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Introduction

o Belle detector

CPV mechanisms in D-mesons
Direct CPV
o Acp(D° — KTK—,ntn™)
o Acp(D* — Kgﬂ’i)
o Mixing
o x,yin DO — Kgﬂ+7r_
o yop, Ap in D° - KTK— ntn—

e Summary
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Mechanisms of CPV:

Direct CPV (AC = 1):

decay amplitudes for DO-, D*-decays and their flavor conjugated processes differ
(1Af| # |Af])

SM predictions:

O(1072) in singly Cabibbo suppressed decays (SCS)

smaller in Cabibbo favored and doubly Cabibbo suppressed (DCS)

(A. Petrov, arXiv:1101.3822v1; F. Buccella et al.,PLB 302, 319 (1993))

| A\

Indirect CPV:
e in mixing (AC = 2): rates D — D° and D° — D differ

e in interference between mixing and direct decay amplitudes.

SM predictions:
O(10™* —107°) (I. Bigi et al., JHEP 1106, 089 (2011))

Direct CPV depends on the final state,
indirect CPV is universal for all D-mixing processes.

Karina Arinstein Charm CPV and mixing at Belle Quy Nhon, 17 July 2012 3/25



The Belle experiment
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The Belle detector (KEKB collider), KEK, Tsukuba, Japan:
o World luminosity record: L ~ 2.1 x 103" cm™2s~!

o Data taking finished in 2010 = Upgrade to Belle Il

o Total integrated luminosity: over 1 ab™*
o 711 fb~! T (4S) (772 x 10° BB-pairs)
o 121 fb=1 T (59)
e Y(1S5), T(25), T(3S) scan
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— KTK~,n"7n~) with 977 fb™~

Time-integrated C'P-asymmetry for final C' P-eigenstate f:

of, — LD'=H-T(D° =)
(O = [(DO—f)+T(D°— f)

Ador = ASE — A%

(—0.82 4+ 0.21 +0.11)% (LHCb 0.62 fb—!, PRL 108, 111602 (2012))  3.50
(—0.62 4+ 0.21 4+ 0.10)% (CDF 9.7 fb~!, arXiv:1207.2158v1) 2.70

Theoretical predictions for SM contributions to this value can reach up to a few
per mille. On the other hand, New Physics can also contribute to AA¢cp.

= Important to measure A(KK) and A(nm) with high precision!
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The method

AKK _ I'(D°—-KK)-I'(D°—>KK)
CP " I(D°—KK)+T'(D°—KK)'

similarly for AZ7,
N7 = Nproap+ - B(D* — D°rrg) - B(D® — KK) - ek k - €ng

* 0
For small asymmetries: A™¢ = AKK 4 AP + AD s  AKK 4 A7s

° Ag;’rs = 0 (strong decay)
o AKK =0 (CP symmetric final state)

o ATs: detector-induced asymmetry accounted for using control data samples
(D — Kr). Important in other A(D° — f) measurements!

o ARL: due to interference of virtual v and Z; in ete™ — ¢c and is a function
of cos(0*), AR, (cos(0*)) = —ARL(—cos(0*)) (6* = D* polar angle in CMS).

rec _  Arec
= Acor'r = A - A;TS, Arcs (cos(0))+ALS: (—cos(07))
2

cor

Acp =

ALSE (cos(0°)) = AE +AR;(cos(0%) App = k(e @A ot
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Event selection criteria typical for D* — D°

D'SK'K Do’
s 0.04 X/ ndf 4058 / 3 <A' 0.04 ¥/ naf 6537 /7 3
oo [ 7 s vmnn] F gy | 7 s ssvew
o D*F — D°z¥, D*~ — D°nj a4 arf B ——
* : : _'_—_’j
o p(D*) > 2.5(3.1) GeV/c for N B s e T N o
T(4S)/(5S) data -0.02 -0.02
0 2 -0.03 -0.03
e 1.81 < M(Dcand) < 1.91 GeV/c B R v—r: o5 e 05
° Q = M(ﬂ-ngand) - M(Dgand) - leos & o fEEEEC|
m(rs) < 20 Mev/ £ I
o D" — charged tracks, K /m separation: 0 “
L(K) < CDC, ACC, TOF i o +
il —+ 02 +
) DO vertex fit 003 003
* . . -0.04 -0.04 4’7
o D* IP constrained fit oos o0
o 0.2 04 0.6 0.8 0 0.2 0.4 0.6 >1?]48
|cos 6| [cos 6 |

