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Charm	
  Decays	
  
and	
  

Quantum	
  Coherence

Hadronic	
  Decays
i.e.	
  BFs	
  of	
  D(s)	
  decays	
  (oBen,	
  
important	
  inputs	
  in	
  B	
  decays).
Charm	
  produc<ons	
  in	
  con<nuum	
  
(i.e.,	
  ψ(3770)➝DDH	
  line	
  shape).

(semi-­‐)	
  Leptonic	
  Decays
Extrac<ons	
  of	
  |Vcx|,
and	
  decay	
  constants.

Rare/Forbidden	
  Decays
Not	
  supposed	
  to	
  see	
  them
according	
  to	
  the	
  SM.
Then	
  look	
  for	
  them,	
  just	
  in	
  case!

There	
  are	
  (too)	
  many	
  interes<ng	
  topics
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Rare/Forbidden	
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Not	
  supposed	
  to	
  see	
  them
according	
  to	
  the	
  SM.
Then	
  look	
  for	
  them,	
  just	
  in	
  case!

Use	
  the	
  quantum-­‐correlated	
  Charm	
  mesons
-­‐	
  usually	
  produced	
  at	
  mass	
  threshold	
  →	
  relevant	
  experiments:	
  CLEO-­‐c/BESIII.
-­‐	
  can	
  extract	
  DDH	
  mixing	
  parameters.
-­‐	
  can	
  also	
  help	
  the	
  γ/φ3	
  measurement	
  (i.e.,	
  via	
  the	
  GGSZ	
  method).

There	
  are	
  (too)	
  many	
  interes<ng	
  topics
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  quantum-­‐correlated	
  Charm	
  mesons
-­‐	
  usually	
  produced	
  at	
  mass	
  threshold	
  →	
  relevant	
  experiments:	
  CLEO-­‐c/BESIII.
-­‐	
  can	
  extract	
  DDH	
  mixing	
  parameters.
-­‐	
  can	
  also	
  help	
  the	
  γ/φ3	
  measurement	
  (i.e.,	
  via	
  the	
  GGSZ	
  method).

I	
  will	
  briefly	
  go	
  through	
  some	
  of	
  the	
  recent	
  
experimental	
  results	
  in	
  these	
  three	
  topics	
  today

There	
  are	
  (too)	
  many	
  interes<ng	
  topics
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Outline
1.Rare/Forbidden	
  searches	
  
-­‐	
  Experimental	
  limits	
  are	
  star;ng	
  to	
  reach	
  BF~10-­‐9	
  and
	
  	
  	
  star;ng	
  to	
  overlap	
  some	
  non-­‐SM	
  predic;ons.
-­‐	
  Will	
  go	
  through	
  two	
  recent	
  results	
  on	
  FCNC	
  transi;ons.

2.Leptonic	
  and	
  semi-­‐leptonic	
  decays.
-	
  Access	
  to	
  CKM	
  matrix	
  elements,	
  Vcd(s).
-	
  Will	
  go	
  through	
  recent	
  results	
  on	
  D0	
  and	
  D+	
  decays.

3.Quantum-­‐Correlated	
  Charm	
  analyses
-­‐	
  Provide	
  access	
  to	
  the	
  mixing	
  parameters.
-­‐	
  can	
  also	
  contribute	
  the	
  γ/φ3	
  measurement.
-­‐	
  Will	
  go	
  through	
  the	
  recent	
  measurements	
  of	
  
	
  	
  	
  δKπ,	
  ycp,	
  as	
  well	
  as	
  the	
  ci	
  and	
  si.



                           PIC 2014   SEP/2014Hajime Muramatsu    U of Minnesota

All	
  results	
  are	
  from
Modern	
  Heavy	
  Flavor	
  Factories
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Why	
  Rare	
  Charm	
  Decay?
• Charm	
  is	
  unique.
FCNC	
  transi;ons	
  are	
  highly	
  suppressed	
  in	
  the	
  SM.
– 	
  mediated	
  by	
  the	
  lighter	
  down-­‐quark	
  sector.
– 	
  more	
  effec;ve	
  GIM	
  suppression	
  here	
  than	
  in	
  B	
  decays.

• That	
  is,	
  the	
  “SM	
  noise”	
  is	
  much	
  lower	
  in	
  Charm!
(non-­‐existent	
  at	
  current	
  experimental	
  limits)
Of	
  course,	
  this	
  does	
  not	
  mean	
  the	
  signature	
  of
new	
  Physics	
  (NP)	
  is	
  larger	
  in	
  Charm,	
  however.

• Observing	
  or	
  even	
  NOT	
  observing	
  rare	
  decays	
  help	
  to	
  
constrain	
  effects	
  from	
  NP.

8



1. Short distance contributions cū\l¿lÀ

The short distance !O("s) corrected# transition amplitude
is given by !14#

BD0l!l"
(s.d.) !

GF
2MW

2 f Dml

$2 F , %50&

where

F# '
i#d ,s ,b

VuiVci*"xi2 !
"s

4$
xi•# ln2xi! 4!$2

3 $ % , %51&

with xi#mi
2/MW

2 . The amplitude AD0l!l" vanishes due to
the equations of motion. The explicit dependence on lepton
mass in the decay amplitude overwhelmingly favors the
(!(" final state over that of e!e". Upon employing the
quark mass values md!0.01 GeV, ms!0.12 GeV, mb
!5.1 GeV, the Wolfenstein CKM parameters )!0.22, A
!0.82, *!0.21, +!0.35 and the decay constant f D
!0.2 GeV, we obtain the branching fraction BrD0→(!("

s .d .

!10"18.

2. Long distance contributions to D0\l¿lÀ

In the following, we consider two long distance unitarity
contributions %cf. Fig. 8& which lead to D0→l!l" transi-
tions. In each case, the decay amplitude is dependent on the
lepton mass, and thus we shall provide numerical branching
ratios only for the case D0→(!(".
a. Single-particle unitarity contribution. The single-

particle ‘‘weak-mixing’’ contribution to D0→l!l" can be
estimated in a manner like that considered for the D0→,,
transition !cf. Eq. %38&#. For definiteness, we consider the
D0→l!l" parity-conserving amplitude BD0l!l" !see Eq.
%48&#,

BD0l!l"
(mix) #'

Pn
-Pn&H wk

(p.c.)&D0.
1

MD
2 "MPn

2
BPnl

!l", %52&

and we write BD0l!l"
(mix) #BD0l!l"

(gnd) !BD0l!l"
(res) for the ground

state ($0,+ ,+!) and resonance contributions.
There is little known regarding the Pn(

!(" (Pn
#$0,+ ,+!) vertices. In the following, we assume these
quantities have the same flavor structure as the correspond-

ing Pn,, vertices described earlier,4 and obtain the overall
Pn(

!(" normalization from the measured +→(!("

mode. From this we predict for the +!(960)→(!(" mode
a branching ratio Br+!(!("!5.6$10"7, well below the cur-
rent bound Br+!(!("%10"4. The ground state contribution
is then

BD0l!l"
(gnd) #"

GFa2 f DBP(!("

!2 " /d
!2

M$
2

MD
2 "M$

2

!
2/s"/d

3!2
M+
2

MD
2 "M+

2

$%cos20"2!2sin 0 cos 0&

!
2/s"/d

3!2
M+!

2

MD
2 "M+!

2

$%sin20!2!2sin 0 cos 0&% , %53&

with BP(!("#3.47$10"5. This leads to the branching ratio

BrD0→l!l"
(gnd) !2.5$10"18. %54&

There can also, in principle, be intermediate state contri-
butions from JP#0& neutral resonances 1R02. Using the
D0-to-R0 mixing amplitude already obtained in Eq. %42& and
again identifying the resonance R0 as $(1800), we find

BrD0→l!l"
„$(1800)… !1.8$10"3 3$(1800)l!l"

M$(1800)

#1.8$10"3Br$(1800)→l!l". %55&

Upon assuming Br$(1800)→l!l"#10"12 as our default
branching ratio, we obtain

BrD0→l!l"
($(1800)) !5.0$10"17Br$(1800)→l!l"

10"12 . %56&

Although possibly enhanced relative to the light-meson pole
contributions, the result is still unmeasureably small.
b. The two-photon unitarity contribution. In the KL

→e!e" transition, the two-photon intermediate state is
known to play an important role. Let us therefore consider
the contribution of this intermediate state for D0→l!l",

4This ensures that our expression will vanish in the limit of SU%3&
flavor symmetry.

FIG. 8. Unitarity contributions: %a& One-particle. %b& Two-
particle ,, .
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Figure 4: (a) Invariant mass di↵erence �m
µ

+
µ

� , with m
µ

+
µ

� in the range 1820�1885 MeV/c2

and (b) invariant mass m
µ

+
µ

� , with �m
µ

+
µ

� in the range 144�147 MeV/c2 for
D⇤+ ! D0(µ+µ�)⇡+ candidates. The projections of the two-dimensional unbinned extended
maximum likelihood fit are overlaid. The curves represent the total distribution (solid black),
the D⇤+ ! D0(⇡+⇡�)⇡+ (dashed red), the combinatorial background (dashed yellow), the
D⇤+ ! D0(K�⇡+)⇡+ (dash-dotted blue), the D⇤+ ! D0(⇡�µ+⌫

µ

)⇡+ (dash-dotted purple) and
the signal D⇤+ ! D0(µ+µ�)⇡+ (solid green) contribution.

To test the dependence of the result on the knowledge of the double misidentification
probability, the uncertainty is doubled in the fit input; B(D0 ! µ+µ�) is consistent with
the baseline result.

In addition, the robustness of the result is checked by artificially increasing the value
of the kaon to muon misidentification as determined from data in Section 5 up to 200%
of its measured value, and the fitted branching fraction still remains consistent with no

12
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D0	
  ➝	
  μ+μ-­‐

9

• 	
  Expect	
  small	
  short	
  distance	
  contribu;on:B(D0➝	
  μ+μ-­‐)	
  ~10-­‐18.
• The	
  long	
  distance	
  might	
  be	
  dominated	
  by
the	
  two	
  photon	
  intermediate	
  state;
B(D0➝	
  μ+μ-­‐)	
  ~	
  2.7×10-­‐5×B(D0➝γγ)	
  (PRD66,	
  014009	
  (2002)).
If	
  we	
  take	
  B(D0➝γγ)	
  <	
  2.2×10-­‐6	
  @90%	
  C.L.	
  (PRD85,	
  091107	
  
(2012)),	
  then	
  B(D0➝	
  μ+μ-­‐)	
  <	
  ~	
  6×10-­‐11.

• LHCb	
  (PLB725,	
  15	
  (2013)
– B(D0➝	
  μ+μ-­‐)	
  <	
  6.2×10-­‐9	
  @	
  90%	
  C.L.
– S;ll	
  some	
  room	
  to	
  reach	
  the	
  predic;on
– Some	
  BSM	
  predict	
  BF	
  ~	
  10-­‐10
(R-­‐parity	
  viola<on,PRD66,	
  014009	
  (2002);
Warped	
  extra	
  dimensions,	
  PRD90,	
  014035	
  (2014))

• More	
  data	
  at	
  LHCb	
  would	
  be	
  very	
  interes;ng!

