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utline

Charm as a probe of New Physics in

@ D — D mixing
@ CP violation
© Rare decays
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Mixing Phenomena

Mixing is a process
@ in which particle changes to its anti-particle and vice versa

@ possible only in flavored neutral particle—anti-particle systems

Meson M | Flavors | Particle discovered | Mixing discovered | Implication
K 5d 1950 (Caltech) 1956 (Columbia) m.
BY bd 1983 (CESR) 1987 (Desy) m;
BY bs 1992 (LEP) 2006 (Fermilab) 77
DO ct | 1976 (SLAC) 2007 (KEK, SLAC) ?7?

Mixing is not possible in 70 system since 79 = 7

t quark decays before it could form a hadron.

Uniqueness of Charm:

@ the only Up-type neutral meson allowing full range of probes for New Physics
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Mixing Phenomenology - Time evolution

@ Time evolution of D® — D system given by time-dependent Schrodinger Eq.

() (%)

o Eigenstates of [M — él'] are mass eigenstates D; o> with m; > and 1

< # flavor eigenstates D° and D°

|Di15) = p|D°) + q|D°) pPP+q’=1

@ time evolution of flavor eigenstate

|D0(t)> = {|D0>cosh (%t) + %|DO>$inh (%tﬂ o e- i

Mixing parameters:
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Contributions to x and y

Standard Model

Burdman, Shipsey, Ann.Rev.Nucl.Part.Sci.53,431; Falk et al., PRD65, 054034; Bigi, Uraltsev, Nucl. Phys. B592, 92;

Short distance Long distance
c d,s, b u

D W w D D°5°
u u

u 5b € - o .
Effective CKM and GIM suppression Contribution from hadronic intermediate states

x|, ly| <1073 X, y ~ upto 1%

New Physics predictions for |x| @ Large uncertainty in SM mixing rate

1.3 5 7 9 111315 17 19 21 23 25 27 29 31

oo - i — difficult to identify New Physics

:g::;gj N .‘.[ H‘ ’ ’.'_ T contributions (except if x > y)
:;EEEEE "o ‘ t T @ however, measurements of x and y still

e H provide usefull constraints on many New

00505 Physics models

Reference Index

A. Petrov, Int.J.Mod.Phys.A21, 5686;
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CP Violation in Charm

Q: If D — D mixing can't reveal New Physics, what can?
A: CP violation!

@ Source of CP violation in the Standard Model
—single complex phase (1) in the quark mixing matrix

-1 A AX3(p — in + 4nA?)
Vekum = -\ 1— 202 —ipA2X*  ANX(1+ in)?)
AN(1 — p—in) —AN? 1

@ Charmed meson processes
< CP violation in Standard Model is CKM suppressed: ~ O(10~3)
— Possible only in Singly Cabbibo supressed decays (tree + penguin amplitudes)
— CP violation in New Physics models: up to 1%
Grossman, Kagan, Nir, PRD75, 036008; Bigi, hep-ph/0104008
— Current experimental sensitivity: few 0.1%

Observation of large O(1%) CPV in charm decays would be a sign for New
Physics!
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CP Violation Phenomenology

@ Classification of CP-violating effects:

f _ [(D—f)—r(D—f) ~ af f f
— ACP m ad + am + ai

@ a': CP violation in decay

— [ As| # | Al Ar = (f|D), Az = (f|D)
Q afn: CP violation in mixing
— |a/p| #1 |D1,2) = p|D°) + q|D°)

o aif: CP violation in interference
of decays with and without mixing (f = f)

A
—¢#0orm ¢ =arg(15)
Experimental observables
Time-integrated measurements: Time-dependent measurements:
£ _ N(D—f)—N(D—7) r(D—fep)—1(D—fep) _ )
AcP = DA IND=F) Ar = D) T (Dter) — —(am + ai)
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Available Charm Samples

’ Diverse exp. conditions! ‘

B-factories:
@ continuum production @ T(45):

o(c€) =~ 1.3 nb
@ Belle: ~ 1.3-10° ¢€ pairs
@ Babar: ~ 0.7 -10° ¢€ pairs

Tevatron:

® pp @ ~2 TeV
e CDF: ~70-10° D%s

Charm factories:
e 1(3770) — D°DO, D*D~
e CLEO: ~2.8-10° DOQ() pairs
@ BESIIl: ~ 3.4-10°% D°DO pairs
LHC:

@ pp @7 TeV
@ LHCb: has only started
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Mixing measurements

Decay time distribution sensitive to mixing parameters x and y and depends on
the final state:

0— ix N 2
MG o [(F1D%) + & (252(F1D"))|

Final state ‘Belle BaBar CDF Cleo E791 Focus

Ko v v vV
KK, v v
Kgmm v v v

KKK v v

Ktn—n0

Ktn—n—nt v

Ktw | vy v

quantum corr. in ¢(3770) — D°D° ‘ N

/ — measurement performed;

Full list of all D® — D° mixing measurements is available at:
http://www.slac.stanford.edu/xorg/hfag/charm /index.html
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Mixing and CPV in decays to CP eigenstates (KK, 7r)

@ Measurement of lifetime difference between D° — K~ 7 (CP-mixed) and
D® — KTK~, mfn~ (CP-even) decays (tagged and untagged samples)

—(D° — K~7) o et/mon yep = 2o — 1
0 K- ot —(1+ycp)t/T _ 1(D°—>fep)—(D°—fep)
= T(D° = K¥K™, mm™) oc e”U0elt/mon Ar = T(Eoefci)‘FT(Do—Hrcl’:)

@ In case of no CP violation: ycp =y and Ar =0
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Mixing and CPV in decays to CP eigenstates (KK, )

@ Measurement of lifetime difference between D° — K~ 7+ (CP-mixed) and
D® — KTK~, mfn~ (CP-even) decays (tagged and untagged samples)
— (D° — K—7™) o e t/oo yep = —K=— —1

TKK, 7w

S (D0 — KK, o) o e 0o pp = TBelr(O ot

@ In case of no CP violation: ycp =y and Ar =0

Belle [PRL98, 211803 (2007)] ‘yc L0 05)% ‘
g 1] ? (ndf) P= : : : °

L) First evidence for mixing!