976 fb~! Belle data

KK T
Neo | 282 x 10% | 123 x 103

Karina Arinstein Charm CPV and mixing at Belle Quy Nhon, 17 July 2012 7/25



Belle (976 fb~)
AEE = (-0.32+0.21 £ 0.09)%
I, = (+0.55 + 0.36 + 0.09)%

Experiment AAcp (%) o from zero | Reference

Belle, 540 fb* —0.86 £ 0.60 £ 0.07 1.4 PLB 670, 190 (2008)
LHCb, 0.62 fb~" | —0.82+0.21 +0.11 3.5 PRL 108, 111602 (2012)
CDF, 9.7 fb! —0.62 £ 0.21 = 0.10 2.7 arXiv:1207.2158v1

Belle, 976 fb~" | —0.87 £ 0.41 + 0.06 2.1

The results are in agreement with our previous measurement and with recent
measurements from LHCb and CDF.

Source of syst. AEE (%) &p(%) | AAcp(%)
Signal counting 0.055 0.023 0.037
Slow 7 eff. corr. 0.065 0.067 0.014
Acp extraction 0.006 0.050 0.051
Quadrature sum 0.085 0.087 0.064
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(Dt —K%xt)-I(D~ —=K%7 ™) D+ ®
Ace(D — K3m) = For=rizniroo-—ri-) = Ace +Ack J

° AE;: CPV from DV decay
o AKY%: CPV in K° system, (—0.332 4 0.006)% (J. Phys. G 37 075021 (2010)).

If measured Acp(D — K27) is significantly inconsistent with A%9, this could be
an indication of NP.

Aree(DY — KO1%) = Acp(D — K%7) + AR5 + A™ + Ap J

° A?g: D™ production asymmetry, odd function of cos(651)
° A§+: 7t detection asymmetry, depends on Pl cos(08),
corrected for using control data samples (Dt — K~ n"7x", D® — K~ 7" 7")
o Ap: asymmetry due to difference in interaction of K° and K° with detector
material, depends on p'%5 . Calculated according to PRD 84, 111501 (2011).

0
Kg
:>A$ZZ7‘ — Ag;qu‘ﬂ'"—_"_Ag; Ag;_)Kgﬂ+ _ ASTT (cosOp)+ AL (—cosbp)
2
Ag; _ Aizzr(co‘seD)7A$,Z£T(7COSGD)
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0.005
Nsign(DT + D7) = (1738 £2) x 103 . ’
Acp(Dt — Knt) = ¥ oo /Wj////%// =
+ [~ O
(—0.363 £ 0.094 £ 0.067)% °L
KO -0.01
consistent with A7, oois .
PRL 109, 021601 (2012) B
——
ADp = (—0.018£0.094£0.068)% | .o °'f ——
consistent with zero. < 02 —
i -0.03 |- e
Most precise measurement of P A R
ACP(D+ — Kgﬂ+) to date. ¢ |co§é%lv'sl '
Experiment Acp(D+ — ng+), % Reference
FOCUS —1.6+1.5+0.9 PRL 88, 041602 (2002)
CLEO —-1.3+£0.7+£0.3 PR D 81, 052013 (2010)
BaBar —0.444+0.13 £ 0.10 PR D 83, 071103 (2011)
New world ave. —0.41 +0.09
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Mixing formalism:

Hamiltonian eigenstates of D°-D° system:
|D12) = p|D%) £ ¢|D°%),p* +4* =1
(can be C'P-eigenstate if £ =1, i.e. no CPV)

Time evolution:

|D12(t)) = e1,2(t)|D1,2(0)), D° w w D

e12(t) = eilma—iTia)t
dN(D°—
= WE=D) = |AD() — I =

= e THA; — Lutie pp JpP2

_ mi—ma _ 1T — 14T
& = oy = e = TS

SM predictions for z, y:

quark box diagrams ~ O(10™" — 107°), long distance effects ~ O(107% — 1072).