Total	
  fit
D*+	
  ➝	
  D0(➝	
  π+π-­‐)	
  π+

Combinatorial	
  bkg
D*+	
  ➝	
  D0(➝	
  K-­‐π+)	
  π+

D*+	
  ➝	
  D0(➝	
  π-­‐μ+	
  νμ)	
  π+

D*+	
  ➝	
  D0(➝	
  μ+μ-­‐)	
  π+
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D0	
  ➝	
  γγ
10

• Forbidden	
  by	
  the	
  tree	
  level.
• Short	
  distance	
  :	
  BF	
  ~	
  10-­‐11	
  (PRD66,	
  014009)

• Long	
  distance	
  :	
  (VMD,	
  HQχPT)	
  :	
  BF	
  ~	
  10-­‐8
	
  [(PRD66,	
  014009	
  (2002)),	
  (PRD64,	
  074008	
  (2001))]

• MSSM	
  could	
  enhance	
  the	
  rate	
  up	
  to	
  ~10-­‐6	
  (c	
  ➝u	
  γ	
  via	
  gluino	
  exchange)	
  
(PLB500,	
  304	
  (2001)).

• BaBar	
  (PRD85,	
  091107(R)	
  (2012)):	
  
– Reconstruct	
  through	
  D*+	
  ➝	
  D0(➝	
  γγ)	
  π+,
normalized	
  by	
  D*+	
  ➝	
  D0(➝	
  KSπ0)	
  π+.

– Peaking	
  background	
  from	
  D0	
  ➝	
  π0π0.
– B(D0	
  ➝	
  γγ)	
  <	
  2.2×10-­‐6	
  @	
  90%	
  C.L.

!BD0!!
(s.d.) !!!CD0!!

(s.d.) !!
GF"

3!2#

mc

MD"mc
f D!A!, $32%

resulting in the branching ratio

BrD0→!!
(s.d.) "3#10"11, $33%

for the choice MD"mc"0.3 GeV.

2. Long distance contributions to D0\!!

We shall model long-distance contributions to the D0

→!! amplitude using the vector meson dominance $VMD%
mechanism and the unitarity constraint. The latter can only
be done in a limited context since there will be many unitar-
ity contributions. We will consider several one-particle inter-
mediate states $as used in K→!! decays% as well as the
two-particle K$K" intermediate state.
a. Vector meson dominance. One can view $cf. Fig. 5% the

D0→!! amplitude as the single vector meson dominance
$VMD% process

D0→!$&
k
Vk
0*→!$! . $34%

We have previously used the VMD mechanism to model the
general single-photon emission D→M$! (M is some non-
charm meson% '5(. It is straightforward to extend our analysis
to the D0→!! mode, as long as care is taken in the D0

→!! amplitude to ensure gauge invariance and Bose-
Einstein statistics. The amplitudes used in the D0(p)
→V0(k)$!(q) transition are defined as

MDV!!)V
*†$k ,+V%)!

,†$q ,+!%'CV$k,q*"k•qg*,%

$iBV)*,"-k"q-( . $35%

The VMD amplitude that we calculate is therefore of the
form

BD0!!
(vmd)!&

i

2e
f Vi

BVi
. i ,

CD0!!
(vmd)!&

i

2e
f Vi

CVi
. i , $36%

where f V is the coupling for the V0"! conversion ampli-
tude, the index ‘‘i’’ refers to the specific vector meson
(/0,00,10) and . i is a factor accounting for the VMD ex-
trapolation made in q2. We take . i"1/2 as a reasonable
choice.
The values in Table II are somewhat lower than those

which would be obtained from the V! amplitudes in Ref. '5(.
The main reason for this is the central value for BrD0→1/0,
which is a numerically significant input to the VMD calcu-
lation cited in the Particle Data Group compilation, has de-
creased by a factor of about three between 1994 and 2000.
Using the central values in Table II and assuming positive
interference between the various amplitudes to provide the
maximal VMD signal gives the branching ratio

BrD0→!!
(vmd) !$3.5"2.6

$4.0%#10"8. $37%

b. Single-particle unitarity contribution. In this category
of amplitudes $cf. Fig. 6% the D0 mixes with a spinless meson
$either a pseudoscalar Pn or a scalar Sn) and finally decays
into a photon pair,

BD0!!
(mix)!&

Pn
2Pn!H wk

(p.c.)!D03
1

MD
2 "MPn

2
BPn!!

CD0!!
(mix)!&

Sn
2Sn!H wk

(p.v.)!D03
1

MD
2 "MSn

2
CSn!! .

$38%

Let us consider two distinct kinds of contributions, BD0!!
mix

!BD0!!
(gnd) $BD0!!

(res) :
$1% If the spinless meson is a ground-state particle (#0, .

or .!),3 we have

3The kaon intermediate state is disfavored due to the small K
→!! branching ratio.

FIG. 5. Vector dominance $VMD% contribution.

TABLE II. VMD amplitudes (10"8 GeV"1).

D0→V0! BD0!!
vmd CD0!!

vmd

D0→/0! 0.036(1%0.7) 0.045(1%0.3)
D0→00! 0.011(1%0.5) 0.012(1%0.5)
D0→10! 0.047(1%0.7) 0.036(1%0.4)

FIG. 6. Weak mixing contribution.
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case	
  of	
  VMD

any charged track and which exhibits the appropriate
shower characteristics with a lateral moment [18] greater
than 0.001. The photon candidates are selected to have CM
energies between 0.74 and 4 GeV.

In theD0 ! !0!0 analysis two !0 candidates each with
CM momentum above 0:6 GeV=c are combined to form a
D0 candidate. The !0 candidates are formed by combining
two photon candidates with lateral moment less than 0.8.
The list of!0 candidates also includes single EMC clusters
containing two adjacent photons (merged !0).

The D0 candidates for the D0 ! K0
S!

0 reference mode
are formed by combining a !0 candidate as defined above
with a K0

S candidate consistent with the decay K0
S !

!þ!". The !þ!" invariant mass is required to be be-
tween 0.491 and 0:505 GeV=c2. To be selected as a K0

S

candidate the decay length significance must be greater
than 3, where the decay length significance is defined as the
measured flight length divided by its estimated uncertainty.

In all modes, D0 candidates are combined with !þ

candidates selected from tracks with CM momentum be-
tween 0.05 and 0:45 GeV=c. A kinematic fit is applied to
the events, requiring the candidate D0 invariant mass to be
between 1.6 and 2:1 GeV=c2. Both the D0 and !þ are
constrained to originate from a common vertex within the
beamspot to satisfy the D#þ tag requirement.

IV. BACKGROUND STUDIES

Backgrounds from B meson decays are removed by
selecting D#þ candidates with CM momentum greater
than 2:85 GeV=c in the case of D0 ! "" and greater
than 2:4 GeV=c in the case of D0 ! !0!0. The difference
reflects cuts optimized to separate MC samples.

In order to minimize systematic uncertainties the refer-
ence mode analysis was performed separately for each of
the two signal modes, each time using identical criteria that
were optimized for the respective signal mode. These
selections result in 95% rejection of Bmeson decay modes.
The D0 ! "" decay mode has significant backgrounds
due to QED processes, which are largely removed by
requiring that the total number of charged tracks in the
event be greater than four and the number of neutral
candidates in the event be greater than four.

The dominant background to D0 ! "" is due to D0 !
!0!0 decays. To remove this background, we implement a
!0 veto. From our sample of D0 ! "" candidates we
reject all events in which one of the photons can be
combined with any other photon candidate in the event to
form a !0. This veto rejects 95% of the background and
keeps 66% of the signal.

TheD0 ! "" analysis signal efficiency is 6.1% with the
corresponding reference mode (D0 ! K0

S!
0, K0

S !
!þ!") efficiency at 7.6%. TheD0 ! !0!0 analysis signal
and reference mode efficiencies are 15.2% and 12.0%,
respectively.

V. FIT PROCEDURE AND RESULTS

For each of the three decay modes we determine the
signal yield using unbinned maximum likelihood fits to the
invariant mass distribution of D0 candidates passing the
above selection criteria. The overall probability distribu-
tion functions (PDFs) are sums of functions describing
signal and background distributions obtained from the
Monte Carlo simulation. The relative normalizations of
these functions are free parameters while the individual
shapes are fixed.
In the D0 ! "" analysis the signal PDF consists of a

Crystal Ball [19] function and a bifurcated Gaussian dis-
tribution. The background PDF is a 2nd-order Chebychev
polynomial and the D0 ! !0!0 background shape is de-
scribed by a second Crystal Ball function. In the D0 !
!0!0 analysis the signal is described by a sum of a
Gaussian, a bifurcated Gaussian, and a Crystal Ball func-
tion, and a background PDF described by a 3rd-order
Chebychev polynomial.
The invariant "" mass distribution obtained from the

D0 ! "" analysis is shown in Fig. 1 together with projec-
tions of the likelihood fit and the individual signal and
background combinations. The signal yield is "6$ 15,
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FIG. 1 (color online). The "" mass distribution for D0 ! ""
candidates in data (data points). The curves show the result of an
unbinned maximum likelihood fit to the measured mass distri-
bution. The solid blue curve corresponds to signal component
resulting in a slight negative yield, the long-dash red curve
corresponds to combinatoric background component, and the
small-dash pink curve corresponds to the combinatoric back-
ground plus D0 ! !0!0 background shape. The #2 value is
determined from binned data and is provided as a goodness-of-fit
measure. The pull distribution shows differences between the
data and the solid blue curve with values and errors normalized.
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Combinatoric
Combinatoric+π0π0

Combinatoric+π0π0+γγ
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Experimental	
  status	
  in	
  Charm	
  decays	
  -­‐	
  I
(from	
  HFAG	
  2014)

• LHCb	
  ULs	
  are	
  now	
  reaching	
  
~10-­‐7-­‐10-­‐8	
  level.

• B	
  factories	
  are	
  doing	
  well,	
  
reaching	
  10-­‐6-­‐10-­‐7	
  level.
Looking	
  forward	
  to	
  the	
  Belle	
  II!

11

E791 CLEO II BaBar

CLEO E653 LHCb

Belle E789 HERAB

CDF Argus Mark3

BF(D0	
  ➝	
  X)
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Experimental	
  status	
  -­‐	
  III
13

• So	
  far,	
  no	
  surprises.
• LHCb	
  upgrade	
  and	
  Belle	
  II	
  are	
  on	
  the	
  horizon.

• Should	
  be	
  able	
  	
  to	
  see	
  some	
  of	
  the	
  listed	
  rare	
  
decays	
  soon
...	
  or	
  we	
  may	
  see	
  a	
  surprise!?
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Recent	
  results	
  in
leptonic	
  and	
  semi-­‐leptonic	
  decays

of	
  Charm	
  mesons

14
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Leptonic	
  decays	
  D(s)+	
  ➝	
  l	
  +	
  νl

15

• With	
  the	
  knowledge	
  of	
  |Vcd(s)|,	
  
extract	
  the	
  decay	
  constant,	
  fD(s)	
  ➜	
  compare	
  to	
  the	
  La{ce	
  QCD
➜	
  validate	
  the	
  La{ce	
  QCD	
  calcula;ons	
  in	
  fB(s).

• Or	
  vice	
  versa:	
  Taking	
  the	
  calculated	
  fD(s),	
  
extract	
  |Vcd(s)|	
  to	
  help	
  to	
  over-­‐constrain	
  the	
  CKM	
  unitarity.

• Also	
  interes;ng	
  is:
	
  	
  Γ(D+	
  ➝	
  τ+	
  ντ)	
  :	
  Γ(D+	
  ➝	
  μ+	
  νμ)	
  :	
  Γ(D+	
  ➝	
  e+	
  νe)	
  =	
  2.67	
  :	
  1	
  :	
  2.35×10-­‐5	
  
comes	
  with	
  the	
  minimal	
  uncertain;es.	
  
