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What's the rare?

FCNC processes are very rare in SM being suppressed by absence of tree level
diagrams and by GIM mechanism;

FCNC in Charm are even more suppressed due to absence of high mass
down-type quark;

Many new physics scenarios can therefore contribute enhancing these processes
with new particles running in the loops or even at tree level

Some models predict enhancements in the up sector only

Lepton flavour, lepton number and baryon number violating decays are essentially
forbidden in the Standard Model

No theoretical uncertainties
However in some new physics models they can be allowed at sizeable levels
If not seen can put strong constraints on NP parameters
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FCNC In Chqrm

PRD66,(2002)014009
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Standard Model: e

e Short distance contributions heavily suppressed by GIM mechanism

B
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Dt XTete— — 2-10 BD()_}_,YEE;-I-E— ~ &-10

e SM rate dominated by long distance contribution due to D — XV — X1/~
where V' = ¢, p,w
e Long distance contribution are of non-perturbative nature giving large
theoretical errors
. okt 1 =6 e T ef1n=T
e Branching fractions at 107", but non-resonant part is at the level of 10
e Outside of the resonances (both low and high ¢*) there is still big room to
discover new physics contributions
[Phy=.Rev. D&6 (2002 014009]
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Flavour changing neutral currents: ¢ — uf™ ¢~ new physics
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Overview of cha
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FCNC of charm from BABAR

[Phys.Rev. D84 (2011 OT2006]
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e SM short distance contribution at 3 x 10~*

e Long distance contribution mainly due to Vector Meson Dominance. predicted

tO be [Phys.Rev. D66 (2002) 014009]
VMD o 4.0 10—58
B‘DG—*?‘“‘I = -3.5_2_5 - 10

e However ¢ — uy process can be enhanced up to 6-107°% (200 times the SM) level

in MSSM | puys.Lett. B500 (2001) 304-312]

s~ _ U
gJX.E
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DY — ~~ at BABAR

Fit procedure:

e Unbinned maximum likelihood fit to
Imvariant mass

e DY — ~~ signal: crystal ball and
bifurcated gaussian

e Combinatorial background: 2" order
Chebychev polynomial

o DY — 7970 background Crystal Ball
function

RESU]tS:[EAEAR submitted to Physical Revew D ]

Measured a D” — 79%x% branching fraction:

Bpo_,.0.0=(844014+03)-107%

For DY — ~~ found negative signal yield

N = —6 % 15 events leading to an upper limit:

Bpo_y,, <22-107°% at90%CL

which is constraints NP to at most 70 times

the SM.
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D" — ptpu~ decay: Standard Model

e Highly suppressed in the Standard Model.
Short distance contribution
(D° = pTp=) ~ 10718

e Dominated by long distance contribution
in particular from D” — ~~:
B(D = utp=) =27 x 107°B(D° = ~~)
[Phys.Rev. D66 (2002) 014009]
which gives an estimate:
B(D" — ptp~) =z 1074

e Using BaBar upper limit: papar 2011):
B(D" — v~) < 2.2x 107% at 90% C.L. one
could estimate an upper limit on this
contribution of B(D” — pTp™) <6 x 107

e D' — ¢te™ even more suppressed
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D—u*tu- at LHCb
e 0.9 fb~! of pp collisions at /s = 7 TeV were used

e An additional sample of 79 pb~?! for background studies

e Monte Carlo generated samples with full detector simulation | gon-conp-2012-0085]

_ . = T T ' T T T
Normalization: D™ — DD(—> ata )t 2 ol h
- - ™ m
vield extracted with an unbinned = i LHCb Preliminary
. . vy . < i
extended two-dimensional fit in mass and = = DOy ot
Am £ 50
o - T S R g 1]
© | —4§— Cbserved CLs i
= === Chserved CLs+b
L. B —$— Observed CLb B H it
L RN | Expected CLs - Median - 0 —
1850 1900
04 - —=_ N i) (MeV/c?)
LHCb Preliminary - N T ]
05 > 200 DY wtp LHCb P:ellmn'lar"_','r -
: = I L=0.9fb .
M~ 150 B 142 < Am < 149 —
----- = 5 100 _._“ _
0 =35 1 15 2 & £, -
B(D” — ) (x 10°) it 5 For
20 - ]
B(D® = utp) < 1.3 (1.1)-10~%  at 95 (00)%CL == Tor—Tog——
' mipp) (MeV/c?)

2012-10-23 Hai-Bo Li 11



LFV In charm decay

@ established for neutrinos
@ can enter charged sector
in loops

@ predicted rates
unmeasurable small

@ enhancement predicted in
many New Physics
models, e.g.

@ multi-Higgs extensions’
@ leptoquarks?
@ low scale seesaw models®

"Phys. Rev. D 44, 1461
2Z. Phys. C 61, 613
3Phys. Rev. D 73, 074011

2012-10-23
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LNV In charm mesons
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Limits on LNV In charm from BABAR

charm decays
Yield Eff. 90% CL j90% CL

I I T % " : by —4 —6"
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, , D* s a—ptet 51442420 172 7.4 2.0
and Flavour Violation D} s x—etet —57+14.4+34 684 1.8 1.1
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Phys. Rev. D 84, 072006 (2011)
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Sensitivities for rare charm decay at BESII|
and super-B

» Do XI*I- can be reached at 10-¢ at BESIII

» DO—l*I- and yy will be reached at 10-7 at BESIII

BESIII may reach contribution from long distance

Sensitivities will be improved by order of two (102 -10-°)
at Super-B factories, and models can be tested.