-10 1000 2000 3000 4000
t (fs)

Ar = (0.01+0.30 +0.15)%|

ppg
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Mixing and CPV in decays to CP eigenstates (KK, )

BaBar performed measurements of ycp using:

@ Tagged Sample: require D° to originate in D** — D7t decay

Tkn H
KK ——

L7 S ——
gz

Trn

400

PRD78, 011105 (2008)

Ycp
AY

(1.24 £ 0.39 + 0.13)%
—(0.26 + 0.36 = 0.08)%

AY = (1+ycp)Ar

@ Untagged Sample: take all D° candidates (except from the tagged sample)

5 8

g

Events/0.05 ps
8

Normalzed

D% — KKt

o
258
g94¢
8%

8 &

8

Events/0.05 ps

g

v B

D% — K—xt

t(ps)

t(ps)

PRD80, 071103 (2009)

| yep = (1.12 £ 0.26 £ 0.22)%|

Combined: tagged + untagged

| yep = (1.16 £ 0.22 £ 0.18)%|

4.10 significance!

A. Zupanc (KIT)
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Time dependent Dalitz analyses

Dalitz plot for D — Kg‘rr+7r_

@ Many quasi 2-body intermediate states, e.g. in S

D° — Kr™n~ decays:
— CF: D% — K* gt
s DCS: D° — K**t7—
— CP: D% — p°K?

mZ (GeV%c")

D°: A(m*,mi) =3, ae% A(m?, mi) + ane®"

N

2 3
m? (GeV2/c?)

- — ; 1
D°: A(m*,mi)=>3,3€%A,(m*, mi) + ane®"

If f = f = relative phases determined <t()MaC)°:°fs ?allztz plot
(unlike D° — K*7=(79)) e

@ Time dependent decay rate (A1 = (A £ A)) 2
F(m2, m2,t) = e T8(| Ay [2e Tt + | Ay 2er™

+2R[ A1 AS]cos (xIt) + 2Z[ A1 Af]sin (x[t))

(W < mpo, (B > 7po)
Simultaneous determination of x and y! A .

m?[GeV]

A. Zupanc (KIT)
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Mixing and CPV D° — K2rt7m~

BaBar [PRL105,081803]
D% — Kgﬂﬂr’ and D% — KSK*K*

68%, 95% and 99.9% confidence level contours

10 F

y/107°
(5]

I
-10

0
Conserved CP symthttry (ja/el =18 6 - 0)

I
10

, D° — K2KT K~ decays

Belle [PRL99,131803]
D% — K27T+7r’

95% confidence level contours

Tho CPV (stat. only)
* — noCPV

- CPV(stat. only)
--- CPV

¥ (%)

X (%)

x = (0.16 + 0.23 + 0.14)%
y = (0.57 £ 0.20 + 0.15)%

Measurements are consistent and
together provide the most accurate
determination of x and y!

A. Zupanc (KIT)

Conserved CP symmetry (ja/p| =1& ¢ = 0)

x = (0.80 £+ 0.297912)%

y = (0.33 £ 0.24791%)%

CPV allowed (lq/p| & ¢ free parameters of the fit)

la/p| = 0.86 = 0.30 & 0.09
¢ = —0.24 £ 0.30 + 0.09

Consistent with no CPV!

D Mixing and Decay

P1C2010, 1/09/2010 13 / 53



Mixing and CPV in WS hadronic decays (D° — K*7 ™)

@ Right sign (RS) charge combination
D** — DY(K=—at)nt RS events

0 Signal
B Random ©t
1 D’ 3body

0 Combin.

[Rrs et/ o0

@ Wrong sign (WS) charge combination
Dt — DY(K*n~)rt
— DCS or mixing

TN

Events/0.125MeV

D0 K'm 0 5 10 15 20
My __y Q (MeV)
g WS events
24y — > 0 Signai
Mys o [RD + y/v RD(rt) + = Zy (rt)2]e re %1000 1 f(fnd;mn
. . { 0 D’ 3body
® DCS @ interference ® mixing S 750 EIC)I;
‘5 500
— Rp: DCS/CF rate 2
— x’ = xcosd + ysind 0
— vy =ycosd — xsind o .
< ¢ strong phase between DCS and CF Q (Mev)

Q = Mknr — Mz — mx
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Mixing and CPV in WS hadronic decays D° — K*r~
Belle [400 fb~1]

PRL96, 151801 (2006).

Events/ 100fs

BaBar [384 fb~1]

PRL98, 211802 (2007).
[ signal . . |
S DO & D3body First Evidence!

EZ8 Combinatoric 0.4 T T T T

I Mixing (95%UL)

Interference (95%U] NWS
Nrs

1000

L

X
=
@

500

o
w <

&
P

3 g
8
°
by
P
I

00 4000
Proper time (fs)

e . - I | , |
% 20 -2 1 2

o CPY (sta. o]
crv

10r = 9 3 T

0 0.2 0.4 0.6 0.8

2 10° L L L
x * 05 0.0 05

CDF [1.5 fbfl]
PRL100, 121802 (2008).