(masses	
  of	
  the	
  meson	
  and	
  the	
  lepton)
But	
  D+	
  ➝	
  τ+	
  ντ	
  has	
  not	
  been	
  seen,	
  yet.
BF<1.2×10-­‐3	
  @90%	
  CL:	
  CLEO	
  PRD78,052003	
  (2008)
	
  No;ce:	
  this	
  UL	
  is	
  ~3.14×BF(D+	
  ➝	
  μ+	
  νμ).	
  Could	
  BESIII	
  see	
  this?

4 

Leptonic decays 

ÊExtract decay constant fD(s) incorporates the 
strong interaction effects (wave function at the 
origin) 
ÊMultiple tests with charm: fD, fDs and fD/fDs  

ÊTo validate Lattice QCD calculation of fB(s) and 
provide constrain of CKM-unitarity 

ÊSensitive to New Physics (Charged Higgs 
contribution,  …) 

   
G D+ o +n( ) = fD

2 Vcd

2 GF
2

8p
mDm2 1-

m2

mD
2

§

©
¨

·

¹
¸
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D+	
  ➝	
  μ+	
  νμ

16

• BESIII	
  (PRD89,	
  051104(R)	
  (2014))	
  :	
  2.9	
  �-­‐1	
  at	
  Ecm	
  =	
  3.773	
  GeV.
• Measured	
  B(D+	
  ➝	
  μ+	
  νμ)	
  =	
  (3.71±0.19±0.06)×10-­‐4
The	
  most	
  precise	
  measurement	
  to	
  date.
– With	
  |Vcd|	
  of	
  CKM-­‐fi�er	
  input,	
  fD+	
  =	
  (203.2±5.3±1.8)	
  MeV
– With	
  fD+	
  of	
  LQCD	
  input	
  (PRL100,	
  062002	
  (2008))
|Vcd|	
  =	
  0.2210±0.0058±0.0047.

• Sta;s;cally	
  limited.
More	
  data	
  would	
  be	
  welcome.

• BESIII	
  plans	
  to	
  take	
  
~10	
  �-­‐1	
  in	
  the	
  future!

Here Eμþ and ~pμþ are the energy and three-momentum of
the μþ, respectively, and ~pD−

tag
is the three-momentum of the

taggedD− candidate. Figure 2 shows theM2
miss distribution

for selected single μþ candidates. There are 451 candidate
Dþ → μþνμ events in the jM2

missj < 0.12 GeV2=c4 signal
region as shown with two red arrows. The events that peak
near M2

miss ≃ 0.25 GeV2=c4 are primarily from Dþ →
K0

Lπ
þ decays, where the K0

L is undetected.
To check the Monte Carlo simulation, we compare the

M2
miss distribution for Dþ → K0

Sπ
þ from the data with that

from Monte Carlo simulated events, where the K0
S is

missing in the calculation of M2
miss. We select Dþ →

K0
Sπ

þ events with the same requirements as these used
in selection of Dþ → μþνμ, but require an additional K0

S.
We find that the M2

miss resolution for the data to be 1.194
times wider than that for the simulated events. To account
for this difference, we scale the M2

miss resolution of
simulated events by a factor of 1.194 when looking for
Dþ → μþνμ signal and estimating numbers of peaking
background events, such as Dþ → K0

Lπ
þ and Dþ → πþπ0

decays (see below and see Fig. 2).
The numbers of the background events from Dþ →

K0
Lπ

þ and Dþ → πþπ0, as well as Dþ → τþντ, are esti-
mated by analyzing Monte Carlo samples that are 10 times
larger than the data. The input branching fractions for
Dþ → K0

Lπ
þ and Dþ → πþπ0 are from Ref. [2]. For

estimation of the backgrounds from Dþ → τþντ decay,
we use branching fraction BðDþ → τþντÞ ¼
2.67 × BðDþ → μþνμÞ, where BðDþ → μþνμÞ is quoted
from Ref. [10] and 2.67 is expected by the SM.
The backgrounds from other D decays are corrected

considering the difference in the numbers of events from

the data and simulated events in the range from 0.15 to
0.60 GeV2=c4. Other background events are from
eþe− → γISRψð3686Þ, eþe− → γISRJ=ψ , where γISR
denotes the photon produced due to initial state radiation,
eþe− → qq̄ (q ¼ u, d, or s), eþe− → τþτ−, and ψð3770Þ →
non-DD̄ decays that satisfy the event-selection criteria of
purely leptonic decays. The numbers of these background
events are estimated by analyzing Monte Carlo samples of
each of the above-listed processes, which are about 10
times more than the data. After normalizing these numbers
of background events from the Monte Carlo samples to the
data, we expect that there are 42.0% 2.3 background
events, where the errors reflect the Monte Carlo statistics,
uncertainties in the branching fractions, and/or production
cross sections for the background channels.
After subtracting the number of background events,

409.0% 21.2% 2.3 signal events (Nnet
sig) for Dþ → μþνμ

remain, where the first error is statistical and the second is
the systematic associated with the uncertainty of the
background estimate. The weighted overall efficiency for
detecting Dþ → μþνμ decays is determined to be ϵ ¼
0.6403% 0.0012 by analyzing Monte Carlo simulated
events for Dþ → μþνμ in each tagged D− mode; here
the error is due to Monte Carlo statistics. Final state
radiation is included in the Monte Carlo simulation.
Inserting ND−

tag
, Nnet

sig , and ϵ into

BðDþ → μþνμÞ ¼
Nnet

sig

ND−
tag
× ϵ

and subtracting from the signal a 1.0% contribution coming
from Dþ → γD&þ → γμþνμ [10,11], in which D&þ is a
virtual vector or axial-vector meson, yields

BðDþ → μþνμÞ ¼ ð3.71% 0.19% 0.06Þ × 10−4;

where the first error is statistical and the second systematic.
This measured branching fraction is consistent within
errors with those measured at BES-I [12], BES-II [13],
and CLEO-c [10], but with the best precision.
The systematic uncertainty in the Dþ → μþνμ branching

fraction determination includes seven contributions: (1) the
uncertainty in the number ofD− tags (0.5%), which contain
the uncertainty in the fit to theMBC distribution (0.5%) and
the difference in the fake π0 rates between the data and the
Monte Carlo events (0.1%); (2) the uncertainty in μ
tracking/identification (0.1%=0.8%) determined by com-
paring the μ tracking/identification efficiencies for data and
Monte Carlo events, where the μ% samples are from the
copious eþe− → γμþμ− process; (3) the uncertainty in the
Eγmax

selection requirement (0.1%) determined by compar-
ing doubly tagged DD̄ hadronic decay events in the data
and Monte Carlo; (4) the uncertainty associated with the
choice of theM2

miss signal window (0.5%) determined from
changes in the measured branching fractions using different
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FIG. 2 (color online). TheM2
miss distribution for selected single

μþ candidates, where dots with error bars indicate the data, the
opened histogram is for Monte Carlo simulated signal events of
Dþ → μþνμ decays, and the hatched histograms are for the
simulated backgrounds from Dþ → K0

Lπ
þ (red), Dþ → π0πþ

(green), Dþ → τþντ (blue), all other D-meson decays (yellow),
and non-DD̄ processes (pink).

PRECISION MEASUREMENTS OF … PHYSICAL REVIEW D 89, 051104(R) (2014)

051104-5

RAPID COMMUNICATIONS



                           PIC 2014   SEP/2014Hajime Muramatsu    U of Minnesota

Comparison	
  of	
  B(D+	
  ➝	
  μ+	
  νμ)	
  and	
  fD+

17

Good	
  consistencies	
  are	
  seen	
  among	
  the	
  previous	
  experimental	
  results.

       

8

Comparisons of B[D+ÆP+vP] and fD+

B[D+ÆP�Q] fD+ [MeV]
     

PRD78,052003	
  (2008)

Comparisons of Decay Constants

150 190 230

fD+ (MeV)

Experiment •203.9± 4.7

Lattice(HPQCD) �208.3± 3.4

Lattice(FNAL+MILC) ⇧

PQL ⇤

QCD Sum Rules 5

QCD Sum Rules 5

QCD Sum Rules 5

QCD Sum Rules 5

QCD Sum Rules 5

QCD Sum Rules 5

Field Correlations �

Light Front (Fixed) ⌅

200 240 280

fD+
s
(MeV)

•256.9± 4.4

�246.0± 3.6

⇧

⇤

5

5

5

5

5

5

�

⌅

1.1 1.2 1.3

fD+
s
/fD+

•1.260± 0.036

�
1.187± 0.013

⇧

⇤

5

5

5

5

5

5

�

⌅

The experimental ratio of these decay constants fD+
s
/fD+ = 1.260 ± 0.036 is larger than

HPQCD calculated ratio fD+
s
/fD+ = 1.187± 0.004± 0.012 by 1.9 standard deviation.

Gang RONG (IHEP) Leptonic D Decays CKM2014 22 / 47
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Comparison	
  of	
  B(Ds+	
  ➝	
  (μ+/τ+)	
  νμ)

18

• Similar	
  results	
  in	
  the	
  Charmed	
  strange	
  meson.
• Good	
  overall	
  consistency	
  in	
  BFs.

       

11

Comparisons of B[Ds
+ÆP�W�+v]

B[Ds
+ÆP�Q] B[Ds

+ÆW�Q]
11

Comparisons of B[Ds
+ÆP�W�+v]

B[Ds
+ÆP�Q] B[Ds

+ÆW�Q]
     

(2009)

(2010)
(2010)

(2013)

(2013)

(2009)

(2009)

(2009)
(0.531±0.028±0.020)%

(0.602±0.038±0.034)%
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Comparison	
  of	
  fDs

19

• Reasonable	
  consistencies.

• BESIII	
  plans	
  to	
  have	
  a	
  dedicated	
  DS	
  data	
  taking	
  in	
  the	
  near	
  future.
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Semi-­‐Leptonic	
  decays	
  D(s)+	
  ➝	
  P	
  +	
  l	
  +	
  νl

20

• Essen;ally	
  measure	
  |Vcd(s)|×|f(q2)|.
• Input|Vcs(d)|	
  ➔	
  extract	
  |f(q2)|	
  ➔	
  compared	
  to	
  the	
  LQCD.
Valida;ng	
  the	
  FF	
  calcula;ons	
  of	
  LQCD	
  here	
  is	
  important
i.e.,	
  the	
  measurement	
  of	
  |Vub|	
  via	
  B➝πlν	
  has	
  a	
  large	
  
dependence	
  on	
  the	
  “theore;cal	
  input	
  (its	
  FF)”	
  from	
  LQCD.

• Or	
  vice	
  versa:
Input	
  |f(q2)|	
  from	
  LQCD	
  ➔	
  extract	
  |Vcs(d)|	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ➔	
  constrain	
  the	
  CKM	
  unitarity.5 

Semileptonic decays  

ÊD(s) o P l Q (Theoretically clean) 
ÊMeasure |Vcx| x FF 
ÊCharm physics: 
ÊCKM-unitarity � | Vcx|, extract FF, test LQCD  
ÊInput LQCD FF to test CKM-unitarity  

ÊB physics: Validate LQCD for form factor, extract  
|Vub| to test CKM-unitarity 
ÊExample: BoS l Q � |Vub| = 3.92r0.09r0.45(Theory) rely 

on LQCD Form Factor calculations (provide perfect 
calibration) 

dG Do K p( )en( )
dq2

=
GF
2 Vcs d( )

2
PK p( )
3

24p 3
f+ q

2( ) 2

q2=(pl+pQ)2  � M2
inv 

of lepton pair 
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D0	
  ➝	
  K/π	
  e+	
  νe

21

• BESIII	
  :	
  2.9	
  �-­‐1	
  at	
  Ecm	
  =	
  3.773	
  GeV.
• Umiss	
  ~	
  0	
  if	
  the	
  missing	
  par;cle	
  is	
  a	
  neutrino.