New Physics can provide additional box diagrams.
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K gmtm~ t-dependent Dalitz analysis:

3-body charge self conjugated modes: z,y
can be extracted using t-dependent Dalitz
analysis. D — Klrtn—: Ay = A(m?%,m3), 2

m? = mA(K%n~), md = m?(K4n*)

M2,

Assuming no CPV (A(m?*,m2) = A(m?%,m?2),
q/p = 1), decay rate(time): 15

|M(m3,m2 ) =
(|A1|26—y1“t + |A2|2eyr‘t+ |
2Re(A1 As)cos(zl't) +2Im (A As)sin(z't))e Tt

t-integrated Dalitz plot (DP)
A1p = \/Li(Af +Af) DY — K2nt 7~ distribution.

Similarly for [M(m?2,m?2 ,t)|>...
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— I{vﬂ'—i_ﬂ'_

event selection:

Events/5MeV

Karina Arinstein

Events/0.125MeV

1825 185 1875 19
Mass (GeV)

o D*" — D%*, D*~

— D%~

D°(D%) — Kgntrn~
o K% |M,+.— — Mg,| <10 MeV/c?

o D° proper decay time measurement:

— ldec Ppo

T oepy ’67_
e oy < 1000 fs

DO

Charm CPV and mixing at Belle

[Jsig: signal
B rnd: random 1 b.g.
M cmb: combinatorial b.g.

M=m -
0 —

m —m =
<= Ktz x, K3n*n~ T

10 15 20

Q (MeV)

Y (4S), Y(55) full data set (920 fb1):
Signal 1.23 x 106
Rand. 75 bckgr. 0.01 x 10°
Comb. bckgr. 0.05 x 10°

(Signal purity = 95.6%)
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Unbinned likelihood function:

217’7Ll£ =
2 Z ln(fsigpsig(mgi; mii, tz) -+ frndprnd(mgi; mii, tz) + fcmbpcmb(mgiy mii, tz))
=1

oo
g dt’ Raig(ti—t")|M(m2;,m3,;,t")|*e(m? ;;m?,)

, fcm = (1 _fsi _frn)

2 2
pSig(m—ivm+¢ati) = —=
f dtf dm2_dm3_|M(m2_,mﬁ_,t)|26(m2_,m3_)
0 D

f= determined by 2D M — Q fit,

o DP efficiency functions £(m?,m?3)
estimated from MC sim., parameterized A(mz,mi) = Brxs+ Knn,s + Lix,s
by 3rd order polynomial,

Dalitz model (best fit description)

e P-, D-wave:

background shape estimated from Breit-Wigner, 12 resonances
M — @ sidebands, L .

_ T ) o m'm S-wave: K-matrix model
signal pP dlstrl!)utlon convolved with o Kn S-wave: LASS model
resolution function R4

Resonances: K*(892), K(1430)~, Kj(1430)~, K*(1410)~, K*(1680)~, K*(892)%,
K (1430)F, K3(1430)", K*(1410)F, K*(1680)", p(770) (fixed), w(782), f2(1270), p(1450),
Kgm and mm S-waves.
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Fit results (preliminary):

Events/0.03 Gev?
T —

70000 F T T = 14000 7 R —T—
60000 ; é 12000 —
50000 E— E 10000 —
40000 f— é 8000 —
30000 f— é 6000 —
20000 f— é 4000 —
10000 ; é 2000 E
L 1 2 }. g 5 2 3
M (GeV?) M2, (GeV?)
fit results 95% C.L. int.
(stat. only)
+0.03 +0.06
x(%) | 0.56 +0.19 00— (0.09,1.03)
o +0.04 +0.03
y(%) | 0.30£015 T T | (-0.08,0.68)

Uncertainties: stat

= 410.3 4 0.45 fs, consistent with
rppg = 4101+ 1.5 fs

experimental and model syst.

