Acp and searches for CPV in localized regions of the Dalitz plot
and the resonances.

p  BaBar measures asymmetry from efficiency-corrected yields and relies on the reconstruction efficiency
determined from phase-space generated Monte Carlo (MC) events, correcting for additional asymmetries
not accurately modeled in the MC from the data.

®  Advantage that the systematic uncertainties can be evaluated equally for model-independent, phase-
space integrated, and Dalitz plot amplitude analysis and the efficiency is a function of the Dalitz plot.

Np+/ep+ — Np-/ep-
A(cos(fcn)) = Np+/ep+ + Np-[ep-

May 19, 2013 FPCP 2013 — R. M. White 19
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Model Independent Techniques [BaBar]

Normalized Residuals
n(D%) — Rn(D™)

[cos(6y

Vo (D) + R20*(D")

B

m2(K*K') GeV?

"BABAR

Overview of Methods —

Asymmetry in bins of production angle. ®

BELLE
0.04 °
51 a)Belle Integrated Result Localized CP Asvmmetry [BaBar/Belle
2
0.0- _{\ 2.0 T T T T T qo
0.01 o ) (18] 10 g (520000_ T T T T m
-0.01 = 1.5F g 2 R
k [ 0 5 ®
0.02 v | 0 % E,m__ ]
-0.03 E 1ok o
0.04 ) ! 5000} B
0 02 04 06 08 1 - | j S—.
Icos 61 B s, T
0 s_ : 10.82 184 1.86 1.88 19 152
-~ o m(K*K =) GeV/c?
10 15 20 25 3.0
m3(K'K') (GeV?/c?)

N(D*) — RN(D™)

Acp =

. § g : ]\T(D+) _I_RZV(D_)
.. Moments &~ ]
s wE 3 B . 3
W it Dalitz Plot Analysis [BaBar
Yo m(K'K) ¥i m(K*K)
E i = ;‘:72\3007‘ " :Esoofl ] :Emof’ T E
\\\\\\\\\\\ R il s > > > E El
L =HE| - TN E oA
s ERad l is of \HJH hfil“ 7 T 1 .‘ A g 200 S 100 ‘ M* { # 1 h E
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......... Vom(ll(K) oty s ﬁv‘;]:..u'(ix")q ;00—_ ] 00
i e - L L L I I | -400[ ) . . _400k=L L L L I I
il; {l; 04 06 08 10 12 14 16 18 20 0 s 20 T 90 04 06 08 1.0 ;_2_12‘ 16 18 20
= E L E m*(K*n*) (GeV?/c*) m(K*K) (GeV?c?) m*(K'n*) (GeV*/c?)
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D:—>K+K-r* Dalitz plot Analysis &

Aot Unbinned Maximum likelihood fit to determine best model to test for Z:
A CPV in the resonant and non- resonant structure of the Dalitz plot. =
. ~ 2.0 )
Resonance | Fraction (%)| % &} X3 Likelihood function
K*(892)° |21.15 £ 0.20| 3 S 7000 o ln [ —
$(1020) |28.42 +0.13| = 19 8 000 H& o &=
K;(1430)°|25.32 + 2.24 | ¢ © 2 o - exc(x1,x2)S(z1, z2)
NR 6.38 +£1.82 | E o & 20 22 In | p(m;) ’ 5 ~dedo. T
K 7.08 = 0.63 I GO40608|0]’14]6I5’ 1=1 fff’lIC(xl,mQ (271,1172) L1072
ao(1450)° | 3.84 £ 0.69 L _ mA(K ") (GeVe/c*) B(z1, s
fo(980) |247+030| "f. : (1 —p(m;)) B ’ d) 3
£0(1370) 1.17 + 0.21 10 1.5 20 25 3.0 _3;“, S - ff (xlam2) L1042
6(1680) | 0.82 + 0.12 | KK Ve — - Mass-dependent signal probability
K71(1410) | 0.47 £ 0.37 |£ 1 & 12000p J S(m.)
fo(1500) | 0.36 £+ 0.08 | £ **0¢ 1 2 1oooop p i
a2(1320) | 0.16 + 0.03 |& 18 : ﬂ S(m,)+B(m,)
£2(1270) | 0.13 + 0.03 | £ 2000 12 o J \_f
IS % (1‘%30) 0.06 = 0-02' i 10000 '\_,-\ 1 - 3000' MC efficiency as a function of DP position corrected for
K7(1680) | 0.05 £ 0.16 06~ "T5 20 25 30 0 04 0608 T 13141615 2 differences mproductlon and tracking efficiency asymmetry
: m¥K*K) (GeVZc* m?(K'1*) (GeVZ/c?
?’]Egég 006024:ti00i)0038 5 ——— 3 o W CV €4 € 4 =P (P> €08(0) car) Riper €16
2 . . L TR SRS I - S e s
Sum 97.92 £ 3.09 A AT T S AT
S(x1,x2) = Isobar model for the decay of the D meson
2 B(x1,x;) = Background modeled from data sidebands
Resonance| Mass (MeV) | Width (Mev) | X~ /ndof=1.3
K (892)" | 895.53 &+ 0.17 | 44.90 & 0.30 ,
d>(10420) 1219-48 i 0-0; 4.37 ii0-02 Fit masses & widths of several resonances.
1450) | 1441.59 + 3.77 | 268.58 + 5.28 : o
;30((1 43()))0 1431.88 + 589 | 293.62 £ 383 f0(980) effective parameterization from Ds—KKn
K*(1680)°1716.88 + 21.03|319.28 + 109.07 Several Kn s-wave parameterizations tested:
fi 0(1370) 1729281:3559f12;196 420851'2458f56665 est fit obtained from K*(1430)° + k + non-resonant.
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D*—K+Kn* Dalitz plot CP Asymmet