• The	
  resultant	
  BFs	
  are	
  consistent	
  with	
  the	
  previous	
  
measurements	
  (see	
  the	
  next	
  slide).
Most	
  precise	
  to	
  date.

13 

Signal selection (D0 o K/S e+Q ) 

BESIII Preliminary 

BESIII Preliminary 

Nsig = 70727r278 

Nsig = 6279r87 

ÊSignal side reconstruction: 
ÊTag plus exactly two 

oppositely-charged tracks 
ÊKaon/pion/electron ID 
ÊElectron has right charge  
ÊNo extra neutral energy 
ÊKinematic variable: Umiss 

ÊGood consistency with 
CLEO-c 

ÊBESIII Preliminary 
   
U = Emiss - Pmiss » 0

Decay mode Branching fraction (%) PDG CLEOc 
𝑫𝟎 → 𝑲ି𝒆ା𝒗𝒆 3.505 r 0.014 r 0.033 3.55 r 0.04 3.50 r 0.03 r 0.04 
𝑫𝟎 → Sି𝒆ା𝒗𝒆 0.295 r 0.004 r 0.003 0.289 r 0.008 0.288 r 0.008 r 0.003 
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Type Modes
CP+ K+K−, π+π−, KSπ0π0

CP− K0
Sπ

0, K0
Sω, K

0
Sη

l± Keν, Kµν

Table 2: CP -tag modes and D semileptonic decay modes.

3 Measurement of yCP

For D decays to any CP -eigenstate final states, their decay rates can be formulated
to be

R(D0/D
0 → CP±) ∝ |ACP± |2(1∓ yCP ).

When the partner D decays semileptonically in the DD pair production at threshold,
double decay rates will be

Rl;CP± = |Al|2|ACP± |2.
If we take the ratio of the single decay rate and the double decay rate and neglect
higher order of y2CP, we can extract yCP using the following equation [4]

yCP =
1

4
(
Rl;CP+RCP−

Rl;CP−RCP+
− Rl;CP−RCP+

Rl;CP+RCP−
).

Similar to the notations in Eq. (3), experimentally we denote the decay rate ratios of
Rl;CP±
RCP±

to be B± and determine it with the D tagging method

B± =
nl;CP±

nCP±
· εCP±

εl;CP±
.

Hence, yCP = 1
4 [

B̃+

B̃−
− B̃−

B̃+
], where B̃± is combinations of different CP -tag mode α

using the least square method

χ2 =
∑

α

(B̃± −Bα
±)

2

(σα
±)2

.
CP -tag modes in Tab. 2 are used in this analysis. Similar to the analysis of

δKπ, ST yields are estimated by fits to the MBC distributions, as shown in Fig. 3.
Semileptonic decays of D → Keν and D → Kµν are selected with respect to the
CP -tagged D candidates in ST events. Due to the undetectable neutrino in the final
states, variable Umiss is used to distinguish the signals of semileptonic decays from
backgrounds. The definition is given as

Umiss ≡ Emiss − |p⃗miss|,

6
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Comparison	
  of	
  B(D0	
  ➝	
  (K/π)-­‐	
  e+	
  νe)
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Comparisons of B[D0ÆK(S)�e+v]

B[D0ÆK�e�Q] B[D0ÆS�e�Q]      

(2009)

(2006)

(2004)

(1989)

(1989)

(1991)

(1993)

(2007)

Semi-leptonic D Decays
Comparison of B(D ! Ke+⌫e) and B(D ! ⇡e+⌫e)

Gang RONG (IHEP) Leptonic D Decays CKM2014 32 / 47

(2009)

(2006)

E687	
  	
  	
  	
  (1996)

CLEO-­‐III	
  	
  (2005)

CLEO-­‐II	
  	
  	
  (1995)

(2014)
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Comparison	
  of	
  form	
  factors

23

         

• Points:	
  BESIII

• Curves:	
  Fermilab	
  La{ce,	
  MILC,	
  and	
  HPQCD	
  	
  (PRL94,	
  011601	
  (2005))
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Fermilab	
  La{ce	
  and	
  MILC	
  (PRD80,	
  034026	
  (2009))
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Based	
  on	
  the	
  BK	
  model	
  (PLB478,	
  417	
  (2000))

• Consistent	
  with	
  each	
  other.

• Would	
  be	
  nice	
  to	
  have	
  an	
  even	
  larger	
  sample	
  to	
  probe	
  the	
  higher	
  q2	
  bins.

Prel
imin

ary
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Quantum	
  Coherence
in	
  e+e-­‐	
  annihila<on

near	
  Charm	
  mass	
  threshold

24
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The	
  decay	
  rate	
  of	
  a	
  correlated	
  state
At	
  Ecm~	
  M(ψ(3770)),	
  a	
  pair	
  of	
  D0D�0	
  is	
  produced	
  via	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  e+e-­‐	
  ➝	
  γ*	
  (➝	
  ψ(3770))	
  ➝	
  D0D�0.
This	
  obeys	
  the	
  following	
  selec;on	
  rules	
  on	
  the	
  
produced	
  pair	
  of	
  D	
  mesons.

‣ The	
  two	
  produced	
  neutral	
  mesons	
  must	
  have	
  opposite	
  CP
(i.e.,	
  see	
  Goldhaber	
  and	
  Rosner,	
  PRD15,	
  1254	
  (1977).	
  
For	
  instance,
‣ D0	
  ➝	
  CP+	
  final	
  states	
  (such	
  as	
  K+K-­‐)	
  AND
D�0	
  ➝	
  CP+	
  final	
  states	
  (such	
  as	
  π+π-­‐)	
  does	
  NOT	
  happen.
And	
  (CP-­‐,	
  CP-­‐)	
  combo	
  does	
  not	
  happen	
  either.
➔	
  can	
  be	
  used	
  to	
  suppress	
  backgrounds.

‣ D0	
  ➝	
  CP+	
  final	
  states	
  (such	
  as	
  K+K-­‐)	
  AND
D�0	
  ➝	
  CP-­‐	
  final	
  states	
  (such	
  as	
  KSπ0)	
  are	
  maximally	
  enhanced	
  (doubled).
That	
  is,	
  the	
  measured	
  BFeff(D0	
  ➝	
  KSπ0)	
  is	
  twice	
  as	
  BF(D0	
  ➝	
  KSπ0)	
  with	
  no	
  
such	
  coherence	
  effect	
  on	
  the	
  parent	
  D.
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Production at threshold 

Xiao-Rui Lu @ Charm 2013 3 3 

ÊThreshold production at 3.773 GeV 
ÊDouble Tag techniques: (partial-)reconstruct 

both D mesons 
ÊCharm events at threshold are very clean and 

unique in studying D decays 

¾ Quantum correlation of two D mesons 
¾ Very clean environment with little to 

no non-DDbar background 
¾ Lots of systematic uncertainties 

uncertainties cancel when applying 
double tag method 
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The	
  decay	
  rates	
  in	
  mixed	
  CP	
  final	
  states

‣ D0	
  ➝	
  CP+	
  final	
  states	
  (such	
  as	
  K+K-­‐)	
  AND
DH0	
  ➝	
  generically	
  (not	
  look	
  at	
  its	
  decay	
  experimentally).
This	
  decay	
  rate	
  (e.g.,	
  D0	
  ➝	
  K+K-­‐)	
  is	
  not	
  affected.

‣ D0	
  ➝	
  Flavored	
  final	
  states	
  (CF+DCSD,	
  such	
  as	
  K-­‐π+)	
  AND
DH0	
  ➝	
  CP±	
  final	
  states.

The	
  rates	
  are	
  s<ll	
  affected	
  due	
  to	
  the	
  interference	
  
between	
  CF	
  and	
  DCS.
➔	
  extract	
  δKπ,	
  where	
  ⟨K-­‐π+∣DH0⟩/⟨K-­‐π+∣D0⟩	
  =	
  -­‐r·∙e-­‐iδ.

For	
  mul<-­‐body	
  (such	
  Ksπ+π-­‐),	
  one	
  can	
  obtain	
  the	
  δ,
averaged	
  over	
  each	
  bin	
  of	
  a	
  Dalitz	
  distribu<on.

26
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The	
  decay	
  rates	
  in	
  semi-­‐leptonic	
  decays

‣ On	
  the	
  other	
  hand,	
  for	
  the	
  case	
  of	
  semi-­‐leptonic	
  decay,	
  such	
  as	
  
	
  	
  	
  D0	
  ➝	
  K-­‐e+ν	
  (only	
  the	
  CF	
  mode!)	
  AND
	
  	
  	
  DH0	
  ➝	
  CP±	
  final	
  states,	
  there	
  is	
  no	
  interference.
Its	
  decay	
  rate	
  does	
  not	
  depend	
  on	
  the	
  CP	
  content	
  of	
  its	
  parent	
  D.
Yet,	
  the	
  total	
  width	
  of	
  its	
  parent	
  D	
  depends	
  on	
  CP.
For	
  instance,	
  
	
  	
  N(D0	
  ➝	
  K-­‐e+ν;DH0	
  ➝	
  CP±)/N(DH0	
  ➝	
  CP±)	
  =	
  Beff(D0	
  ➝	
  K-­‐e+ν)
	
  	
  	
  	
  	
  	
  	
  	
  	
  =	
  B(D0	
  ➝	
  K-­‐e+ν)×Γ/ΓCP±	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  ≃	
  B(D0	
  ➝	
  K-­‐e+ν)×(1±y)	
  	
  	
  (neglec<ng	
  terms	
  with	
  y2	
  or	
  higher).
➔	
  can	
  extract	
  the	
  y	
  via	
  semi-­‐leptonic	
  tags.
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Accessing strong phase δKπ at threshold 

Xiao-Rui Lu @ Charm 2013 10 10 

We measure the strong phase difference using quantum 
correlated production of D-Dbar at the production threshold 

based on 2.9 fb-1 
ψ(3770) data 

When we neglect CPV, CP of the 
two D mesons are anti-symmetric. 
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The	
  latest	
  measurement	
  of	
  δKπ	
  from	
  BESIII

‣ In	
  D0	
  ➝	
  Kπ	
  decays,	
  its	
  CF	
  and	
  DCSD	
  interfere.
The	
  ra<o	
  of	
  the	
  two	
  amplitudes	
  is	
  ⟨K-­‐π+∣DH0⟩/⟨K-­‐π+∣D0⟩	
  =	
  -­‐r·∙e-­‐iδ.

‣ Neglec<ng	
  higher	
  orders	
  in	
  the	
  mixing	
  parameters	
  (e.g.,	
  y2),	
  
one	
  can	
  arrive	
  at	
  the	
  following	
  rela<on:
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ACP➝Kπ	
  =	
  r·∙cosδKπ	
  +	
  [D-­‐mixing	
  correc<on	
  (y	
  and	
  RWS)]
	
  	
  	
  	
  	
  	
  	
  where	
  ACP➝Kπ	
  	
  =	
  CP-­‐tagged	
  rate	
  asymmetry	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  =	
  [B(D2➝K-­‐π+)	
  -­‐	
  B(D1➝K-­‐π+)]/B(D2➝K-­‐π+)	
  +	
  B(D1➝K-­‐π+)].

‣ B(D1,2➝Kπ)	
  can	
  be	
  measured
by	
  tagging	
  one	
  D	
  (tag	
  side)	
  
with	
  exclusive	
  CP-­‐eigenstates	
  
which	
  then	
  defines	
  
the	
  eigenvalue	
  of	
  the	
  other	
  D.