0.0:

0
& | Ryg=Ws T[]
WS™T
0.004- Ngs
0.006- .l. + ] gy
|4 Jﬂ&w-v—}“'—ﬁ 4‘ o
0.004* Tﬁ e
0.00 P S T R (1
th
EN
A
= 20
-
10
ok
-10f
05 Q 05
x2(10%)

. 2/10° o
Results assuming conservation of CP symmetry

Experiment Rp(10~3) y’ (10~3) x’2 (10~3) Signif.
CDF 3.04 &+ 0.55 85+ 76 —0.12 £+ 0.35 3.8
BaBar 3.03 + 019 9.7 + 5.4 —0.22 £ 0.37 3.9
Belle 364+ 017 06740 0.18 *%2, 2.0

. Zupanc (KIT)
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Mixing in WS D® — K*7~7° decays (BaB

PRL103, 211801

Analysis similar to the WS D® — K7~ analysis, however the strong phase &
varies across the Dalitz plot.

® DCS @ interference ® mixing
dNz(s0,5+, - A :
Molso5) _ ~Te{|AL 4 |Arl Ay [y cosd; — x" sin 07] (Tt) + X522 | A P(Te)2)
0= Myt %= Mt o

@ Mixing parameters
SN

X = X €08 Okppo + YSiINOkrro and Yy’ = ycos ko — XSiN g ppo

Events/3.4 MeV/c2
gE38gs88
Events/0.12 MeV/c?

185 19 195 0.142 0.144 0146 0148 0.15 0.5 1 15 2 25 0

My [GEVICT] Am[GeVId] . [Gevct]
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Mixing in WS D° — K*7~ 7% decays (BaBar)

Assuming no CPV

1"

X' = (261103 £0.39)%

y" = —(0.05752 +0.34)%

Ru = (29+16)x10~*

Allowing CPV

X"t = (2537931 £0.39)%

y"t = —(0.0575% +0.50)%
"= = (3557072 +£0.65)%

y'= = —(0.547%%% +0.41)%

Results consistent with no CPV.

. 0.06
PO BABAR
+  Stat+syst preliminary|
0.04
0.02
o )
-0.02 68.3% /
95.0% /
r 99.0
3 99.9
-0.04—
P R B [P B
0% 06 -004 002 o0 0.02 004 0.06
x”

No mixing is excluded at 99% confidence

level.

A. Zupanc (KIT)

D Mixing and Decay
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World average of mixing parameters

Heavy Flavor Averaging Group (HFAG) perfromes an average of 8 underlying
physics parameters from currently 30 observables. [www slac.stanford.edu/xorg/hfag/]

@
8
i
|
5
s

CPV allowed I

@
S
Ban
IS
a

®

Arg(a/p) [deg ]

Wic _43 ! !
=1 -0.5 0.5 15 X(%; 02 04 06 08 1 12 14 16 Ilq/Bpl
x = (0.59+0.20)% la/p| = 0'911'%'.1196
y = (0.80+0.13)% p(°) = —10.01%3

No mixing point (x,y) = (0,0) is excluded at 10.20, while no CP violation point
(lg/pl, @) = (1,0) is consistent within 1o.
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Impact — Constraints on new physics models from mixing

E. Golowich et al., PRD76,095009

@ Constraints on new physics models from D° — D° complementary to those
obtained in B and K sector
— FCNC transitions with down-like quarks in charm sector (unique feature)

@ 21 NP models considered — 17 with useful constraints

Example: quark b’ from 4" generation

500 T T T T 1
1o Excluded

400~

my, (GeV)

200 —

0.000

A. Zupanc (KIT) D Mixing and Decay P1C2010, 1/09/2010



Impact — Constraints on new physics models from mixing

E. Golowich et al., PRD76,095009

@ Constraints on new physics models from D° — D° complementary to those
obtained in B and K sector
— FCNC transitions with down-like quarks in charm sector (unique feature)

@ 21 NP models considered — 17 with useful constraints

Example: quark b’ from 4" generation

500 TS T !
1o Excluded
% so0l- B = | Vb Vepr| < 0.002
o excluded at 95% C.L. (CDF2010) order of magnitude stronger constraint
Eb as from CKM unitarity
Providing complementary and improved
wo constraints!

0.000 0.001 0.002 0.003 0.004

MipMeo!

u
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Time-integrated searches of CP Violation

@ Searches for direct CP violation performed in total over 30 D°, D and D

decay modes in past 15 years
— Belle, BaBar, Cleo, CDF, FOCUS, E796, E687

@ No evidence for CP violation found so far
< Sensitivity is in some cases reaching 0.2%

@ Measurements statistical limited
— All measurements can be significantly improved!

D° — Acp %] Dt — Acp [%] D — Acp [%]

KTK— —0.16 +0.23 Kot —0.72+0.26 KIKT —0.28 +£0.41
o +0.22 4 0.37 K§K+ —0.09 + 0.63 Kﬁw* +6.5+2.5
ntr— 70 —0.23 £0.42 KtK—#t | 40.39 +0.61 KtK—nt +03+1.4
K—7ntn% | 40.16 +0.89 K-ntmt —0.5+1.0 rtr—at +2.0+4.7
K20 +0.10+1.3 K-mtrt —0.5+1.0 Ktrn=zt | +112+7.1
KTK=7% | +1.00£17 Kdn 0 +0.3+£0.9 7ty —82+523
w070 +0.10 £ 4.8 T~ —1.7+42 ' —55+3.9

Full list of all CPV measurements is available at:
http://www.slac.stanford.edu/xorg/hfag/charm/index.html
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Time-integrated searches of CP Violation

Key is to distinguish possible CPV asymmetry from detector effects and
production asymmetry in reconstructed asymmetry
Areco B NE@,(‘,O . N%e(‘()

o \reco \Jreco
D + D

N = NB°Y B(D — ) -ef = if A; < 1 = |Av® = AR, + AL, + AT

Acp Arg A
CP asymmetry Production asymmetry Reconstruction asymmetry
independent of any due to v/Z interference in h* reconstruction efficiency
kinematic variable ete™ — CC (only at ete™ coll) asymmetry
P4 [ DIE[TE[GTIO[R |
et <9*\_e‘ et p %) o

C

lab lab
(anti-symmetric in cosf},) (P, cost®?)