2012-10-23 Hai-Bo Li 16



Questions

e Can we measure D% »vv, or yvv ?
« Can we measure D ->K/nvv ?

2012-10-23 Hai-Bo Li
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D hadronic decays

D hadronic decay can occur through V

Cabibbo favored (CF),

Doubly Cabibbo suppressed( DCS) and
Singly Cabibbo suppressed (SCS) :

2012-10-23

Vid

CF:SCS:DCS =1: A: A2

A=tan(6c) = 0.2317

Oc is Cabibbo angle

Hai-Bo Li
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D tags
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Absolute branchmg fractlons

2N B & B. = I X{_.:'KE\':.Q_} i
n 8 S
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Npp 50 (1.031 + 0.008 = 0.013) X 10° 0.8 1.3 +0.1
B(D" — K~ 7*) (3.891 + 0.035 + 0.059 + 0.035)% 0.9 .8 -3.0
B(D® — K~ 7+ 7Y) (14.57 + 0.12 + 0.38 = 0.05)% 0.8 2.7 —1.1
BD =K 7 7w w) (8.30 + 0.07 = 0.19 + 0.07)% 0.9 2.4 —2.4
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201_—_—C A—— 21
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Typical branching fractions

CF:BR(D’ - K z%) =(3.89£0.05)% From PDG2012

SCS:BR(D’ - z*727)=(1.397£0.026) x 10"
DCS:BR(D’ > K*z7)=(1.48+£0.07)x10™"

0 + -
BR(D AL ) — (3.5940.07)% ~ A = 5.3%

BR(D’
0 0 + -
BR(DO oK) BRO K7 _(38+0.15)x107 ~ 4 =2.8x107
BR(D” - K™z") BR(D’ —K*z")

[t 1s interesting to access the relative phase (strong phase difference) between CF and

DCS decays: A . =AD’—>K'z), A, =AD’->K'z):

A .
Kz~ _ / )
/ 1(+7[—

~O(tan® 6,) = O(2)

Kz~
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Events/d MeaV

Ds—pnbar only mode to baryon pairs
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CLEO-c: Phys. Rev. Lett. 100, 181802 (2008}

2012-10-23

— 1 Chen, Cheng, Hsiao: Phys.Lett.B663:326-329,2008

mp, = 1.968 GeV , my, = 1.869 GeV
m,+m . = 1.878 GeV

s e w Br(Dy — pn) =(1.30+0.367 1) x107

—-0.16
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DO-D° mixing

1) Introduction and general definitions

2) Time-dependent measurements of D°—D° mixing

3) Measurements of D® mixing at charm threshold

2012-10-23 Hai-Bo Li
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| Introduction

D%and D ° can transform into each under weak interaction

Lt s

D? and D °can not be separated absolutely

D' — D°

2012-10-23 Hai-Bo Li
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® The D°-D° mixing occurs via loop diagrams involving intermediate

down-type quarks, it provides unique information about weak
Interaction

® Inthe standard model, the mixing amplitude is quite small
It is severely suppressed by the GIM mechanisms

A oc Z f(m;, m; )(VuchT)(Vuch?

i’j:dﬁsﬁb \

Loop-integration function

The b-quark contribution is highly suppressed by the

CKM factor
d S b A=0.22
u 1-22/2 A AX (p-in)
C Ve = ) 1-22/2 A +0(1Y)
t AV(1-p—-in) —AX 1

2012-10-23 Hai-Bo Li
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The CKM suppression factor

VoV |/ V2V, |= O(3x107)

us = CS

The b-quark contribution in the loop diagram can be
neglected

® Thus, the mixing in D° system involves only the first
two generations. CP violation is absent in both the
mixing and decay amplitudes, and therefore can be
neglected.

® The mixing amplitude vanishes in the limit of SU(3) flavor
symmetry , m¢=my, due to the GIM suppression.

® Mixing is only the effect of SU(3) breaking
Trixing ~ SiN° G x[SU (3) breaking]

2012-10-23 Hai-Bo Li 27



I The basic formulas

In general the neutral D meson exists as a mixture
state of D°and D°

ID)=a/D")+b|D")
Assume there is a neutral D state at t=0:
lw(0))=2(0) D°)+b(0)| D)

Then at any time t, the state evolves into

w(0) =a®| D) +b()|B°)+ ¢, (O] f,)+ ¢, )] f,)+ -

7

~ T~

Oscillation within States D decays into

neutral D state
2012-10-23 Hai-Bo Lj 28



If we only consider the oscillation within the neutral
D state, then we can consider the evolution of the
following state

D(t)) =a(t) D) +b(t) D°)

which can be written in the form of matrix product

- o)

b(t)

function of the neutral D meson state

then we can use (a(t)j to stand for the wave

2012-10-23 Hai-Bo Li
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The Shrodinger equation for the evolution of the
wave function Is

o) o0,
ot | b(t) b(t)
\ 2x2

H needs not be Hermite because D meson can
decay in the evolution

H=M-—-T Bl Lt g
> L _H+H" H-H:

AN 2\ +§

M+:M F+:F

2012-10-23 Hai-Bo Li 20



The matrix H expressed explicitly in term of the matrix
elements

( )

i i
|\/|11——F11 M12__F12
H = 2 :
2

|
le __le Mzz __Fzz

\ 2 J

The matrix elements are determined by the Hamiltonians
of strong, electromagnetic and weak interactions
H.,=H,+H., +H,

The magnitude of weak interaction is greatly smaller
than the strong and electromagnetic interaction

H,<<H +H_

total

2012-10-23 Hai-Bo Li 31



The eigen-equation

[ i
Mll__rll MIZ__Flz a a

2 2 _

i i F
M21_5r21 Mzz_zrzz b b

Solve the equation, one can get the eigenvalues and

eigenfunctions
1 [
Hi, = E[Mn +M,, _E(FU +1,)

+ (ém_iér)z +4(M12 _%Flz)(le _igrzl)]

L2 N
om=M, -M,, or=T,,-T,,
Theorems:

@ If CPT is conserved, then M;;=M,,, and /";=1",..

. I M.
@ If T is conserved, then _ 12— _"12

2012-10-23 Hai-Bo Li FlZ M 12 32




The real parts of 4, are masses m; and m, of
the two eigenstates

The imaginary parts are decay widths of the two
eigenstates: [, and I,

That is

|
M, =M, _Erl,z

2012-10-23 Hai-Bo Li
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If CPT iIs conserved:

i
Then wo=m ——T,

¥ M12_7F12
p and g satisfy the normalization condition

p*+q° =1

2012-10-23 Hai-Bo Li
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Il The mixing parameters

Two physical parameters that characterize the mixing are

L, Am _m,—m,
T r
AT T,-T,
Y=o T Tar

Where I'is the average decay widths of the two eigenstates
D, and D,

2012-10-23 Hai-Bo Li
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Short distance contributions to the D° mixing

Numerically, the box diagram contribution to the
mixing rate:

AmpP*~2.5%10""7 GeV

which leads to

X" ~1.6x107°

The bare quark loop contribution to Al is even further
suppressed by additional powers of m, / m.

Numerically, one finds

Y ~ few x10”

2012-10-23 Hai-Bo Li 36



Long distance contributions to the D® mixing

The small result of box diagram can be enhanced by
various long-distance effects, or by contributions of higher-
dimension operator in the OPE

Long-distance effects

e, KK, Kzz, Kzrzr, Krzrrr, etc.

H H

w W

b’ Q\Q b*

K(1460), n(1760), ~(1800), K(1830),---

2012-10-23 Hai-Bo Li 37



Long-distance contributions can severely enhance the
mixing parameters, although it is difficult to calculate them
accurately.

It is estimated that long-distance dynamics can
enhance the mixing parameters to be

X, y~10"-107"

J.F. Donoghue et.al, Phys. Rev. D33, 179 (1986)
E. Golowich, A.A. Petrov, Phys. Lett. B427, 172 (1998)

2012-10-23 Hai-Bo Li 38



Time-dependent results from B
factories : BABAR, Belle
CDF and DO

2012-10-23 Hai-Bo Li
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Selection of D% mesons

Am =m{D*}-m{D")
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@ Rt 3 E 5;."

2 8 ~_ (1) = 200m

102 d W02 (o) == 100
1:81 192 14 0415  0.16 I —
My, (GeVic) Am (GeV/c?)
X

Select D° D™ —=+D%1* decay:
=ee mesons via eea 3D flight path reconstruction
- charge of slow pion identifies the flavor of DP at production;

. L. P m po
, . . . proper time = ——
- exploit m(DP), D? reco invariant mass and Am=m(D")-m(D), D* P P

=D ; ; [—
-D" mass difference for bkg rejection : . . o
& Tel ' - D% vertex with beam spot (interaction region size)

Cut on DY momentum in center of mass frame, p>2.5-3.0 GeVi/c constraint applied. Determining decay time, f, and
rejects D° from B decays and combinatorial bkg. decay time error, or ,for each each event.

Typical resolution on proper-time. (o) ~0.57p = 0.2 ps
thanks to the excellent performance of the Silicon Vertex Tracker.
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Mixing analyses at the B factories
Note:

DD — B"‘"?l—_ "‘ E . study of the time dependence

See backup slides.

DD . _tT{+_Kr_ . 'J'T+'FT_ "" E lifetime ratiowrt D° — K—rt
D’ — oKY & e
DD — K7~ T"TD . \“ time-dependent Dalitz plot analysis
DD — KETWJF T ‘%"ﬁ"%\‘ E time-dependent Dalitz plot analysis
DD s I{g I{"‘ K~ "ﬁ:ﬁiﬁ time-dependent Dalitz plot analysis

DO — }f{*)h,f "‘ E fime-integrared analysis

Not covered in this talk

. : ) At B factories events are selected from
Legend: = mixing evidence > 3o . R
A e'e — cc anmhilations:

rd
= New == r P S
Zy = e result o(eTe” — cg) = 1.3 b
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Wrong sign D°— K*TT- decays
Remind: right sign-> Cabibbo-favord decays

e Wrong Sign (WS) final states from 2 sources: via double-Cabibbo-suppressed (DCS)
decays or via mixing followed by Cabibbo-favored (CF) decays.