28
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D	
  ➝	
  CP	
  states
(no	
  requirement	
  on	
  how	
  the	
  other	
  D	
  decays)

29

BESIII Collaboration / Physics Letters B 734 (2014) 227–233 231

Fig. 1. The MBC distributions of the single-tag (ST) CP modes. Data are shown as points with error bars. The solid lines are the total fits and the dashed lines are the 
background contribution.

Table 3
Yields and efficiencies of all single-tag (ST) and double-tag (DT) modes. First, we list 
the ST (CP mode) yields (nS±) and corresponding efficiencies (εS±) and then the DT 
mode yields (nKπ ,S±) and efficiencies (εKπ ,S±). Uncertainties are statistical only.

ST mode nS± εS±(%)

K + K − 56 156 ±261 62.99 ± 0.26
π+π− 20 222 ±187 65.58 ± 0.26
K 0

S π
0π0 25 156 ±235 16.46 ± 0.07

π0π0 7610 ±156 42.77 ± 0.21
ρπ0 41 117 ±354 36.22 ± 0.21
K 0

S π
0 72 710 ±291 41.95 ± 0.21

K 0
S η 10 046 ±121 35.12 ± 0.20

K 0
S ω 31 422 ±215 17.88 ± 0.10

DT mode nKπ ,S± εKπ ,S±(%)

Kπ , K + K − 1671 ±41 42.33 ± 0.21
Kπ , π+π− 610 ±25 44.02 ± 0.21

Kπ , K 0
S π

0π0 806±29 12.86 ± 0.13
Kπ , π0π0 213 ±14 30.42 ± 0.18
Kπ , ρπ0 1240 ±35 25.48 ± 0.16
Kπ , K 0

S π
0 1689 ±41 29.06 ± 0.17

Kπ , K 0
S η 230 ±15 24.84 ± 0.16

Kπ , K 0
S ω 747 ±27 12.60 ± 0.06

After applying the criteria on &E in Table 2 in all the CP modes, 
we plot their MBC distributions in Fig. 1, where the peaks at the 
nominal D0 mass are evident. Maximum likelihood fits to the 
events in Fig. 1 are performed, where in each mode the signals 
are modeled with the reconstructed signal shape in MC simulation 
convoluted with a smearing Gaussian function, and backgrounds 
are modeled with the ARGUS function [20]. The Gaussian func-
tions are supposed to compensate for the resolution differences 
between data and MC simulation. Based on the fit results, the es-

timated yields of the CP modes are given in Table 3, along with 
their MC-determined detection efficiencies.

4.2. Double tags of the K −π+ and CP modes

In the surviving ST CP modes, we reconstruct D → K −π+

among the unused charged tracks. The D → K −π+ candidate must 
pass the &E requirement listed in Table 2; in the case of mul-
tiple candidates, the one with the smallest |&E| is chosen. The 
DT signals peak at the nominal D0 mass in both MBC(S±) and 
MBC(Kπ). To extract the signal yields, two-dimensional maximum 
likelihood fits to the distributions of MBC(S±) vs. MBC(Kπ) are 
performed. The signal shapes are derived from MC simulations, 
and the background shapes contain continuum background and 
mis-partitioning background where some final-state particles are 
interchanged between the D0 and D0 candidates in the recon-
struction process. Fig. 2 shows an example of the results for one 
sample DT combination, (Kπ , K 0

Sπ
0). Table 3 lists the yields of the 

DT modes and their corresponding detection efficiencies as deter-
mined with MC simulations.

5. Purities of the CP modes

It is necessary to determine the CP-purity of our ST modes. 
For the K 0

Sπ
0 (K 0

Sη) mode, the issue is the background un-
der the K 0

S peak. We use the sideband regions of the K 0
S mass, 

[0.470, 0.477] GeV/c2 and [0.521, 0.528] GeV/c2, in the mπ+π−

distributions, to estimate the backgrounds from π+π−π0

(π+π−η). The purity is estimated to be 98.5% (almost 100%) for 
the K 0

Sπ
0 (K 0

Sη) mode. For the K 0
Sω, K 0

Sπ
0π0 and ρ0π0 modes, 

due to the complexity of the involved non-resonant and reso-
nant processes, we evaluate the CP-purity directly from our data. 

- PLB734,	
  227	
  (2014)

CP+

CP+

CP-­‐	
  

Single tags of CP modes 

Xiao-Rui Lu @ Charm 2013 12 12 

preliminary preliminary 

preliminary preliminary preliminary 

preliminary preliminary preliminary 
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unique variable  
in threshold-production 
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D1,2	
  ➝	
  Kπ,	
  D2,1	
  ➝	
  CP	
  states
30

- Example	
  fit	
  for	
  the	
  case	
  of	
  (Kπ,	
  KSπ0)

- PLB734,	
  227	
  (2014)
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Fig. 2. An illustration of our DT yield analysis, using the Kπ , K 0
S π

0 mode. A scatter plot (left) of the two MBC values is displayed, along with projections of the two-
dimensional fit to the same data (middle and right). The solid lines are the total fits and the dashed lines are the background contribution.

Table 4
The same-CP yields and the corresponding efficiencies used in our CP-purity tests. 
The uncertainties are statistical only. The last column presents the obtained f S and 
numbers in the parentheses are the lower limits of the f S at 90% confidence level.

Mode (S ′, S) nS ′,S εS ′,S (%) f S (%)

K + K −, K 0
S π

0π0 8±3 11.80 ±0.11 91.6 ± 16.7 (> 86.8)

K + K −, ρ0π0 13±8 24.44 ±0.16 84.0 ± 12.6 (> 70.6)

K 0
S π

0, K 0
S ω 7±3 6.77 ±0.08 94.6 ± 8.0 (> 90.6)

We use additional DT combinations, with a clean CP-tag in combi-
nation with the mode we wish to study. We look for signals where 
both D mesons decay with equal CP eigenvalue. If CP is conserved, 
the same-CP process is prohibited in the quantum-correlated D D
production at threshold, unless our studied CP modes are not pure. 
If we take f S as the fraction of the right CP components in the CP
tag mode, we have the yields of the same-CP process written as

nS ′,S = (1 − f S) · nS · BD→S ′ · εS ′,S/εS ,

where mode S ′ is chosen to be (nearly) pure in its CP eigenstate.
We take the modes K 0

Sπ
0 (S ′−) and K +K − (S ′+) as our clean 

CP tags to test the S− and S+ purities of our ST modes, re-
spectively. We analyze our data to find (S ′, S) events using se-
lection criteria similar to those described in Section 4.2. However, 
a simplified procedure is used to obtain the yields. We imple-
ment a one-dimensional fit to the MBC(S) distributions for the 
signal mode S of interest, while restricting the MBC(S ′) distribu-
tions for the tagging modes S ′ in the signal region 1.860 GeV/c2 <
MBC(K +K −) < 1.875 GeV/c2 and 1.855 GeV/c2 < MBC(K 0

Sπ
0) <

1.880 GeV/c2. The DT signals are described with the signal MC 
shape convoluted with a Gaussian function, and backgrounds are 
modeled with the ARGUS function. Fig. 3 shows the MBC(S) distri-
butions in the DT events and the fits to the distributions. Table 4
lists the DT yields and the corresponding detection efficiencies. In 
the tested CP modes, the observed numbers of the same-CP events 
are quite small and nearly consistent with zero, which indicates 
that f S is close to 1. This one-dimensional fit may let certain peak-
ing backgrounds survive; however, an over-estimated nS ′,S leads to 
a more conservative evaluation of f S .

6. Systematic uncertainties

In calculating ACP
Kπ , uncertainties of most of efficiencies cancel 

out, such as those for tracking, particle identification and π0/η/K 0
S

reconstruction. The efficiency differences &S± = &(
εS±

εKπ ,S± ) of 
K −π+ between data and MC simulation are studied for the modes 
S±. We use control samples to study &S± . The K −π+ final state is 
used for studying &S± in the K +K − and π+π− modes; K −π+π0

is used for the π0π0, ρπ0, K 0
Sπ

0 and K 0
Sη modes; K −π+π0π0

is used for the K 0
Sπ

0π0 mode; and K +π−π−π+ is used for the 
K 0

Sω mode. We determine &S± in different CP-tag modes by com-
paring the ratio of the DT yields to the ST yields between data and 

MC. We find that &S± are at 1% level for different CP-tag modes. 
In the formula of ACP

Kπ , the dependence of &S± on the CP mode is 
not canceled out. The resulting systematic uncertainty on ACP

Kπ is 
0.2 × 10−2.

Some systematics arise from effects which act among several 
CP modes simultaneously. The efficiency of the cosmic and Bhabha 
veto (only for the K K and ππ modes) is studied based on the in-
clusive MC sample. We compare the obtained ACP

Kπ with and with-
out this requirement and take the difference of 0.6 ×10−3 as a sys-
tematic uncertainty. For the CP modes involving K 0

S , CP-violating 
K 0

L → π+π− decays are also considered. Using the known branch-
ing fraction, we find this causes the change on ACP

Kπ to be
0.8 × 10−3.

Other systematic uncertainties, relevant to ACP
Kπ , are listed in 

Table 5, which are uncorrelated among different CP modes.
The &E requirements are mode-dependent. We study possible 

biases of our requirements by changing their values; we take the 
maximum variations of the resultant BD S±→Kπ as systematic un-
certainties.

Fitting the MBC distributions involves knowledge of detector 
smearing and the effects of initial-state and final-state radiation. In 
the case of ST fits, we scan the smearing parameters within the er-
rors determined in our nominal fits. The maximum changes to nS±
are taken as a systematic uncertainty. For the DT fits, we obtain 
checks on nKπ ,S± with one-dimensional fits to MBC(S) with inclu-
sion of floating smearing functions. The outcomes of BD S±→Kπ are 
consistent with those determined from the two-dimensional fits, 
and any small differences are treated as systematic uncertainties.

Systematic effects due to the CP purities are checked, as stated 
in Section 5. We introduce the CP purities f S in calculating the 
BD S±→Kπ under different CP tagging modes and obtain the cor-
rected BD S±→Kπ . We set the lower limits of f S and take the cor-
responding maximum changes as part of systematic uncertainties.

7. Results

We combine the branching fractions BD S+→K −π+ and
BD S−→K −π+ in Eq. (4) from two kinds of the CP modes based 
on the standard weighted least-square method [15]. Following 
Eq. (2), we obtain ACP

Kπ = (12.7 ± 1.3 ± 0.7) × 10−2, where the first 
uncertainty is statistical and the second is systematic. The mode-
dependent systematics are propagated to ACP

Kπ and combined with 
the mode-correlated systematics. The values of ACP

Kπ obtained for 
the 15 different CP mode combinations are also checked as listed 
in Table 6. Within statistical uncertainties, they are consistent with 
each other.

With external inputs of r2 = (3.50 ± 0.04) × 10−3, y = (6.7 ±
0.9) × 10−3 from HFAG [21] and RWS = (3.80 ± 0.05) × 10−3 from 
PDG [15], cos δKπ is determined to be 1.02 ± 0.11 ± 0.06 ± 0.01, 
where the third uncertainty is due to the errors introduced from 
the external inputs.