Karina Arinstein

Charm CPV and mixing at Belle
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Comparison with previous results:

PRL 99, 131803 (2007)

(%) y(%)
—1 +0.09  +0.10 +0.08  +0.06
Belle 540 fb 0.80+0.20 0 T los3x024 T 00 T

BaBar 469 fb!
PRL 105, 081803 (2010)

0.16 £0.23 £0.12 £ 0.08

0.57£0.20 £0.13 £ 0.07

Belle 920 fb~!

+0.03  +0.06

056019 "o T

+0.04 +0.03

030£0.15 " T

Most precise determination of z, y to date!

Karina Arinstein
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Mixing in DY — KK, 7w

Mixing parameter ycp

yop = K= —1, CP: KK,nm

(el

o CP conservation: ycp = vy

o CP violation: yop = ycosp — %AM:csinqﬁ, |%|2 =14+ Anm, ¢ = arg(%)

v

CP asymmetry in lifetimes

_ 7(D°—=coP)—7(D°—0CP)
Ar = ~(DY—CP)+7(DO—CP)

o CP conservation: Ar = 0

o CP violation: Ar = Anycosd — wsing

Belle 2007 measurement (540 fb™1):
o ycp = (1.31£0.32+£0.25)% = first evidence for mixing (3.2 o)
o Ar = (0.01+£0.30£0.15)%
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f(t) = gfe_t,/TR(t—tl)dt/ aF B(t) J 0.06

N: normalization (free fit parameter)
7: lifetime (free fit parameter)

R(t —t'): signal resolution function

B(t): signal-window background estimated ‘ ‘ ‘

from M — @ sidebands R P

o Large disagreement between data and MC: up

to 5% of lifetime = Measurement must be Resolution function constructed for
performed in bins of cos(0*) to reduce each cos(6*) bin by fitting (¢ —
systematics + add cut |cos(6%) < 0.9] (1% tgen)/Ot.

signal lost). 0% — polar angle of D° in CMS.
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Fitted lifetime distributions

Lifetime fit performed simultaneously for all decay modes:
D’ - KK, D°— KK, D°— K 7T, D’ = wm, D° — 7
A /ndf= 545.0/542 (CL= 45.6%)

SVD1
Kk ‘
300 400 500 600 70;1 (b,-m)
x"/ndf: 792.9/684 (CL= 0.2%)
10°F KK (+) KK (-) Kn nn (+) (=)
‘ sV
WWMWM iy WMML Wwwwww - w«wwr

0600

r(bms)
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20 20 450

” 7x’/mdf 1500 / 17 b 7x’/ndf 1544 /17 X/ ndf 22.00 / 17
10 F 1 10 F T | wo b “‘
phettt L st e | SVDL
oE o T T T T T
S E + + S E |+ T‘I. + + i :H» T T +
380
T yepm146£0.60% | F A=-0.03£0.54 % | | t=410.8t 15 fs
-20 L 20 L 340 L
-1 0 pe 1 -1 0 * 1 -1 0 . 2 ]
Yep VS. cos 6 Apvs.cos ® TVs. cos 6
" B /ndt 3293 7 17] " Ex/ndt 2092 7 17 * [¢/nat 1539 17
s b s E 430 |
:;#F&E‘Lﬁ—i AT i || svp2
o[- +++7 0 +‘{+J,-+++H‘+ 4mv++ ++
j : j : + + 400 - + +
s yep=1.06£0.23 % | ot Ar:-0403i0.21 % | 0 b T=4082% 0.6 f5
sk S E
: 380 .