*/D- difference 1in data and

Resonance r (%) Ad (%)

K*(892)° 0. (FIXED) 0. (FIXED)

K;(1430)°| —9.40735° +4.42 | —-6.1113274+1.39

$(1020) 0.3579%2 +0.60 7.4373%> +2.35

NR —14.307 1287 £ 598 | —2.5677 91 +£8.91

K 2.00755¢ £ 1.85 2.107332 £ 1.01

ao(1450)° | 5.07758% +9.39 4.00159% +3.83
Az Ay

fo(980)  |—0.19970-196 + 0.084| —0.23179199 £ 0.079

fo(1370) | 0.0197095% +0.022 |—0.0045" 5037 +0.016

Allow different amplitude for D*/D- events

A — ZMieiqbiFi A= Z MieiésFi

CP Violating Parameters

MR = M2

"M+ M

A

¢ = i — ¢i.

. Correct for integrated difference (R = 1.02 + 0.006).

LA L B S B B s B

= (o

(=3 (=]

(=) S
T ]

(=]
(=1
(=]

: +\+ﬁm1mﬂ%ﬁﬁﬁﬁ*{:ﬁrmﬁs
PR + |

A0 i L]
2.0

Events/0.05 (GeV%c*)
(=]

lz5 ‘ld
m2(K*K') (GeV?/c?)

(=]
(=} (=}
T
—e—
— e
e
e
-
— e
— e

Events/0.05 (GeV%c*)

-1000
2001

-300F

T
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eDominant systematics are model-

dependent.

*Good fit of Dalitz plot y*/ndof =
1.2.

|~ eRequires additional resonances to

describe signal events.

*These resonances contribute to ~
1% of fit fraction. Assume no CP
violation in these resonances.
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Direct CPV in D*—K+Kn*

BaBar [PRD 87, 052010 (2013)]

Ace = (0.37 £ 0.30 + 0.15)% Belle [PRL 108, 071801 (2012)]

Ace (D*—¢ 1) = (0.51 £ 0.28 £ 0.05)%

PRD 83, 052010 (2013) PRL 108, 071801 (2012)
% 0-02:'” AR AR LR RN LR RN LR 'T'”: ?.0‘04
oo < 03|

oo
0.005;* I * 0.01
0 | 0|
-0.005?— ¢ _ .
'O'Ol% ‘ ’ -0.02

0025 027605704705 06 07 05 09 1 '0‘04; TR TR T

|coS(Ocy)l T lesl

No evidence of CP violation measured as a function of the center-of-
mass polar angle of D" meson.

BaBar studied the asymmetry as a function of the Dalitz plot. No evidence for CP violation
found in the Dalitz plot amplitude analysis or with model-independent techniques.
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p The current data samples from the B-factories are
being used effectively to complete many analyses of
mixing and CP violation in Charm decays.

p Hints of CP violation in charm sector -- cannot rule
out SM or NP.

p Evidence for mixing approaching 5o for individual
B-factory results. All consistent with no CP
violation.

p Direct CP Violation in Charm decays not observed
at the e"e collider experiments.

May 19, 2013 FPCP 2013 — R. M. White 24



&'BABAR
>
/>

BELLE

e Flavor mixing occurs when flavor eigenstates differ
from the mass eigenstates: experimentally observed
in neutral K, B4, Bs, and 1n the D system at the B
factories.