- Measured	
  ACP➝Kπ	
  =	
  (12.77±1.31(stat.)+0.33-­‐0.31(syst.))%.
- With	
  external	
  inputs	
  from	
  HFAG2013	
  and	
  PDG	
  (for	
  y	
  and	
  RWS)
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  cosδKπ	
  =	
  1.03±0.12(stat.)±0.04(syst.)±0.01(external).
- This	
  result	
  is	
  consistent	
  with	
  and	
  more	
  precise	
  than	
  the	
  recent	
  
CLEO-­‐c	
  result	
  (PRD86,	
  112001	
  (2012)):
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  cosδKπ	
  =	
  1.15+0.19-­‐0.17(stat.)+0.00-­‐0.08(syst.).
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Could	
  also	
  determine	
  the	
  mixing	
  parameter,	
  yCP

- yCP	
  is	
  defined	
  as;

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  2·∙yCP	
  =	
  (|q/p|+|p/q|)·∙y·∙cosφ	
  -­‐(|q/p|-­‐|p/q|)·∙x·∙sinφ,

where	
  p	
  and	
  q	
  are	
  mixing	
  parameters,	
  and	
  φ	
  =	
  arg(q/p)	
  is	
  
the	
  weak	
  phase	
  difference	
  of	
  the	
  mixing	
  amplitudes.
No;ce:	
  for	
  no	
  CPV	
  case,	
  p	
  =	
  q	
  =	
  1/√2	
  and	
  yCP	
  ≡	
  y.

- From	
  the	
  fact	
  that
	
  	
  	
  	
  	
  	
  	
  semileptonic	
  BF	
  of	
  D1,2,	
  B(DCP±➝l),	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  gets	
  modified	
  by	
  a	
  factor	
  of	
  1±yCP,
and	
  neglec;ng	
  terms	
  with	
  y2	
  (or	
  higher),	
  one	
  can	
  arrive	
  at
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Table 1: D final states reconstructed in this analysis.

Type Mode

CP+ K+K−, π+π−, K0
Sπ

0π0

CP− K0
Sπ

0, K0
Sω, K

0
Sη

Semileptonic K∓e±ν, K∓µ±ν

In this analysis, we use a time-integrated method to extract yCP , as proposed in the references [15, 16, 17],138

which utilizes threshold D0D0 pair production in e+e− → ψ(3770) → D0D0. In this process, the D0D0 pair139

is in a state of definite C = −1, such that the two D mesons necessarily have opposite CP eigenvalues [18].140

This provides a unique way to probe the D0 −D0 oscillation.141

1.2. Formalism142

In the semileptonic decay D0 → h−l+νl (denoted as D → l)1, the partial decay width is only sensitive143

to flavor content, and does not depend on the CP eigenvalue of the parent D meson. However the total144

decay width of the DCP± does depend on its CP eigenvalue: ΓCP± = Γ(1± yCP ). Thus, the semileptonic145

branching fraction of the CP eigenstates DCP± is BDCP±→l ≈ BD→l(1∓ yCP ) and yCP can be obtained as146

yCP ≈ 1

4

(BDCP−→l

BDCP+→l
−

BDCP+→l

BDCP−→l

)
. (3)

At BESIII, quantum-correlated D0D0 pairs produced at threshold allow us to obtain BDCP±→l. Specif-147

ically, we begin with a fully reconstructed D candidate decaying into a CP eigenstate, the so-called Single148

Tag (ST). We have thus tagged the CP eigenvalue of the partner D meson. For a subset of the ST events,149

the so-called Double Tag (DT), this tagged partner D meson is also observed, via one of the semileptonic150

decay channels. CPV in D decays is known to be very small [14], and can be safely neglected. Therefore,151

BDCP∓→l can be obtained as152

BDCP∓→l =
NCP±;l

NCP±
· εCP±
εCP±;l

, (4)

where NCP± (NCP±;l) and εCP± (εCP±;l) denote signal yields and detection efficiencies of ST of D → CP±153

(DT of DD → CP±; l), respectively. For CP eigenstates, as listed in Table 1, we choose modes with154

unambiguous CP content and copious yields. We neglect CP violation in K0
S decays. The semileptonic155

modes used for the DT are K∓e±ν and K∓µ±ν, which are summed up to obtain BDCP∓→l = BDCP∓→Keν+156

BDCP∓→Kµν .157

To combine results from different tag modes, a least-squares method is utilized. The weighted semilep-158

tonic branching fraction B̃DCP±→l is determined by minimizing159

χ2 =
∑

α

(
B̃DCP±→l − Bα

DCP±→l

)2

(
σα
CP±

)2 , (5)

where α denotes different CP -tag modes and σα
CP± is the statistical error of Bα

DCP±→l for the given tag160

mode. Finally, yCP is calculated using Eq. (3), with BDCP±→l replaced by B̃DCP±→l.161

1.3. The BESIII detector and data sample162

The analysis presented in this paper is based on a sample of data with an integrated luminosity of163

2.92 fb−1 [19] collected with the BESIII detector [20] at
√
s = 3.773GeV. The BESIII detector is a general-164

purpose solenoidal detector at the BEPCII [21] double storage rings. The detector has a geometrical accep-165

tance of 93% of full solid angle. We next briefly describe the components of BESIII from the interaction166

1Charge-conjugate modes are implied.

4
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Extrac<ng	
  yCP	
  in	
  BESIII	
  data
32

Type Modes
CP+ K+K−, π+π−, KSπ0π0

CP− K0
Sπ

0, K0
Sω, K

0
Sη

l± Keν, Kµν

Table 2: CP -tag modes and D semileptonic decay modes.

3 Measurement of yCP

For D decays to any CP -eigenstate final states, their decay rates can be formulated
to be

R(D0/D
0 → CP±) ∝ |ACP± |2(1∓ yCP ).

When the partner D decays semileptonically in the DD pair production at threshold,
double decay rates will be

Rl;CP± = |Al|2|ACP± |2.
If we take the ratio of the single decay rate and the double decay rate and neglect
higher order of y2CP, we can extract yCP using the following equation [4]

yCP =
1

4
(
Rl;CP+RCP−

Rl;CP−RCP+
− Rl;CP−RCP+

Rl;CP+RCP−
).

Similar to the notations in Eq. (3), experimentally we denote the decay rate ratios of
Rl;CP±
RCP±

to be B± and determine it with the D tagging method

B± =
nl;CP±

nCP±
· εCP±

εl;CP±
.

Hence, yCP = 1
4 [

B̃+

B̃−
− B̃−

B̃+
], where B̃± is combinations of different CP -tag mode α

using the least square method

χ2 =
∑

α

(B̃± −Bα
±)

2

(σα
±)2

.
CP -tag modes in Tab. 2 are used in this analysis. Similar to the analysis of

δKπ, ST yields are estimated by fits to the MBC distributions, as shown in Fig. 3.
Semileptonic decays of D → Keν and D → Kµν are selected with respect to the
CP -tagged D candidates in ST events. Due to the undetectable neutrino in the final
states, variable Umiss is used to distinguish the signals of semileptonic decays from
backgrounds. The definition is given as

Umiss ≡ Emiss − |p⃗miss|,

6
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yCP ≈ 1

4

(BDCP−→l

BDCP+→l
−

BDCP+→l

BDCP−→l

)
. (3)

At BESIII, quantum-correlated D0D0 pairs produced at threshold allow us to obtain BDCP±→l. Specif-147

ically, we begin with a fully reconstructed D candidate decaying into a CP eigenstate, the so-called Single148

Tag (ST). We have thus tagged the CP eigenvalue of the partner D meson. For a subset of the ST events,149

the so-called Double Tag (DT), this tagged partner D meson is also observed, via one of the semileptonic150

decay channels. CPV in D decays is known to be very small [14], and can be safely neglected. Therefore,151

BDCP∓→l can be obtained as152

BDCP∓→l =
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, (4)

where NCP± (NCP±;l) and εCP± (εCP±;l) denote signal yields and detection efficiencies of ST of D → CP±153

(DT of DD → CP±; l), respectively. For CP eigenstates, as listed in Table 1, we choose modes with154

unambiguous CP content and copious yields. We neglect CP violation in K0
S decays. The semileptonic155

modes used for the DT are K∓e±ν and K∓µ±ν, which are summed up to obtain BDCP∓→l = BDCP∓→Keν+156

BDCP∓→Kµν .157

To combine results from different tag modes, a least-squares method is utilized. The weighted semilep-158

tonic branching fraction B̃DCP±→l is determined by minimizing159
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(
B̃DCP±→l − Bα
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)2

(
σα
CP±

)2 , (5)

where α denotes different CP -tag modes and σα
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DCP±→l for the given tag160

mode. Finally, yCP is calculated using Eq. (3), with BDCP±→l replaced by B̃DCP±→l.161

1.3. The BESIII detector and data sample162

The analysis presented in this paper is based on a sample of data with an integrated luminosity of163

2.92 fb−1 [19] collected with the BESIII detector [20] at
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Figure 4: Fits to Umiss distributions in data for CP -tagged Keν and Kµν modes.

4 Summary

In this paper, the preliminary BESIII results of the strong phase difference cos δKπ

in D → Kπ decays and the mixing parameter yCP are reported. The measurements
were carried out based on the quantum-correlated technique in studying the process
of D0D0 pair productions of 2.92 fb−1 e+e− collision data collected with the BESIII
detector at

√
s = 3.773GeV. The preliminary results are given as

cos δKπ = 1.03± 0.12± 0.04± 0.01

and
yCP = −1.6%± 1.3%± 0.6%.

8

K+K-­‐,	
  Keν π+π-­‐,	
  Keν KSπ+π-­‐,	
  Keν

KSπ0,	
  Keν KSω,	
  Keν KSη,	
  KeνPrel
imin

ary
-­‐	
  Fit	
  to	
  U	
  for	
  Keν
-­‐	
  Similar	
  for	
  Kμν

BESIII	
  preliminary	
  result;
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  yCP	
  =	
  [-­‐1.6±1.3(stat.)±0.6(syst.)]%.
Most	
  precise	
  result	
  based	
  on	
  QC	
  Charm	
  mesons.
Having	
  a	
  larger	
  sample	
  would	
  be	
  a	
  help.



                           PIC 2014   SEP/2014Hajime Muramatsu    U of Minnesota

Comparison	
  with	
  other	
  measurements

- Our	
  result	
  is	
  consistent	
  with	
  the	
  
world	
  average	
  (HFAG2013;	
  this	
  
preliminary	
  result	
  is	
  not	
  included	
  
in	
  the	
  average).

- Also	
  consistent	
  with	
  the	
  latest	
  
result	
  from	
  CLEO-­‐c	
  (PRD86,	
  
112001	
  (2012));
	
  	
  	
  	
  	
  	
  	
  yCP	
  =	
  (4.2±2.0±1.0)%.
(not	
  listed	
  in	
  the	
  figure).