In order to control systematics A;’s are estimated on real data sample!
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AAcp between DT — ¢t and D — ¢ and Acp in

D — K2P° (Belle preliminary)

@ AAcp between DT — ¢t and DF — ¢t

%, .
so000F D) 30000 - Dy,

20000 | 20000

10000 10000

0 T T T
1.85 19 1.95

5 2 2.05 2 2.05
mass (GeV) mass (GeV)

[AAch = (+0.62+£030 +0.15)% |

@ Acp in D° — K27° D° — K2n(+) and D° — K21/ (+)

o
<o

R ..
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or CP Violation with T-odd correlations

Assuming CPT invariance: T violation = CP violation

@ Possible only in > 4-body decay BaBar PRD81, 111103 (2010)
— DY - K-Ktr— 7t ‘ T

- daa D°(C_>0) ! D°(c.<0)
[ signal T L ]

[ Background|

8

2
8

@ T-odd quantity:
Cr = (Pk+ * (Pr+ X Pr-))

N
8

Pull  Events/ (0.8 MeV/c2)
N
2

@ T violating asymmetry A1 e T
184 186 1.88 1. 184 186 1.88 1¢
DO Ar — [ Cr>0)-T( Cr<0) mK'K ) (Gevich)  m(K'K ) (GeVicd)
© T = T( Cr>0)4T( Cr<0) AASRAEAS et
0. A r(—Cr>0)—T(—Cr<0)

DY: Ar = =T =
T = T(=Cr>0)+T(—Cr<0)

D’ C>0 1 D’ ©<0)

o
3

o
%

%
3

Ar=1} (A~ A7)

Pull  Events/ (0.8 MeVic?)
N
8

Bigi, hep-ph/0107102 (2001)

T I8i 186 188 I 184 186 188 LS

Bensalem et al., PRD66, 094004 (2002) mK'KTETD) (GeVich)  m(K 'K TPm) (Gevic?)

, _ Ar = (—685+73+45)x 103

A7 can be different from zero due to final Ar = (—70.5 £ 7.3 £3.9) x 103
state interactions, but A7 # 0 represents

CP violation. ’ Ar = (1.0+£5.14+4.4)x 1073 ‘

A. Zupanc (KIT) D Mixing and Decay P1C2010, 1/09/2010 23 /53



Charm rare decays: D° — (¢~ (Motivation)

@ Standard Model:

< Flavor Changing Neutral Current decays (D° — ¢*¢~) are highly
suppressed

< with long distance contributions B ~ 10713
< Lepton Flavor Violating decays (D° — e* ) are forbidden

@ New Physics:
— Flavor Changing Neutral Current transitions may be enhanced by many
orders of magnitude
< R-parity violating SUSY: B(u*pu~) up to 1078
— Leptoquarks: B(utp=) ~8-1078

Golowich et. al., PRD79 114030 (2009); Dorsner et. al. PLB682 67 (2009)
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Search for D° — ¢/~ at Belle and CDF

Belle [PRD81 091102 (2010)] CDF  [arXiv:1008.5077]
o 2 S B0 D W Comana — used less than 10% of available sample
3 oaptuT
=" i D°® — 7+7— used as normalization channel:
2 :E 1.82 1484' 186 1.88 19 B(DO - £+»€_) = % EgﬂTjB(DO - 7r+7T—)
2 :ete”
L1 :
2;2] lj:l 1.84 186 1.88 19 § 10—5 ﬁk PDG
aept @
oIl I M
1.82 1.84 1.86 ;\I/i[s[Ge‘I]/ﬂcz] 10~ 7
Channel ‘ Nee ‘ Npig ‘ 90% C.L. UL Expected UL @ 100 pb
Bete- | 0 [ 17402 [79x1078 [0y S
et ;T | 3 | 2.6+£02 | 2.6 x 107 o - !
&t~ | 2 | 31401 | 1.4x 1077 UL in D% — ¢+¢~ disfavors
L s ‘ 2 ‘ 912 51107 leptoquark contribution as

explanation’of fp anomaly:
AT ) D Mixing and Decay PIC2010, 1/09/2010 25 / 53




Conclusions

e Collective evidence for D® — D° mixing are compelling

e No single measurement exceeds 50

e The no-mixing point is excluded at around 10c

e The WA of x and y seem consistent with SM expectations
e Providing strong constraints for some New Physics models

@ No evidence of CP violation (at the level of 0.3%)

@ Still room for improvements using existing data sets
e exploiting the entire data sets and covering all the sensitive
measurements (Belle, BaBar, CDF)

@ Is the best yet to come?