Time evolution (|z| < 1, |y| < 1): DCS

N7 o - J2 2 ) DY
WS x e Tt Rp + ¢ \/R_D(Fﬂ + rry (Fﬂz
dt —_—— - 4 _ by ‘y

- " D
DCS Interference Ml)(lng
Rp = B(D" — I{Jr ™) ~3.10"3 . phase between DCS and CF decays not
B(D" — K—nt) " directly measurable at B Factories
v’ = xcosdkx+ vy :-;in{ﬁ ol Yy = —xsindgx + ycos i

Analysis of the proper time distribution of WS events permits extraction of
D? mixing parameters y’, x'?

2012-10-23 Hai-Bo Li 42



ke

\g WS time fit: evidence of mixing at 3.90

PRI 98:211802,2007 (384 fb'!)

Fitted signal

4030+ 88 M T o T 3 - |
1400E- a) i [ ] Mixing fit = -
L Randomn — - e — :
2 1200— =m5mml*nﬁ = 20— - B ?—Est fit
E 1000 Bl combinatorial  — - S
& goo— ce NO miing it 3 e e A
E = ; 3 210 =&3 .
& 800 3 ° [ e 2
Mo E D Fi; is incar?ﬁist‘en{-...u___h__ :
200 = - with no-mixing at 3.9c
o 505 _% _103— o mix-i-ltl-g
= - 2
% D— - | ! 1 /| 1 1 | 1
2 - . -0.5 0.0
i : E 2 ) 103
- ¥2/bin = 31/28 - x“110
2 A0 T 2 3 4
t(ps) Rp: (3.03 £ 0.16 £ 0.10) x 10-3
WS mixing fit projection in signal region 2. (. N N 5
1.843 GeV/c2<mp<1.883 GeV/c? x'%: (-0.22+0.30 £0.21) x 10
0.1445 GeV/c2<Am< 0.1465 GeV/c2 y: (9.7+4.4:3.1)x107

: o : —0
No evidence for CP violation fitting separately D and D
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Belle & CDF measurements

CDF:  ere 100:121802,2008 (1.5fb") Belle: PRL 96:151801,2006 (400 fb')
Fitted signal - Fitted signal
(127 £ 0.3)K S 50 | 4024 £ 88
* E -\"IIIII o £V fstarr, mnf'rz
L I||I S ""{".IH_' 4
11]:— L_“. — M ]
0~ quhﬁrﬁ"a.
SN
10 _ [ R
| | | -20 :_.f'i 95% CL contours
05 0 05 ] _
x? (109 0o 02 'u.gl 06 08
Mixing X x10
Experiment Rp(10~*) o (107%) 2™ (107*)  Signif. 2? = (0187021 x 103
CDF 3 04 +0.55 8.5 £ 7.6 —0.12 +£ 0.35 3.8
BABAR [8] 3.03 +£0.19 0.7 + 5.4 -0.22 £ 037 3.9 Ji =l o Tl
Belle [9] J{JL:EU.I; 0.6 735 018 T3 20
Evidence of mixing at 3.80 | ‘ No mixing point at 20

36
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HFAG 2012 averaged results

‘ CPV allowed E i u ;g
% 60_ ...................... ND CPV pDint' 2 Iy L jg
o 3
s
20}
of
=20
IE -40-
20
3o -0
.............. 40 :
B50 T TN VR SNTRTL ST RN /NN (INTHDT [ARENE) SN W
15 02 04 06 08 1 12 14 1.6 1.8
X (%) lg/pl
World average (mixing): World average (CPV): CPV in mixing
x = (0.63 + 0.19)% la/p| = (0.88 + 0.17)
y=(0.75 + 0.12)% é=(-10.3 £ 9.2)°

2 No-mixing excluded at > 10 o; no CPV consistent within 1 o.
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Three types of CP violation in meson

. in the decay (direct): [(fHD ) =4y (fIHID") = Afj

f=Krn, KK,nr,etc.

Alei51 Al*ei51
-
D’ ol £ 5 ; — CPV
Azel52 A;el§2

2. in mixing (indirect):

3. in the interference between mixing and decay (indirect):

)\f:qfl‘f:?‘m‘flf Ei({sf'{"iﬂ_f) — CPV
p Ay Ay

©f = ¥ if no weak phase in the decay amplitude
strong phase ka phase ( P y amp )

2012-10-2: . . .
5 weak amplitudes with phase difference 4




Direct CP violation

In SM Direct CPV only for Im [Vch MV ] . P . P
Singly Cabibbo suppressed ACpP = uz > 22 sin Opr — 5 A’nA*sin Opr — <10 :
decays. A T T

Standard Model Contribution A, ~ 103
New Physics up to ~1%

If CP~1% observed:is it NP or hadronic
enhancement of SM? Strategy: analyze
many channels to elucidate source of CPV.

1) Consider D® — -
(same for K"K~ K'Knt*, ¢, K*K
KK wtnnt, ntnnf, etc...)