3

-10 L
a1 1

1 -1 o N
TVvs. cos 6

0 * 0 *
vs. cos 6 Apvs. cos ©

Yep

Ar(%) Ticr = 408.56 + 0.54 fs

%
yer(%) (consistent with Tppe = 410.1 + 1.5 fs)

1.11+£0.22 | —0.03 £ 0.20
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Systematics

source Aycp (%) AAr (%)
acceptance 0.050 0.044
SVD misalignments 0.060 0.041
mass window position 0.007 0.009
background 0.059 0.050
resolution function 0.030 0.002
binning 0.021 0.010
sum in quadrature 0.11 0.08

yop = (1.11+£0.224+0.11)%

Ar = (—0.03+0.20 +0.08)%

o yop: 4.50 away from zero, stat. + syst. error combined (4.50, stat. error only)

o Ar: consistent with zero
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Big data sample and good detector performance allow us to measure Aqp
and mixing in different decay modes using different techniques.

o AKK = (—0.3240.21 +0.09)%
T — (40.55 % 0.36 =+ 0.09)%
AAgp = (—0.87£0.41 £0.06)% (agreement with LHCb and CDF)

0
o Acp(DT — K%nT) = (—0.363 & 0.094 = 0.067)% is consistent with A3
Ag; = (—0.018 £ 0.094 £ 0.068)% consistent with zero.
Most precise measurement to date.
o Mixing in D° — K3rTn:
0.03 0.06 0.04 0.03
z = (0.56 +£0.19 * - )% y = (0.30£0.15 * * )%
—-0.09 —-0.09 —0.05 —0.06
Most precise measurement to date.
o Mixing in D° — KK, nm:
yop = (1.114+0.22 4+ 0.11)% — confirmed evidence for mixing in D decays
Ar = (—0.03 £ 0.20 £ 0.08) — consistent with zero

We hope for more experimental opportunities with the upgraded Belle |1
detector.

Thank you.
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BACKUP
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Event selection, DT — Kgm™

o D" - K%rT, K§ - ntn™

e p(D1) > 2.5(3.0) GeV/c for Y(4S/58) data
o 1.795 < M(K2n™") < 1.955 GeV/c?

0 1.855 < M(rTn™) < 1.885 GeV/c?

o K2 vertex fit

o DT IP constrained fit

Nyign(DT + D7) = (1738 £2) x 103
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Tn~ decay model parameters

Resonance Amplitude  Phase (deg)
K*(892)~ 1593 £0.005 131.6£0.2
K3(1430) 2.071 £0.025 —196.1+22
K3(1430) 113620011 —41.24+06
K*(1410)~ 0.503 £0.022 835=+23
K=(1680)~ 1676 £0.157 —85.5+3.5
K*(892)F 0.140 £0.002 —415+0.7
K3(1430)7 0.174 £0.011 —1048% 38
K3(1430)7 0.082 £0.009 —34.8+6.8
K*(1410)7 0.252 £0.017 —141.5+40
K=(1680)" 1400 £0.117  89.9+5.0
p(770) 1 (fixed) 0 (fixed)
w(782) 0.0369 + 0.0005 1152 +0.7
f2(1270) 1284 £0019 —31.4409
p(1430) 0.556 £0.052 848 =3.0
7 S-wave

3 126 £0.03  163.0£0.53
3 1082+0.04 158£04
35 38.2+£05 18£1.0
84 144402 —10.1+08
prod 12.60 £0.07 -161.7+0.5
Jhd 140£02 1739407
Dol 9.6+05 —120.9+25

K S-wave parameters

M(MeV/c?) 14625+ 24
I(MeV/e?) 266.1 £ 4.6
F 0.4270 £ 0.0309
op(rad) 0.261 £0.022
R 1(fixed)
or(rad) 2.528 £ 0.056
a(GeV/e™h) 0.177 £0.006
r(GeV/et) ~19.9 £ 0.8
K*(892) parameters

Mice gonyMeV/c? 893.69 £ 0.05
T (s0p) MeV/ 47.634£0.10
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