Py r°\
S LHCH
Belle I m
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Backup slides
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Common steps in D° — D° mixing and CPV measurements

@ Tag the flavor of the produced neutral D meson

© Measure proper decay time
Flavor tagging

@ require D** — Dx+
— flavor tagging with 7's charge

— background suppression with
AM = Mp+« — Mpo

7001

<

8 600

& s00

5

2 400/
3001

2000

TP T I T

100

o 0.135 0.15 016

0.155
AM = Mp. — Mpo
eliminate D% from b — ¢ with
p&*\ls > 2.5 GeV/c? (B-fact.) or use impact
parameter (hadron col.)

Proper decay time

@ Vertexing with beam point constraint

e D" Beamspot e
extrapolate production vtx

ldec Ppo
t = =
a0 T

o uncertainty of the measurement
typically between 1/67p0 and 1/27p0

A. Zupanc (KIT)
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Mixing probability

@ probability to observe an initial M® as M° or M° after time t

(MO(£)|MO)[? =

,Pnonfmix(t) = %
(MO(£)[M®)[> = Le~T* [cosh(yTt) — cos(xTt)]

7Dmix( t) -

M° | X | y ‘ R
K° | 0.946 | 0.997 | 0.994
BS | 0.776 | <0.01 | 0.23

_ foo pmix(t)dt _ x2+y2 0
Rm = fooof’?)m_mix(t) =ty BY | 26.1 0.15 | 0.997
D° | 0.01 0.01 104

@ time integrated mixing rate

1 out of 10* D® mesons oscillates before it decays

Large sample of D° mesons needed to observe D° — D° mixing

PIC2010, 1/09/2010
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New Physics in Charm Mixing

SUSY Leptoquarks Extended Higgs

j , y Lo

@ Possible New Physics contributions can increase x, while y is mostly
unaffected
< |x| > |y| would be a hint of New Physics
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Compilation of predictions for x and y

Compilation of SM predictions for x| (A) and |y| (CJ)
and New Physics predictions for |x| (e)

Ix| or Iyl

1.00E+00
1.00E-01

1.00E-02 +
1.00E-03 +
1.00E-04
1.00E-05 +
1.00E-06 |
1.00E-07 |
1.00E-08

1.00E-09

135 7 911131517 19 21 23 25 27 29 31 33 3§
5

Reference Index

1.00E+00

13 5 7 9 1113 15 17 19 21 23 25 27 29 31

1.00E-01 1,

1.00E-02
1.00E-03

_ 1.00E-04
= 1.00E-05

1.00E-06 -
1.00E-07
1.00E-08
1.00E-09

Reference Index
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A. Petrov, Int.J.Mod.Phys.A21, 5686;
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Mixing and CPV in D° — KTK~, m"7~ decays

@ Belle tagged analysis (540 fb~1): PRL98, 211803 (2007)

Events per 1 MeV/c?
2

D° — K*K~ D° — K-t D — mta—
105F
104L 10° L
1031
107 w0 !
. . L L ik R Ul 90 . . L L . . . L L
182 184 136 188 19 182 184 186 188 19 182 184 186 188 19
M[GeV/c?] M[GeV/c?] M[GeV/c?]

@ BaBar tagged analysis (384 fb~!): PRD78, 011105 (2008)

e00f

Entries / 1 MeV/c?

Entries / 1 MeV/c’

eI % im I8 i%

Entries / 1 MeV/c’

TE IR TR im ie 1 I

@ BaBar untagged analysis (384 fb~1): arXiv:0908.0761

Events/0.5 MeV/c?

M(K*K) (GeVic?)

M(K'T¢) (GeVic?)

T8 1R 18 1% 1% 10 Te

M(re0) (GeVic?)

1.93

1220 : 100 220" :
E b 19
10f D St ? ]
s <13
8f 3 H
g § 50§ E
6F o 513 3 k)
o] g_ o 40 i n ]
4F 3 g1¢ 4 g
2hi i S0 5 8]
ol T oE
18 1.865 1.92 18
my, (Gev/icd)
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1.865
My (GeV/c)
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Sig. yield Purity
K- =t 1.22M 99%
KtK— 111k 98%
L 49k 92%
D° — | Sig. yield  Purity
K- =t 731k 99.9%
KtK— 70k 99.6%
o 31k 98%
D° — | Sig. yield  Purity
K-t 2.71M 94.2%
KtK— 264k 80.9%

4x the size of the tagged
sample and independent




Mixing in D° — K2KT K~ decays (Belle)

arXiv:0905.4185 (PRD accepted) [673 fb1]
Measurement of lifetime difference between CP-even and CP-odd eigenstates

OFF ,ON .,  OFF
® /sy = mk+k- dependent CP mixture - T
— ON region: mainly CP-odd (¢(1020)K2) % — CP-cven
— OFF region: mainly CP-even (a0(980)°K2) “; — CP-odd
% X al(so)e_(1+YCP)t/TDO + 32(50)3_(1_ycp)t/TD0 -
a1,2(s0) = [ 1 A1,2(s0, 5+ dsiiy/55 = MyQ+iAL2 = F(ALA) - 10 105 110 sﬂl'[léevzl/'i%

@ Effective lifetimes in ON and OFF regions

— ’TON,OFF =[1+ (1 — 2fon,0FF)YcP]TDo

_ 1 TOFE—TON
= YCP T i forr (TOFF+7'ON)
—  fon, forr are CP-even fractions in ON and OFF regions, determined
using 8-resonant Dalitz model (REF!!!)

| yep = +(0.11 + 0.61(stat.) + 0.52(syst.))% |
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Mixing parameters in D — KQKTK~ and D° — K2rt7m~

TABLE I: Results from the mixing fits. The first uncertainty
is statistical, the second systematic and the third systematic
from the amplitude model. For the nominal fit, the corre-
sponding correlation coefficients between @ and y are 3.5%,
16.0% and —2.7%, respectively.

Fit type x/107% y/107*
Nominal 1.6+23+£12+08 5K7+20+13+07
Krta™ 26+24 6.0+2.1
KYKYK— —13.6+£9.2 44457
DY 0.0+3.3 55+ 2.8
Do 3.3+33 594 2.8

A. Zupanc (KIT)
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Mixing in semileptonic decays D°® — K®)=¢+y,

U. Bitenc et al. [Belle Collaboration], PRD77, 112003 (2008). [£ =492 fb™]

@ Wrong sign (WS) charge combination accessible only via mixing

Flavor at production Flavor at decay
without mixing D*t — DOt D° - K~ (ty, RS
with mixing D*+ — DOzt D°—-D° D°— Kti—y, WS

2000 L 3 MC signal, electron sample

0000 -
both constraints

Neutrino reconstruction:
o Pu:Pcms*PKE*Prcst
® Mgy, =mp & (P;)? =0

8000 -

6000 -
M?(KIv) constraint

4000 -

2000 0 constraints

(b. 1 0. ‘15 >7.O.‘2 0. ‘25 0.3 0.35
AM [GeV/c?]