Since this decay 1s

¢
D°_ St Cois
u Suppressed. . . . CP asymmetry:
f _ (D—=f)—-T(D—f) _ _f f f
Ace = To=n+roon ~ 2 tan t2a
...we can modify
oC " - _
D _ 1t’s topology in Experimentally observed as
u a simple way to o
get a penguin. Af N(D—f)—N(D—f)
CP ™ N(D—f)+N(D—¥)
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Direct CP violation: example results from Belle

* Reconstruction systematics well understood at Belle; have allowed
a rich program of mode-specific A, measurements:

Mode L [fb~7] Acp [%] Reference

D" — K9z 791 —0.28+0.19+0.10 PRL 106, 211801 (2011)
D% — Kﬁ;; 791 +0.54 +£0.51+0.16 PRL 106, 211801 (2011)
D% — Kgr}’ 791 +0.98 +0.67 +0.14 PRL 106, 211801 (2011)
540 +0.43+£0.524+0.12 PLB 670, 190 (2008)

B 2 540 —0.434+0.304+0.11 PLB 670, 190 (2008)
D° - wtn— 70 532 4+0.43+1.30 PLB 662, 102 (2008)

D% - K+n— 70 281 —0.6 +5.3 PRL 95, 231801 (2005)
D° » Ktn—ntm— 281 ~1.8 +44 PRL 95, 231801 (2005)
D — ¢r™ 955 +0.51+0.28 £ 0.05 PRL 108, 071801 (2012)
Dt — gt 791 +1.74+1.134+0.19 PRL 107, 221801 (2011)
Dt — 'zt 791 —0.124+1.124+0.17 PRL 107, 221801 (2011)
Dt — Kt 673 —0.714+0.194+0.20 PRL 104, 181602 (2010)
Dt — K§K+ 673 —0.16 £ 0.58 £ 0.25 PRL 104, 181602 (2010)
DF — K%fr 673 +545+250+0.33 PRL 104, 181602 (2010)
D — KoK+ 673 +0.12+0.36 £ 0.22 PRL 104, 181602 (2010)
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Direct CP violation: prospect at Belle-I|

* Bellell can reach < 0.1% uncertainty on A, tor a variety of modes...

Mode L [fb~1] Acp (%] Belle Il with 50 ab=! [%]

DY — KOx 701 —0.28+0.19+0.10 1+0.05
DO _s K3 0 791 10.54+0.51+0.16 +0.10
D° — Kg;;’ 791 +0.98 +0.67 +0.14 4+0.10
DO 5 o 540 10.434+0.52+0.12 10.07
0, KtK-— 540 —0.434+0.30+0.11 +0.05
I}%D s a0 532 10.43+1.30
D 5 Ktn—x0 281 —0.6 +£5.3
D 5 Ktor—mtmn— 281 —1.8 +4.4
DY S onT 055 1051 +028+0.05 10.05
D+ — prt 791 11.744+1.134+0.19 +0.20
Dt — y'nt 791 —0.124+1.12+0.17 +0.20
Dt — Kort 673 —0.714+0.19+0.20 1+0.05
Dt — K§K+ 673 —0.16 £ 0.58 & 0.25 +0.10
Df = K%ﬂ 673 15.45+ 250+ 0.33 1+0.30
DI — KK+ 673 1+0.12 4+ 0.36 = 0.22 +0.10

Modes well suited to measurement at Super B factories.

*Systematics related to control sample statistics are assumed to scale with luminosity.
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Direct CP violation in D—nttn. KTK-
AA., = Agp(D® - K*K™) — A, (D° - ntm) (KA

LHCb -082+021+0.11 PRL2012 <o | " e ]
CDF  —0.62+021+010 cham2012 | o
BaBar (see below) PRD2011 == +T*++|r
Belle -0.87+041+0.06 ICHEP2012 t
WA —0.678 + 0.147 (>40) HFAG2012 L il
_ _ | Foam T LHCh
Is this a sign of New Physics? Phys.Rev.Lett. 108 (2012) 111602
Individual Acp are not significant Need to search
Ay(D? — K*K7) [%]  Ay(D" — mitm™) [%] for Acp in
CDF -024+022+0.09  +0.22+024+0.11 other modes
BaBar  0.00+0.34 +0.13 —0.24 +0.52 +0.22
Belle  —-032+021+0.09  +0.55+0.36 +0.09
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Direct CP on D*—>K_ 7t*

e Two sources of CPVin DT — Ksn*

> Interference btw CF(D~

CF

C

D'

d

- CP violation in K system: 4

AC D'—)—.-‘(E,'.'+ —
P

Belle
BaBar
CLEO
FOCUS
WA

d

INC2

DCS

> K 7)-T(D" > K]77) .

= (~0.332 £ 0.006)%

]

LAk
I(0° - Kx)-T(D” - Kz) & g5

(—0.363 £ 0.094 + 0.067)%

(—0.44 + 0.13 + 0.10)%
(=13 + 0.7 + 0.3)%
(=1.6 + 1.5 + 0.9)%
(—0.41 + 0.09)%

>4 non-zero CPYV, but fully
consistent with Kg asymmetry,

and intrinsic charm asymmetry
Is consistent with zero

.1ai-Bo Li

arxiv.1203.6409

d_TE

“" E[Belle arxiv:1203.6400]
; 0
ﬁ“ 0__0.005 Wﬁ
o O C
< 0.01F
-DD|5: ] ] ] ] ] ]
0F
C
o 001
002 E —
< o002
003 F ——
_0_[]4E;| L1 |G_|5| [ !
lcosB |

— Ko+ ) and DCS(D* — KOr*) modes: 4¢




Mixing and CP violation at threshold
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The Lure of Phases

Interference is fascinating, but not new: classical waves interfere...
We may be surprised that it happens for “particles”,
that's the core of the surprise of wave-particle duality.

“Wave mechanics” is made simpler with complex notation:

DeMoivre: (cosx+isinx )" = cosnx +isinnx

Interference is always the key to accessing phases !
For us, the key quantum effects are:

EPR-like correlations of D meson pairs

Multiple amplitudes (diagrams) for a given final state.