33

Comparison with world measurement 

Xiao-Rui Lu @ Charm 2013 25 25 

compatible with 
world average results 

BESIII (pre.) -1.6 ±1.3 ±0.6  % 

best precision in 
Charm factory 

World average directly from HFAG2013  
(BESIII (pre.) not included) 

CLEOc 2012:   
[PRD 86 (2012) 112001] 

     yCP=(4.2±2.0 ±1.0)% 

                 



                           PIC 2014   SEP/2014Hajime Muramatsu    U of Minnesota

Can	
  also	
  contribute	
  to	
  the	
  measurement	
  of	
  γ/φ3

34

                 

- B	
  factories	
  can	
  measure	
  γ/φ3	
  through	
  B	
  ➝	
  D	
  K.
- The	
  latest	
  comes	
  from	
  the	
  LHCb	
  (arXiv:1408.2748)
via	
  the	
  GGSZ	
  method	
  in	
  D0➝KSπ	
  π-­‐	
  and	
  KSK+K-­‐.
- Measured	
  γ	
  =	
  (62+15-­‐14)°	
  
(along	
  with	
  rB	
  =	
  0.080+0.019-­‐0.021	
  and	
  δB	
  =	
  (134+14-­‐15)°).
A	
  single	
  most	
  precise	
  measurement	
  of	
  γ	
  to	
  date.
- They	
  needed	
  inputs,	
  ci	
  and	
  si:
cosine	
  and	
  sine	
  of	
  the	
  strong-­‐phase	
  difference	
  between	
  the	
  D0	
  
and	
  DH0	
  decay,	
  averaged	
  in	
  each	
  Dalitz	
  bin,	
  i.
- Took	
  the	
  CLEO-­‐c	
  (sta<s<cally	
  limited)	
  results
(PRD82,	
  112006,	
  (2010)).
- BESIII	
  has	
  recently	
  repeated	
  this	
  CLEO-­‐c	
  analysis	
  based	
  on	
  their	
  
data	
  which	
  is	
  ~3.5×	
  larger	
  than	
  that	
  of	
  CLEO.
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Rela<ons	
  between
ci,	
  si,	
  and	
  yields	
  in	
  Dalitz	
  bins

35

                 

- One	
  could	
  derive	
  the	
  following	
  rela;ons	
  between
efficiency-­‐corrected	
  yields	
  in	
  the	
  ith	
  Dalitz	
  bins	
  and	
  ci	
  (si)	
  
	
  (see	
  backups	
  more	
  details	
  and	
  PRD82,	
  112006	
  (2010)).

- For	
  the	
  case	
  of	
  D	
  ➝	
  CP	
  states	
  AND	
  D	
  ➝	
  KSπ+π-­‐	
  :	
  
	
  	
  Yields	
  in	
  ith	
  bin	
  ∝ ±ci

- For	
  the	
  case	
  of	
  D	
  ➝	
  KSπ+π-­‐	
  AND	
  D➝	
  KSπ+π-­‐	
  :	
  
	
  	
  Yields	
  in	
  ith	
  and	
  jth	
  bins	
  of	
  the	
  two	
  Dalitz	
  plots	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ∝ cicj	
  +	
  sisj

-	
  	
  Simultaneously	
  fit	
  to	
  these	
  “Yields	
  in	
  each	
  bin”	
  to	
  extract	
  ci	
  and	
  si.

-	
  	
  One	
  could	
  also	
  gain	
  sta;s;cal	
  power	
  by	
  employing	
  KLπ+π-­‐.



                           PIC 2014   SEP/2014Hajime Muramatsu    U of Minnesota

For	
  the	
  case	
  of	
  “CP	
  tag	
  vs	
  KSπ+π-­‐”
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- Only	
  sta<s<cal	
  uncertain<es	
  are	
  shown	
  in	
  the	
  op<mal	
  binning	
  scheme
(which	
  dominate	
  in	
  most	
  of	
  the	
  bins).

- Consistent	
  results	
  with	
  the	
  previous	
  CLEO-­‐c	
  measurement,	
  
but	
  sta<s<cally	
  superior.

- What	
  this	
  result	
  could	
  do	
  to	
  the	
  γ/φ3	
  is,	
  
if	
  we	
  take	
  the	
  Belle’s	
  Dalitz	
  result	
  (PRD85,	
  112014	
  (2012)),
	
  	
  	
  	
  γ	
  (in	
  degrees)	
  =	
  77.3+15.1-­‐14.9	
  (stat.)	
  ±	
  4.2	
  (syst.)	
  ±	
  4.3	
  (ci/si)	
  	
  →	
  ±	
  2.5	
  (ci/si)
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  We	
  expect	
  	
  the	
  uncertainly	
  would	
  be	
  reduced	
  by	
  ~40%

- Very	
  important	
  inputs	
  for	
  the	
  future	
  analyses	
  by	
  LHCb	
  and	
  Belle	
  II,	
  where
the	
  sta<s<cal	
  sensi<vity	
  starts	
  to	
  reach	
  ~1~2	
  degrees.

Preliminary	
  result
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Summary
- Searches	
  for	
  rare/forbidden	
  Charm	
  decays	
  are	
  finally	
  
becoming	
  interes;ng	
  (exci;ng)	
  with	
  LHCb	
  upgrade	
  and	
  
Belle	
  II	
  on	
  the	
  horizon.
- Leptonic	
  and	
  semi-­‐leptonic	
  decays	
  in	
  Charm	
  provide	
  
access	
  to	
  |Vcx|	
  and	
  complementary	
  to	
  the	
  B	
  Physics.
Having	
  even	
  larger	
  Charm	
  samples	
  at	
  BESIII	
  improves	
  the	
  
current	
  results	
  further.
- Quantum-­‐correlated	
  D0D�0	
  in	
  e+e-­‐	
  annihila;ons	
  near	
  
threshold:	
  
- provides	
  an	
  unique	
  way	
  to	
  measure	
  the	
  Charm	
  mixing	
  
parameters.
- also	
  can	
  provide	
  precise	
  measurements	
  on	
  ci	
  and	
  si.

38



                           PIC 2014   SEP/2014Hajime Muramatsu    U of Minnesota

Backups
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D0DH0	
  mixing
-­‐ Observa;on	
  of	
  DD�	
  mixing,	
  first	
  seen	
  by	
  the
B	
  factories	
  (HFAG:	
  arXiv	
  1207.1158)	
  and	
  now	
  observed
by	
  LHCb:	
  	
  PRL110,	
  101802	
  (2013).

-­‐ DD�	
  mixing	
  is	
  conven;onally	
  described	
  
by	
  two	
  parameters:
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  x	
  =	
  2(M1-­‐M2)/(𝚪1+𝚪2),	
  y	
  =	
  (𝚪1-­‐𝚪2)/(𝚪1+𝚪2),
where	
  M1,2	
  and	
  𝚪1,2	
  are	
  the	
  masses	
  and	
  widths	
  of	
  
the	
  neutral	
  D	
  meson	
  mass	
  eigenstates.
(Flavor	
  eigenstates,	
  D0/D�0,	
  are	
  not	
  the	
  same	
  as	
  mass	
  eigenstates,	
  D1/D2)
Or	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  x’	
  =	
  x·∙cosδKπ	
  +	
  y·∙sinδKπ,	
  y’	
  =	
  y·∙cosδKπ	
  -­‐	
  x·∙sinδKπ.

-­‐ δKπ	
  is	
  the	
  strong	
  phase	
  difference	
  between	
  the	
  doubly	
  Cabibbo	
  suppressed	
  
(DCS)	
  decay,	
  D�0	
  ➝	
  K-­‐π+	
  and	
  the	
  Cabibbo	
  favored	
  (CF)	
  decay,	
  
D0	
  ➝	
  K-­‐π+	
  or	
  ⟨K-­‐π+∣D�0⟩/⟨K-­‐π+∣D0⟩	
  =	
  -­‐r·∙e-­‐iδ.	
  
So	
  one	
  can	
  connect	
  (x,y)	
  with	
  (x’,y’)	
  via	
  δKπ.

-­‐ For	
  this	
  part	
  of	
  my	
  talk,	
  I	
  present	
  preliminary	
  results	
  on	
  δKπ	
  and	
  y	
  using	
  the	
  
quantum	
  correla;on	
  between	
  the	
  produced	
  D0	
  and	
  D�0	
  pair	
  in	
  data	
  taken	
  at	
  
BESIII.	
  This	
  will	
  then	
  improve	
  the	
  determina;on	
  of	
  the	
  mixing	
  params,	
  (x,y).
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The decay time, ti, is the average value in each bin of the
RS sample. The fit parameters, !, include the three mixing
parameters (RD, y

0, x02) and five nuisance parameters used
to describe the decay time evolution of the secondary D
fraction (!B) and of the peaking background (!p). The
nuisance parameters are constrained to the measured val-
ues by the additional !2

B and !2
p terms, which account for

their uncertainties including correlations.
The analysis procedure is defined prior to fitting the data

for the mixing parameters. Measurements on pseudoex-
periments that mimic the experimental conditions of the
data, and where D0 ! "D0 oscillations are simulated, indi-
cate that the fit procedure is stable and free of any bias.

The fit to the decay-time evolution of the WS/RS ratio is
shown in Fig. 2 (solid line), with the values and uncertain-
ties of the parameters RD, y

0 and x02 listed in Table I. The
value of x02 is found to be negative but consistent with zero.
As the dominant systematic uncertainties are treated within
the fit procedure (all other systematic effects are negli-
gible), the quoted errors account for systematic as well as
statistical uncertainties. When the systematic biases are not
included in the fit, the estimated uncertainties on RD, y

0,
and x02 become, respectively 6%, 10%, and 11% smaller,

showing that the quoted uncertainties are dominated by
their statistical component. To evaluate the significance of
this mixing result, we determine the change in the fit !2

when the data are described under the assumption of the
no-mixing hypothesis (dashed line in Fig. 2). Under the
assumption that the !2 difference, !!2, follows a !2

distribution for two degrees of freedom, !!2 ¼ 88:6 cor-
responds to a p-value of 5:7# 10!20, which excludes the
no-mixing hypothesis at 9.1 standard deviations. This is
illustrated in Fig. 3 where the 1", 3", and 5" confidence
regions for x02 and y0 are shown.
As additional cross-checks, we perform the measure-

ment in statistically independent subsamples of the data,
selected according to different data-taking periods, and
find compatible results. We also use alternative decay-
time binning schemes, selection criteria or fit methods to
separate signal and background, and find no significant
variations in the estimated parameters. Finally, to assess
the impact of events where more than one candidate is
reconstructed, we repeat the time-dependent fit on data
after randomly removing the additional candidates and
selecting only one per event; the change in the measured
value of RD, y0, and x02 is 2%, 6%, and 7% of their
uncertainty, respectively.
In conclusion, we measure the decay time dependence of

the ratio between D0 ! Kþ#! and D0 ! K!#þ decays
using 1:0 fb!1 of data and exclude the no-mixing hypothe-
sis at 9.1 standard deviations. This is the first observation of
D0 ! "D0 oscillations in a single measurement. The mea-
sured values of the mixing parameters are compatible with
and have substantially better precision than those from
previous measurements [4,6,23].
We express our gratitude to our colleagues in the CERN

accelerator departments for the excellent performance of
the LHC. We thank the technical and administrative staff at
the LHCb institutes. We acknowledge support from CERN
and from the national agencies: CAPES, CNPq, FAPERJ,

TABLE I. Results of the time-dependent fit to the data. The
uncertainties include statistical and systematic sources; ndf
indicates the number of degrees of freedom.