Time integrated mixing rate:
x> +y?  Nws

Ry ~ ==
M 2 Ngrs
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Mixing in semileptonic decays D°® — K®)=¢+y,

No WS charge combinations

RS events
14000F s dectron sample, SVD-2 12000] RS ™on =mPle SVD2 ObserVed.
12000 16<t,,<90 16<t,,<90 _ _a
. oo Rw = (1.3+£2.2+20)x10
Rm < 6.1x107%@90% C.L.
8000
8000
6000 . 6000 .
X? = 45.7/40 dof X% = 45.7/40 dof T
4000 4000
2000 2000 y
011043 %
0612015 0.16 0.17 018 °0.14 0.15 0.16 0.17 0.18
M [GeV/c?] M [GeV/c?]
CLEO 2005 — 0.160+0.290£ 0290 %
WS events
900
sool “SETINEEP PR 4 Rt brir e aar 2007 i 000431 5%
700l entried 22520 800F  entried’ 27700
600
600 Belle 2008 0.01310.022+0.020 %
500
400 400
300 DATA DATA
200 FIT, X = 50.5/40 dof 200 FIT, X = 55.5/40 dof
BKG BKG World average 00130027 %
100
fitted signal yield fitted signal yield bbbt oo bl
0 0 0.2-01 0 0.1 0203 04 05

0.14 0.15 0.16 0.17 0.18
AM [GeV/c?]
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0.14 0.15 0.16_0.17 0.18

AM [GeV/c?]

Mixing and Dec

Ry (%)

http://www.slac.stanford.edu/xorg/hfag/




Future Prospects

TABLE V: Expected precision (o) on the measured quantities using methods described in the text for SuperB with
an integrated luminosity of 75 ab™' at SuperB at 10 GeV, 300 fb~"' (~ two months) running at charm threshold with
SuperB, and LHCb with 10 fb=*[13].

Mode Observable  7(45) ©(3770) LHCbh
(75 ab™) (300 fb~') (10 fb7Y)
D' —Ktn™ 22 3x107° 6x107°
Y 7x 1074 9x107*
PP K+K— ycp 5x 1074 5x 107
D —Knta B 49 %1074
u 35 % 107*
la/pl ~ 3x107?
& 20
(3770)— DD o? 1-2)x 10~
u (1-2) x10~°
cos d (0.01-0.02)

arXiv:0810.1312
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FutureProspects

Table 5.23: Expected number of reconstructed D*t — D%, D? — K~7t decays at different
facilities (projected using [202], [203], [204], [295]). fFor charm factory the expected vield of
[(3770) — D°D°, D° — K—7%, DY — K*7~ is quoted.

Facility num. of D*F — DO F, | int. luminosity [fb~}] Comment,
D’ — K—nt
existing B factories 2.5 % 10° 1000 final data set
Super-KEKB 14 x 10° 5000 purity ~ 99%
Charm factory’ 4 % 10% 20 both D%s reconstructed;
DDY in coherent state
Tevatron 0.5 x 10° 0.35
LHCD 15 x 10° 2

http://belle2.kek.jp/physics.html
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FutureProspects

g m (- ELM
< i : =
> | lcEr Vel £ [owxs
1.5 H r
E 0.5
1 F
0.5 °F
oF e -0.5
is W7o F
-0.5 20 -1
L 36 n
-1k 40 F /[ T S T R
% I T S P S P KoTe) _1=’ i | i i i i i
-1 -05 05 15 2 0.2 0406 08 1 12 1.4 1.6 1.8
X (%) lalp|

Figure 5.67: Left: The probability contours for the current world average values of the mixing
parameters = and y [338]. The error bars denote the expected accuracy on the parameters with
50 ab~! following from the extrapolation of results using KTK~, ata~, KTn~ and KgnTr™
final states. Right: The probability contours for the current world average values of the CPV
parameters |g/p| and ¢ [338]. The error bars denote the expected accuracy with the same
assumptions as above.

http://belle2.kek.jp/physics.html
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World average

Ry = 26T 40) HFAG: arXiv:0808.1297 or
http://www.slac.stanford.edu/xorg/hfag/

2yop = (la/pl+Ip/al)ycos¢ — (la/p|—p/al)zsing
24, = (la/pl—Ip/al Jycosd — (la/pl|+|p/a|)zsing 2 i .
x* fit of 8 underlying parameters using all

o measured quantaties (30 observables) including
(Pl = 0/ correlations between them
g (9/P)gorn = @
Parameter | Value
() = (S 252) (5) x | (0.59 +20)%
y | (0.80+0.13)%
. cord sins) (= +11.2\0
(y’) = <—si;:;6 cosi;)(y) 4] (278_%332’)
a,, _ lasol oo Sknm | (23.27533)°
e Rp | (0.3319 + 0.0081)%
. (1iAM)‘“(z-’cnsq)iy'sinw) Ap | (—2.0+2.4)%
15 Ay
't 1IANI v . |q/p| Oglt(())]iz
vt = (i5a) wemoreino ¢ | (~10.07%3)°

(x,y) = (0,0) excluded at 10.2¢
No CPV within 1o

T A. Zupane (KIT) D Mixing and Decay PIC2010, 1/09/2010

1 _
3 [R(D"—K*n7) + RD"~K~=%)] = R,

R(D°— Ktn~) —R(D°— K~=t)