2012-10-23 Hai-Bo Li
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Euler: e = cosx+isinx — ¥
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http://en.wikipedia.org/wiki/File:Abraham_de_moivre.jpg

Phases everywhere

Phases in time evolution: et (e™ in rest frame)

These are relevant to DY oscillations, due to mass difference

Relative phases of components of multi-body decays ( Dalitz plots ),
phases in BW as energy varies: (unstable:m —-m-iI'/2)

Lifetime (complex mass) in time dep. --> transformed to E-dependence
Dramatic interference patterns when resonance bands cross

“Discrete phases”: +,— eigenvalues of C, P and CP:
Lead to dramatic effects at the w(3770)

CKM (weak) phases:
One clear source of CP violation in SM

Strong Final-state Interaction (FSI) Phases:
Interact with weak phases to give direct CP violation
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The decay rate of a correlated state

For a physical process producing D° D° such as

Liad " -
D e'e” >y —> DD’

! ’
;4 7
/o,
',

The D°D° pair will be a quantum-

© o —’<— o€ correlated state
Q The quantum number of ' is J PC _1—
DO

The C number of D° DO pair in this
processis C = —

For a correlated state with C = —

1 o\[=0\ |0\ ~o >
v =L (o)5")-{o)o) :
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Measure D® mixing and quantum correlation

50
+ ragt + __F + _F ’
e'e »>w3770)>D'D" > (K 7" )(K*7x™)
_ _ " e e @€
(K" ) (K*7™) ® ®
IS in P wave and C odd since
y(3770) is 1— state; Q
Bose-Einstein statistics does not allow DO

both D%decay into identical final states.
However if mixing happened:
(Dy is not identical to D))

e'e” > (3770) > DD = (K*z™), (K*z™),

One can look at D mixing by using the correlation in the threshold.
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DO Mixing @ w(3770)

There’s a very nice well-known D® mixing signature at 3770
>> No DCSD: cancels with these correlated D pairs
>> Like-sign (K—n*)(K-t*) (+ c.c.) are pure mixing !

But it’'s HARD In practice :

#Hevents = Npp B2 g2 (X2 + y2)
Npp = 3.7 x 106 /fb-! B.2 = 15x103
el =04 (x¢+y?) = 1x10*

Result: #events = 0.2/ fb1

The only number we have control over is the efficiency, ¢ .,
But PID needs to be tight, to avoid background from K =
swaps ...
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CP Violation at y(3770)

CP violating asymmetries can be measured by
searching for events with two CP odd or two CP
even final states:

2012-10-23

-, KK, 0 0 Ksn?,
for the decay of y" — f 1,

CP( f, f,) = CP( f)-CP( f,)-(~1)" =
CP(y") =+

At BESIII, A.p sensitivity : AA ~103
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Access strong phase at threshold

If CP violation in charm is neglected: mass eigenstates = CP eigenstates

%)z [2°))

‘DC‘P i>=%L

V2 A\D,. > K77 )=A(D° > K 7" )+ A[D° > K77

CP=

CP tag at threshold .

Kg—__ ‘,,A.f‘%. r 5
CPp ( " A(D° 5K x7)
Eigenstate (-) 1 " D CP (+) —> fl f-_] <K_7z-+ 50>DCS
‘ | | =1, e %
w(3770)L=1 C=-1 Koy

CP anti-correlated
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Quantum Correlation Analysis

PRD 78, 012001
PRL100, 221801

281 pb-' (2008) e
5000 — K~ won b KT 1200 d
Familiar hadronic tags: m o ok
[ shown at right ] :: . :ﬂ
Approximate flavor tags m toeo za
CP tags (both signs) ' 1430
Hadronic tags with K : ol

Can also do, given the
Kinematic constraints
Adds more CP tags

Events/1.0 MeV/c?

183 184 185 185 187 188 189

Notice how

Semileptonic tags: : clean even
Exact flavor tag : “F SCS modes
Good for certain parameters = fustdognd —Swia | = can be!

M (GeV/c?)
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Quantum Correlation Analysis

Correlated D pairs are produced at the v (3770): CLEO-c Results

Produces a C = -1 initial state. vs. theory
~ B QC Pred. (r=0.06, cosii=1, no mixing) Il Data 350308011
Forbidden by CP+ CP+ 4 CP+/CP4+
CP conservation cCP- Cp- l . 1
Maximal enhancement | CP+ CP- ‘ | | C P_{C P-
Forbidden if no mixing | K-m* K-m* >- N'CelY < CRELIGE i
Interference of Knt CP: CO nflrmed! B f{n.,,.., .
CF with DCS (gives cos®) | cp+ K-+ l = K-n+/K-m*
i » s . 3 . s
CP+ e K-m*/K*x-
Single Tags Unaffected | K" X : T L 1
SL 1+2roosd+y Kt/CP+
\ | : i | | r, . |
1—2rcosé— - L
Useful reference \ o o gl
0 1 2
Avg (Yield/No-QC prediction)

Key variables:
X,y . familiar DO mixing variables _ <K_7Z'+
M. - Wrong-to-right sign amplitude ratio [A(D°® — K*x) / A(D? — K*mr)|

50>DCS
0y, - strong Kn FSI phase (whichrotates x,y to Xx.y') . K-t DO CF
This is the -phase of the previous amplitude ration 74
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CLEO-c QCA: Modes Used

= Single tags for all fully-
reconstructed modes except
Ko,

* Double tags for almost all
combinations of modes.
Like-sign and opposite-sign.
At most one missing
particle (K% or v).