— 2 K 1 =
D3 5) = p|D°) & ¢|D°) (‘1> 12~ 3112

p Mo — 3T2
pl> +1q* =1
_ qg A
A/ Af| # 1 ¢f =arg (-A—f> # 0
p Ay

rm = |q/p| # 1
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Two-body D) decays with Ks®in

: final state

BaBar results Belle results

PRD 83, 071103(R) (2011) PRL 104, 181602(2010)
PRD 87, 052012 (2013) PRL 109, 021601 (2012)

JHEP 02 098 (2013)

Belle has most precise measurement for direct
BaBar results completed with the full data set CPV in charm using full data set in D*—>Ks°n*

BaBar Belle

DF 5 KInE  (-0.44 £ 0.13 £ 0.100% ((-0.363 £ 0.094 + 0.067)% )
DE - KUK+ (-0.0510.23i0.25V (0.1240.36£0.22)%
7 (

DT —» KZK*  (0.1340.3640.25) -0.16 £+ 0.58 £ 0.25)%
DT — K2n* (0.6+2.0+0.3)% (5.4542.50+0.33)%

|
Full dataset

Results include SM contribution of indirect CPV from K° mixing
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BABAR

D*—K+Kn* Dalitz plot Analysis

Uni
High Energy Physics Group

Broad structure over large region of Dalitz plot

/
LA N N N B B L B N L LI B S L L B B ) I

efficiency.

1

|
—
(\o]
o

=  Neural network describes the Dalitz plot ;
E

|
—
S
]

=  Combined parametric and non-parametric model [
to describe the background (using the sidebands) (P( | 020)
1

= S-wave dependence near the ¢(1020) resonance
taken from Ds—KKn analysis [PRD 83, 052001 I

o1D)] K*(892)0

=  Several models tested for Kn S-wave. BT A

=  Two step unbinned maximum likelihood fit: Maonuden o2 Wore Amptee ] e
= + D°-K,hh
= : s E791F)xc,

(s

IC

« E791¢,

=  Assume no CP asymmetry and find the
Dalitz plot model which best describes the
data (determined from the goodness-of-fit).

AAAAAA

=  Allow for CP asymmetry in the dominant
resonances.

9
8
7
6
5
a- ..
3
2
1
)

T I I MR I BT PN PR P
6 07 08 09 1 11 12 13 14 15
m(K ) GeV/c®
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Effective S-wave parameterization
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R

Simultaneous Binned Fit:

o S = Cy,(980)4A £, (980)
o S+ P =CyAg+ Cj,980)€" A, 980)

m(K*K') (GeV/c?)

PRD 83,052001 (201 )

Ag

Ajp,

FPCP 2013 — R. M. White

Fitting Model
FrFD X (—4pq) Relativistic Breit-Wigner
mg—mQ—imOF Pq
Formula

1

(980) = — 3 5 -

mg — m? —imolopr i
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100 | (a) ‘ :A 7.5 %:.-'h- (b)
2 r “.ﬂ'% g ++++
. E o | . :*,,,w‘ L g 5

® Isobar Model -- Kappa + K*(1430)° + Non- g L™ U g e

resonant amplitude. T Y et
ol /. mF (@

® Model-Independent partial wave MIPWA . k ) 3 s E79 |

(E791). [PRD 73, 032004 (2006)] g = "F
= E— 5 :—// \_

e K-matrix approach, reduces to Km "H yal B S——
scattering amplitude from LASS. 3™ © J g ek O
Parameterization from D°—Ksmm mixing 2 ) ° b
analysis. [PRL 105, 081803 (2010)] ¢ e S\

P . K N\Iass ('(z;seV/c;i5 " K I:llass :EZV/c;is
Ty = Be' (cos ¢p + cot dpsingdp)/s + Reire265+65) mrl rmp/qo
q(s) cot dp — ig(s) m% — s — imgl'(s)
with
) .1 rq(s)?
g(s)cotdp = p + 5
and
Si2n _ q(s) cotdp + iq(s)
g(s)cotdp — ig(s)
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T-odd Observables ¥

LI Bigi hep-ph/0107102 ‘
e Assuming CPT invariance, T-violation implies CP violation.

o C_observable is odd under T-reversal C,=p (P, . Xp; )

(" A
D™ rest frame

Measured on D* 3.

. J

»Final-state interactions (FSI) may introduce T-odd asymmetries A _#0.

»Measuring the T-violating observable removes FSI effects:
» Measured on D

1 -
'AT — 9 (AT — AT)
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BaBar Results
T-odd Observables

)=(+11.2+14. ls,a,15.7sys,)>< 107 PRD 84, 031103 (R) (2011)
)=(+35 1+14. 3swi7.28yst)x 10 PRD 81, 111103 (R) (2010)
520 fb"

)=( 99.2+10. 7stat—8 3syst)>< 10—3

107 —— > FSI effects appear larger in D
X S

"' osyst )

Ap(D") = (—12.0 £ 10.0g¢4¢ *+ 4.6gygt) X 1077
Ap(D}) = (—13.6 £ T.Tgtqa¢ + 3.4gyst) X 107°

T-violating observable
consistent with 0.

X10 improvement over

15 10 5 0 5 10 lc;
previous result. A% (x 109
N NI T —
AS (x 107

A7 (DY) = (+1.0 £ 51545t = 44gyst) X 107°  pRD 81, 111103 (R) (2010)
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