CPV backup

Number of reconstructed decays:

Nreco — Ngr*of . B(D*+ N D07T+) . B(DO — h+h—) “Ehh  Ex

@ Contributions to asymmetry in N"<:

e production (Arg)
e branching fractions (Acp)
o efficiencies (A¢)

o If asymmetries are small (Arg, Acp, Ac < 1) it is easy to see, that the
asymmetry in N is:

A% = ARg" + AT + A + A 4 AT

@ Some are zero: Ag;’r = 0 (strong decay), A" = 0 (same final state)

A. Zupanc (KIT) D Mixing and Decay P1C2010, 1/09/2010



CPV backup

@ Production asymmetry (Arg) is due to interference in ete™ — cc
(mediated by virtual v or Z°)

e anti-symmetric function of cos6* (follows from CP conservation)
Arg(cos ™) = —Apg(— cos 6%)
@ Measured asymmetry:
A0 — A" (cos 0%) 4+ AL + AT (6, p)
@ Asymmetry in g, efficiency AT (6, p) can be measured in D° — K~ 7+ by

using tagged and untagged decays

@ Corrected asymmetry
Areco — Areco _ A7T(0 p)

corr

A (cos§*) = APy (cos6*) + AKK
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CPV backup

Number of reconstructed tagged and untagged D® — K~ 7t decays:

Nemtes = NPEOD L B(DY — KTat) - exn
N2 = NBRTLB(D*F — DO7d) - B(D® — K7t - exn - €n
Measured asymmetry:
A AT 4 A 4 AT
A = ARp + AGE + AT AT
D**.

. p°
Assuming Agg = Agg ¢
T tag _ puntag
AT = A A

AK™ and AT are functions of corresponding phase spaces.

A. Zupanc (KIT) D Mixing and Decay P1C2010, 1/09/2010



CPV in D° — K~K*, 77" decays backup

(time-integrated)

Determination of soft pion ms asymmetry:

@ using tagged and untagged D° — K~ 7t decays

<@~ = asymmetry map of the untagged
s K sample (left)
i - with uncertainty (right)

0015

oy | - < weight D candidates in the 75

tagged K7 sample

P
Py (GeVIC)

w = asymmetry map of the slow pion

" - efficiency (left)
. - with uncertainty (right)
o ooz < weight D? yields to correct

for tagging asymmetry

05 0s
P (GeVI)

Averaging over the phase space the correction due to the 7s efficiency is found to
be (0.76 4 0.09%).
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CPV in D° — K~K*, 77" decays backup

(time-integrated)

%} 12000 oy N % B00F oy 4 .
= D't D’nt, '—KK* S ww| D= D'n', D—nw
E 10000 ¢ E 3500
S sl g 000
BN L 2500
S oo | S
4000 [ 1500
1000
2000
500
i , 0 ; . . ;
1.825 1.85 1.875 19 1.825 1.85 1.875 19
m (GeV) m (GeV)

The signal counting was performed by the mass-sideband subtraction.

Systematics:

Signal counting 7s eff. correction Acp extraction
[ [ KK T ] l [ KK T H [ KK T ]
Signal shape diff. 0.02% 0.04% Statistics of K7 0.09% 0.09% Binning 0.03% 0.03%
Sideband position 0.01% 0.03% Binning 0.03% 0.02% SvD1/2 0.03% 0.00%
Random 7y, bkg. 0.03% 0.03% Min. num. events/bin 0.04% 0.03% Total 0.04% 0.03%
Total 0.04% 0.06% Total 0.10% 0.10%
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Time integrated CPV in D° — K*K~—, 77~ decays

N(D%) — N(D°)

ALECO(cosH™* )+ALESO (—cosh™)

AreCO Cose* — — o ACP — corr corr
COH( ) N(DO) + N(DO) Arem(cose*)72Are°‘°(7cos€*)
*+ hh [} AFB — corr corr
= AR + A 2
BaBar
Belle
o 0.02 s 0.02 o 004 — o 004 —
kS (€ T (b) < o} AKK < om} D)
0'017§ E 0.0 002 002
b Y E T |
001 4’*4’7 ' 001 %
-0.01¢ 1 -0.01 o0 002
0050204 06 08 0% 02 04 085 08 Zio e 250 i
| cos H%Ms | cos 9%’}{‘5 lcos 6| lcos®'|

T
aFB
B
°
B
°

R 02 - .02
%‘ﬁ 0 © 1 & or d) 1 < ou} © KK < oo
oo ] 002" ) .

-004F ++ -0.04¢ +++ o + 003

0.06F 4 -0.06f 004 004
007 04 08 08 007 04 08 08 D e N s
| cos #5MS | cos 659 lcos®| lcos 6|
PRL100, 061803 PLB670, 190

ALK =(' 0.00 £ 0.34(stat) 4 0.13(syst))% | AKK =(—0.41 + 0.30(stat) & 0.11(syst))%
©p =(—0.24 £ 0.52(stat) £ 0.22(syst))% p =(40.41 £ 0.52(stat) £ 0.12(syst))%
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CPV in D+) — PP decays

(s

What is so special about D(J;) — Ksh™ decays?