= Except for Kev vs. K% n®
(2 missing particles).

- [261 yield measurements

Ko from PRD 80,
032002 (2009)

2012-10-23

~1400 KO m vs. Ku

-3000 - sindy,
CP-tagged Km
17 » COSOk, —l
ELad"ri’;:i‘: CP+ CP-  Semilep Mixed
K- KK+ KOm® K-e'v  Komm (bin 0)
K o K%n Kev Ko (bin 1)
A Ko mOn® K%w Kprv Ko (bin 2)
KO, m0 KO, mom? Kuv Ko (bin 3)
K%n Ko n (bin 4)
K% w New in update Komm (bin 5)
0 Ko (bin 6)
]\ ~3500 j Ko (bin 7)
— CP-tagged Klv
Sy
~30 WS Klv vs. Ku
- —> M2
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CLEO-c QCA: Results

Fit has 51 parameters :

Npp + 21 BFs
24 amplitudes & phases for Kqn'm

5 Kt and mixing parameters
(see table below)

Two distinct fits:
without external input
with external y, x, y' [ 2010 HFAG ave.]

Previous: PDG,

Stat.errorsony & r,_cosd,_ :
3x better than 2008 analysis !

First direct measurements
2 -
of r 4, sind,_

Systematics: still preliminary

Parameter HFAG. or CLEO Fit: no ext. meas. Fit: with ext. y, x, ¥’
y (102) 0.79 + 0.13 3.0£2.0+1.2 0.635:+0.118  Average of y and
X2 (103 0.037 + 0.024 1.5+2.0+0.9 0.022 : 0.017 [[ERREEREEREE
(now limited by sindy,)
e (1073) 3.32 £ 0.08 4.12 + 0.92 + 0.23 3.32 + 0.08
cosdy, 1.10 £ 0.36 0.98 +0-27 , ., + 0.08 1.15+0.16 £ 0.12
sindy, -0.04 + 0.49 + 0.08  0.55 *0-36 ., + 0.08
S, () [derived] 22 0+22+6 15+ .37
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Oo/y extraction

N _ —0
BT — DUK B — D K~ <B — DK >
e "  w.p  <B-— DK
I . o ,i'; 1 Ly ! . D"

L]

— I'Ig(":{rj” 7

b € B W i

3 DY e e 0p
. : x /rfDKN*

» Sensitivity through interference between B T(T)) K

b—u and b—c transitions i( B51)
, — RN
+ Require D° and D° decay to a common D K
final state, f(D):
Ko.hh : K= ; Ko ; K r, & O, analogous to B-decay quantities.
) For multibody decays, these

« Comparison of B-and B* rates allow vary over Dalitz space

to be extracted
« But other parameters to be considered
*in particular o, — accessed in quantum-correlated D-decays
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Status of direct determination of y/¢;

ﬂ-T T T T ¥ T T T T T T | T T T T T T ¥ T T T
r T |
7 | :
08 B ! CHEF 10
7 3
i '] =
05 7 8in2p -
t Y g, i s 2l < 0 -
0.4 :_—E ..._.I
= [ a4 o ]
03 =
] T -
: ] 2
02 — o
E =
0.1 E —
- Y p g
u‘n 1 |':I 1 I L 1 1 i 'l I A 'l 1 I 1 1 L I A 1 L I 1 i -
0.4 «0.2 0.0 0.2 0.4 0.6 0.8 1.0

P
v1s the least well determined angle of the unitarity triangle
with an uncertainty of ~20° from direct measurements

] G|3= 1CI

2012-10-23 Hai-Bo Li 66



CP-tagged D-decays: the essential idea

Dalitz plots of CP-tagged decays at the W(3770) provide additional info to
flavour tagged events

Sensitivity to the cosine of strong phase difference between the D° & D° (cosd)

D* _, DO 1t __— D.~K'K" eg.CP+
Lle.' }D;;_Db
T~ po YKsTrtm- T DpoKemrtmre
L ul e 4 EpTan—
o o i - C
Flavour tagged ==} * 0 T “r % D
. . . ': [ D E-; al = CP' ﬂ 2 -n 2 +
distribution o ¢ %} 4 2 ! D% + |D°? %
. bl 1'5__ E 15: - -~
|D°]2 or D92 E b t L \ 2 |D°||D°| cosd
0.5 | L % M- :
- simulated data 5|rnutatec| data
m?2 {Km*}xf‘e‘aﬁ mE(Ksﬂ*) Ge\?

In a Dalitz-plot bin combinations of flavour & CP-tagged data give access
to coso

In addition, quantum-correlations allow other hadronic decays to be used
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CP-tagged D°—K_ n*mDalitz plots

Clear differences seen between CP-odd and CP-even:

CLEO-c, PRD 80 (2009) 032002

MEKE )

K; m - ws, CF-even Tags

:AE 3 .. CP+tag

MA(KE)

Kt n~ vs. CP-odd TEQS

3:‘-'. CP- tag
.L:“ LI
E T
i ';_,, “':'ﬂ_‘rl ’ _
HRHA L ey
ﬁ?':‘ rr‘:‘.

WE(KE )

Events/0.05 Galy*

Events/0.05 Gel?

iof

=
L=
—T T

20f

IQI - ws, CP-even Tags

e

1 1.5

M)

Kin'z-vs. CP-odd Tags

2012-10-23

Hai-Bo Li
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First CLEO-c results and y/¢5 Impact

R. Briere et al., PRD 80 (2009) 032002

(model = BABAR PRL 95 (20035) 121802 )

Projected uncertainty on ~ arising
from uncertainty on ¢, & s;is 1.7°:

o _.f]

Maan 6054
AME 1.EE

—
I

sin 0 (s;)
Frr
.

" +

2012-10-23

/\V s

Entriea/2
s @
= a
= =]
—_—

i)
50 55 a0 EG o 75

« Smaller than model error
» Plus experimental in origin -

dominated by finite CLEO-c
statistics

Downside - binning leads to

~20% loss in o, relative to
unbinned approach
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Selected Theory References

Quantum Correlations

Goldhaber & Rosner, Phys. Rev. D15, 1254 (1977)

Gronau, Grossman & Rosner, Phys.Lett. B508, 37 (2001)

Asner & Sun, Phys. Rev. D73, 034024 (2006); E: ibid, D77, 0199201 (2008)

Attn. PDG: Kg = 1/2 of K° or K%2"
Bigi & Yamamoto Phys. Lett. B349, 363 (1995)

Coherence Factors
Atwood & Soni, Phys. Rev. D68, 033003 (2003)

B physics: CKM gamma with “DK” modes
Gronau & London, Phys. Lett. B253, 483 (1991) “GLW”: SCS CP-eigenstates
Gronau & Wyler, Phys. Lett. B265, 172 (1991)

Atwood, Dunetz & Soni, Phys. Rev. Lett. 78, 3257 (1997) “ADS”: CF + DCSD
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Charm at Super-flavor factories

Machine CMS Mode Polarization Lumi.
project Energy of e-beam (cm2s7)
(GeV) >80% for t
Super c-t 3.0+4.5 Symmetric | Yes 1+210%

BINP (Russia)

SuperKEKB 10.58 Asymmetric | No 2-+8 10
(Japan)

SuperB- 10.58 Asymmetric | Yes 1-+-4 1036
Roma 4.0 1103

500-1000 fb-1/year at y(3770) from Super-B-Roma

500--1000 times larger data than the designed Lumi. @BEPCII

Marcello A. Giorgi @ICHEP2010
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Summary

Theoretical uncertainties are large due to long-distance contribution to rare charm
FCNC and neutral D mixing ;

New Physics searches in rare and forbidden charm decays have become
considerably more sensitive;

CPV at percent level may indicate New Physics;

We expect to get more from experimental side:
» measurements of as many CP asymmetries as possible;
» LHC will soon play leading role in charm mixing and CPV measurements;
» measurements at the charm threshold as pioneered by CLEO-c
are needed to determine strong phases and coherence factors;
» Super-B factory will settle down the charm mixing and see observable CPV
effects in many decay modes.

Global fit to those observables will improve development of theoretical tools in
charm .

2012-10-23 Hai-Bo Li 73



	Lecture 2�Rare and forbidden charm decays�Neutral D mixing and CP violation
	Rare & forbidden charm decays
	What’s the rare?
	FCNC in Charm
	幻灯片编号 5
	Overview of charm rare decays
	幻灯片编号 7
	幻灯片编号 8
	幻灯片编号 9
	幻灯片编号 10
	D0+ at LHCb
	LFV in charm decay
	Overview of LFV in charm
	LNV in charm mesons
	Limits on LNV in charm from BABAR
	Sensitivities for rare charm decay at BESIII�and super-B
	Questions
	Charm hadronic decays
	D hadronic decays 
	D  tags 
	Absolute branching fractions 
	Typical branching fractions
	Dspnbar only mode to baryon pairs
	D0-D0 mixing
	幻灯片编号 25
	幻灯片编号 26
	幻灯片编号 27
	幻灯片编号 28
	幻灯片编号 29
	幻灯片编号 30
	幻灯片编号 31
	幻灯片编号 32
	幻灯片编号 33
	幻灯片编号 34
	幻灯片编号 35
	幻灯片编号 36
	幻灯片编号 37
	幻灯片编号 38
	Time-dependent results from B factories : BABAR, Belle� CDF and D0
	幻灯片编号 40
	幻灯片编号 41
	幻灯片编号 42
	幻灯片编号 43
	幻灯片编号 44
	HFAG 2012 averaged results
	CP violation in charm
	Three types of CP violation in meson
	Direct CP violation
	幻灯片编号 49
	幻灯片编号 50
	Direct CP violation in D0+-, K+K-
	Direct CP on D+Ks+
	Mixing and CP violation at threshold
	The Lure of Phases
	Phases everywhere
	幻灯片编号 56
	Measure D0 mixing  and quantum correlation 
	D0 Mixing @ (3770)
	CP Violation at (3770)
	Access strong phase at threshold 
	Quantum Correlation Analysis
	Quantum Correlation Analysis
	CLEO-c QCA: Modes Used
	CLEO-c QCA: Results
	3/ extraction
	Status of direct determination of /3
	CP-tagged D-decays: the essential idea
	CP-tagged D0Ks+-Dalitz plots
	First CLEO-c results and /3 impact
	幻灯片编号 70
	Charm at Super-flavor factories
	幻灯片编号 72
	Summary