@ Dt — Ksn™ appears to be a CF mode, however the same final state
can be reached through a DCS amplitude
— Dt — KOt /K7t — Ksm*
* two interfering amplitudes generate asymmetry ~ O(10~%)
@ The CP impurity in the Ks wave function induces larger asymmetry

* Acp(D+ — Ksmt) ~ [2 oy ~ (0,332 + 0.006)%
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D(t) — Ksmt channels

Use D — ¢r decays to correct for:
@ production asymmetry Arg

. +
@ reconstruction asymmetry AT

@ no asymmetry due to ¢ — KTK™
reconstruction

Method

In each (p!aP, cos!2| cosf})) bin

D —Ksm? Dy
@ Measure ALY =AgS

— T t
© Measure A,ec = Agfg + AT
© Subtract measured asymmetries

D —Ksm ™ Dt K D5'~>c‘>7r’
A ° - Arecﬁ T AfeC

+ D(S)HK
+AT 4+ A%

0__+
s T

1. Arec in DT — Kgm™

(p, cos 0) lab

N
>

rec

(P, €08 B) 1)

3. Subtraction gives Acp

&
cos Op

(p, cos 0) lab

48 / 53

A. Zupanc (KIT) D Mixing and Decay



D(t) — Ksmt channels

Measured AD —~Ks™ i bins of (pl2P, cosflab, cosO(DjE/IS)
(s)

;*;U, 02 Fhibro.5,1.0] Gevic F10.5,1.0] Gevie Fp70.5,1.0] Gevic
1 ,0Lfn c0s62°<0.15 £n cos6°[0.15,0.65] Fn cos8>0.65
b0
£ —t— ,—’—
-0.1f 3 3
-0.2k L L
E, 02 fyr10,20 Gevic [pr[1.0,2.0] GeVic [P[[1.0,2.0] GeVic
4
En cos8<0.15 En cose2°10.15,0.65] En cos6>0.65 D —Kent 0
g0t oot : : ARC=Ks™ — _(0.71 4 0.26)%
< op—— i E — + +
— —— D —Ksm 0
i i i A2 = (5.45+2.50)%
_ook b b
E 02 Fr0Gevic fpe>2.0 Gevic Fpe>2.0 Gevic
f 0.1 fn cos8<0.15 Fn cos8:°]0.15,0.65] Fn cos62°>0.65
+ o
D<U oF+— —— —+— L
-0.1f 3 3
_oak b b
-1-050 05 -1-050 05 1 -1-050 05 1
cMS
coseS! cosegM® cosegMs
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D(t) — KsK™* channels

Use D — ¢m" and D® — K~ 7" decays

L. Arec in DF — ¢ 2. Apec in D° — K™ 7
to correct for:

@ production asymmetry Arg N B

@ reconstruction asymmetry AKX
¥ cos 0},

cos 97)
3. Fill AK

(P €03 6) 1y,

(p, cos 0) lab

Method

In each (PP, cos*P, cos6}) bin

cos e]dh

— 7T
@ Measure AL e A 5+ AT
DK~ DO K
@ Measure A, ” = A+ AT + AC
Plab . N
in D* — Ksk* 5. AL KST

In each (p}2°, cosf2") bin

DO —K—xt Ds— ¢t
A AI’ESC

K

@ Obtain Al e
.%
—KsK™ AD(S) +AK+ +AD(5 —>K KT f
=}

COS B,

D
@ Measure A,eC
AD0—>K ot

© Obtain
DT —Kgmt
A o T corr.

Dt —Kgn
AK corr. rec
D Mixing and Decay

D‘ﬂK wl
A ° +AFB
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D(t) — KsK™* channels

Using (anti—)symmetric properties of Acp (Afg) in cosOSMS

ACP - E [AK corr(COSQCMS) + AK corr( CosegMS)]
1 "W M

AFB — 5 [A? corr(COSQBMS) A7£r) corr( COSQBMS)]
:é, 0.04 F ;im 0.04 F
X 0.02F + R 0.02f
+ 0 o O
0o of + 28 ot +
< —0.02% +77 < -0.02[ ++

-0.04F -o04p . .

Y ool v onf AR KK — _(0.16 + 0.58)%
EA N ¥ AD: =KsKT (012 + 0.36)?
Je e N & . °+++ cp (0 0.36)%

-0.021 O [L-0.02
<):LL—O.or +++ < -0.04F ++
~0.06F -0.06F

0 02 04 0608 1 0 02 04 06 Oc:?\/;s]
|coseS| |coseSMS|
s
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Systematics

Source Dt — Ksnt  Df — Ksnt DY — Kskt DI — Kgkt
D] — ¢m statistics 0.18 0.18 - -
+ pnt + pnt
APs = AP =™ binning 0.03 0.03 - N
M(K* K ™) window 0.03 0.03 - -
D] — ¢m statistics - - 0.18 0.18
bt —ont .
Arde binning - - 0.03 0.03
Ak~ M(KTK ™) window - - 0.03 0.03
€ D% — K~ =7 statistics - - 0.06 0.06
AK™ binning - - 0.04 0.04
0, x— ot
Possible A2, K™ - - 0.01 0.01
cosegivls binning - - 0.06 0.06
(s)
Fitting 0.04 0.27 0.12 0.05
K®/K%-material effects 0.06 0.06 0.06 0.06
Total 0.20 0.33 0.25 0.22

Table of systematic uncertainty in Acp (%).
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CPV in D}, — Ksh' decays: Results

©

Acp in Belle (%) Cleo (%)

HFAG WA (%)

A (%)

DT — Kgr™  —0.714+0.19+0.20  —1.3+0.740.3
Df — Kst™  +5.4542.50+0.33 +16.34+7.3+0.3
Dt — KsK* —0.16+0.584+0.25  —0.24+1.5+0.9
Df — KsK* +40.12+0.36+0.22  +4.7+1.840.9

—0.72£0.26
+6.5+25
—0.09 £0.63
+0.28 +£0.41

—0.332f
+0.332
—0.332
—0.3321

T Interference of CF and DCS amplitudes is neglected.

e Major source of systematics is due to h* reconstruction asymmetry
correction (limited sample sizes of D} — ¢7* and D — K—77)

e Scales with luminosity!
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