Fit type
Parameter

Fit result Correlation coefficient
(!2=ndf) (10!3) RD y0 x02

Mixing RD 3:52% 0:15 1 !0:954 þ0:882
(9:5=10) y0 7:2% 2:4 1 !0:973

x02 !0:09% 0:13 1
No mixing RD 4:25% 0:04
(98:1=12)
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FIG. 3. Estimated confidence-level (C.L.) regions in the
(x02, y0) plane for 1! C:L: ¼ 0:317 (1"), 2:7# 10!3 (3"),
and 5:73# 10!7 (5"). Systematic uncertainties are included.
The cross indicates the no-mixing point.
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FIG. 2 (color online). Decay-time evolution of the ratio, R, of
WS D0 ! Kþ#! to RS D0 ! K!#þ yields (points) with the
projection of the mixing allowed (solid line) and no-mixing
(dashed line) fits overlaid.
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Reconstruc<ng	
  events	
  with	
  a	
  neutrino

41

• Reconstruct	
  the	
  all	
  decay	
  par;cles,	
  except	
  the	
  neutrino.
• At	
  CLEO-­‐c	
  and	
  BESIII,	
  where	
  they	
  take	
  the	
  data	
  close	
  to	
  the	
  mass	
  
threshold	
  (i.e.,	
  e+e-­‐	
  ➝	
  (ψ(3770))	
  ➝	
  DD�),
one	
  can	
  reconstruct	
  one	
  of	
  the	
  D	
  mesons	
  fully	
  (tag	
  side),
while	
  the	
  other	
  D	
  is	
  reconstructed,	
  except	
  the	
  neutrino	
  (signal	
  side).
The	
  existence	
  of	
  neutrino	
  can	
  be	
  inferred	
  by
a	
  missing	
  variable	
  such	
  as;

for	
  the	
  case	
  of	
  D+	
  ➝	
  μ+	
  νμ.
M2missing	
  ~	
  0	
  for	
  the	
  signal	
  events.

DTag+Approach+

greater than 300 MeV. Since there is a missing neutrino in the purely leptonic decay event,

the event should be characteristic with missing energy Emiss and missing momentum Pmiss

which are carried by the neutrino. So we infer the existence of the neutrino by requiring

a measured value of the missing mass squared M 2
miss to be around zero. The missing mass

squared M2
miss is defined as

M2
miss = (Ebeam − Eµ+)2 − (−p⃗D−

tag
− p⃗µ)

2, (8)

where Eµ+ is the energy of the µ+, p⃗µ+ is the three-momentum of the µ+ and p⃗D−
tag

is

three-momentum of the candidate for the D− tag.

At present, the comparison of the data and the Monte Carlo simulation is not good for the

BOSS662 software. In order to precisely determine efficiency for reconstructing the decays of

D+ → µ+νµ and evaluate the number of background events, we have to make corrections to

the Monte Carlo simulation. With the decay mode of D+ → K0
Sπ

+ we check the Monte Carlo

simulation. Figure 11(a) and (b) show the M 2
miss distributions by missing the reconstructed

K0
S for the decays D+ → K0

Sπ
+ selected from the data and the Monte Carlo samples,

respectively. To estimate the difference in the resolution of the M 2
miss between the data and

the Monte Carlo simulation, we fit these distributions with one simple Gaussian function.

We find that the peak and the standard deviation of the M 2
miss distribution are respectively

(0.2476 ± 0.0003) GeV2/c4 and (0.0258± 0.0003) GeV2/c4 for the data, while the peak and

the standard deviation of the M 2
miss distribution are respectively (0.2467± 0.0001) GeV2/c4

and (0.0216± 0.0001) GeV2/c4 for the Monte Carlo simulation. The resolution of the M 2
miss

distribution of the data is 1.194 times larger than the one of the Monte Carlo simulation.

The peak of the M2
miss distribution of the Monte Carlo events is 0.001 GeV2/c4 less than the

one of the data. To account for this difference in resolution between the data and the Monte

Carlo simulation, we scale the M 2
miss of the Monte Carlo events by multiplying a factor of

1.194 and move the peak of the M 2
miss distribution to the high side by 0.001 GeV2/c4 to match

to the M2
miss distribution of the data when we select the events for D+ → µ+νµ decays.

With these parameters obtained by analyzing the M2
miss distributions of the events of

D+ → K0
Sπ

+ from both the data and the Monte Carlo events, we make corrections to the

M2
miss for the D+ → K0

Lπ
+ and D+ → π0π+ decays from the Monte Carlo events. These

corrections are given below,

M2
miss crr = (M2

miss − 0.2575) ×
0.0258

0.0216
+ 0.2585 for D+ → K0

Lπ
+,

28
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Measuring	
  B(DCP±➝K-­‐π+)	
  
• Double-­‐Tag	
  technique:
B(DCP±➝Kπ)	
  =	
  [B(DCP∓➝	
  CP∓	
  states)×B(DCP±➝Kπ)]/B(DCP∓➝	
  CP∓	
  states).
So	
  they	
  need	
  to	
  measure;
– Yields	
  (BF)	
  when	
  one	
  D	
  decays	
  a	
  CP	
  final	
  state	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  while	
  the	
  other	
  D	
  decays	
  generically

– Yields	
  (BF)	
  when	
  one	
  D	
  decays	
  a	
  CP	
  final	
  state	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  while	
  the	
  other	
  D	
  decays	
  into	
  Kπ.

• CP	
  states	
  they	
  employ	
  (8	
  modes):

where	
  we	
  reconstruct	
  KS➝π+π-­‐,	
  π0/η➝γγ,	
  ω➝π+π-­‐π0,	
  ρ➝π+π-­‐.

• No;ce	
  that	
  most	
  of	
  systema;cs	
  on	
  the	
  tag	
  side	
  get	
  canceled	
  in	
  
B(DCP±➝Kπ).
The	
  remaining	
  systema;cs	
  (reconstruc;on/simula;on)	
  of	
  Kπ	
  are	
  also	
  
canceled	
  in	
  the	
  determina;on	
  of	
  ACP➝Kπ	
  .

42

Type Mode
Flavored K−π+, K+π−

CP+ K+K−, π+π−, K0
Sπ

0π0, π0π0, ρ0π0

CP− K0
Sπ

0, K0
Sη, K

0
Sω

Table 1: D decay modes reconstructed in the analysis of δKπ.

Here, nCP± (nKπ,CP±) and εCP± (εKπ,CP±) are yields and detection efficiencies of sin-
gle tags (ST) of D → CP± (double tags (DT) of D → CP±, D → Kπ), respectively.
With external inputs of the parameters of r, y and RWS, we can extract δKπ from
ACP→Kπ. Based on a dataset of 818 pb−1 of collision data collected with the CLEO-c
detector at the center of mass

√
s = 3.77GeV, the CLEO collaboration measured

cos δKπ = 0.81+0.22+0.07
−0.18−0.05 [10]. Using a global fit method with inclusion of the external

mixing parameters, CLEO obtained cos δKπ = 1.15+0.19+0.00
−0.17−0.08 [10].

We choose 5 CP -even D0 decay modes and 3 CP -odd modes, as listed in Tab. 1,
with π0 → γγ, η → γγ, K0

S → π+π− and ω → π+π−π0. Variable

MBC ≡
√
E2

0/c
4 − |p⃗D|2/c2

is plotted in Fig. 1 to identify the CP ST signals, where p⃗D is the total momentum
of the D0 candidate and E0 is the beam energy. Yields of the CP ST signals are
estimated by maximum likelihood fits to data, in which signal shapes are derived
from MC simulation convoluted with a smearing Gaussian function, and background
functions are modeled with the ARGUS function [11]. In the events of the CP ST
modes, we reconstruct the Kπ combinations using the remaining charged tracks with
respect to the ST D candidates. Similar fits are implemented to the distributions of
MBC(D → CP±) in the survived DT events to estimate yields of DT signals. The
fits are shown in Fig. 2.

We get the asymmetry to be

ACP→Kπ = (12.77± 1.31+0.33
−0.31)%,

where the first uncertainty is statistical and the second is systematic. To measure the
strong phase δKπ in Eq. (1), we quote the external inputs of RD = r2 = 3.47±0.06‰,
y = 6.6±0.9‰, and RWS = 3.80±0.05‰ from HFAG 2013 [12] and PDG [5]. Hence,
we obtain

cos δKπ = 1.03± 0.12± 0.04± 0.01,

where the first uncertainty is statistical, the second uncertainty is systematic, and the
third uncertainty is due to the errors introduced by the external input parameters.
This result is more precise than CLEO’s measurement and provides the world best
constrain to δKπ.

3
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The	
  selec<on	
  rule	
  can	
  be	
  seen	
  in	
  data
43

Xiao-Rui Lu @ Charm 2013 13 

CP purity check of CP-tag modes 

preliminary preliminary 

preliminary preliminary preliminary 

preliminary 

events with same-CP decays 
are consistent with 0 
 

consider as systematic 
uncertainty 

✴ Consistent	
  with	
  zero.

✴ Consider	
  as	
  one	
  of	
  the	
  
systema<cs.

Xiao-Rui Lu @ Charm 2013 13 

CP purity check of CP-tag modes 

preliminary preliminary 

preliminary preliminary preliminary 

preliminary 

events with same-CP decays 
are consistent with 0 
 

consider as systematic 
uncertainty 

CP+ CP-­‐

CP+

CP+

CP-­‐	
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Yields	
  of	
  Kμν	
  in	
  double	
  tags	
  (nKμν,CP∓)
(reconstruct	
  CP-­‐final	
  states	
  from	
  one	
  D	
  decay,	
  

with	
  “Kμν”	
  from	
  the	
  other	
  D)

44

- Signal	
  shape:	
  MC	
  shape,	
  convoluted	
  
with	
  an	
  asymmetric	
  Gaussian.

- Background:	
  A	
  1st	
  order	
  polynomial.
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Kππ0	
  (dominant).
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Figure 4: Fits to Umiss distributions in data for CP -tagged Keν and Kµν modes.

4 Summary

In this paper, the preliminary BESIII results of the strong phase difference cos δKπ

in D → Kπ decays and the mixing parameter yCP are reported. The measurements
were carried out based on the quantum-correlated technique in studying the process
of D0D0 pair productions of 2.92 fb−1 e+e− collision data collected with the BESIII
detector at

√
s = 3.773GeV. The preliminary results are given as

cos δKπ = 1.03± 0.12± 0.04± 0.01

and
yCP = −1.6%± 1.3%± 0.6%.

8

K+K-­‐,	
  Kμν π+π-­‐,	
  Kμν KSπ+π-­‐,	
  Kμν

KSπ0,	
  Kμν KSω,	
  Kμν KSη,	
  Kμν

Prel
imin

ary
Kππ0 -­‐	
  Kππ0	
  shapes	
  and	
  sizes

are	
  fixed	
  based	
  on
control	
  samples	
  of	
  
actual	
  data.
-­‐	
  The	
  control	
  samples	
  
are	
  obtained	
  by	
  the	
  
same	
  CP	
  states	
  and	
  
Kππ0,	
  while	
  ignoring	
  the	
  
two	
  photons	
  from	
  π0	
  
decays	
  to	
  calculate	
  
Umiss.
See	
  the	
  next	
  slide	
  for	
  
detail.
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Fixing	
  the	
  Kππ0	
  shape
- Obtain	
  Eextra	
  ≡	
  Sum	
  of	
  the	
  all	
  un-­‐used	
  energies
deposited	
  in	
  EM	
  calorimeter.
- Eextra	
  tends	
  to	
  be	
  larger	
  if	
  it	
  is	
  Kππ0	
  due	
  to	
  the	
  ignored	
  extra	
  photons	
  
from	
  π	
  0	
  decay	
  and	
  is	
  small	
  if	
  it	
  is	
  Kμν.
- We	
  actually	
  do	
  require	
  Eextra<0.2	
  GeV	
  to	
  select	
  Kμν	
  signal	
  candidates.
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In the fit to Umiss, it is necessary to have a good understanding of Kππ0 back-
grounds(Its resolution and fraction). In order to demonstrate this understanding,
one can select pure Kππ0 to see Umiss distribution. In addition, due to the resolution
of Umiss is correlated to the tag side, it’s better to use the same tag modes. Thus,
our effort was focus on selecting pure Kππ0 against CP tagged events.

We choose cut on the Eextra which is shown in Fig 13. Here we also show the
{Umiss : Eextra} two dimensional plot in Fig 15. From which we see that the Umiss

is basically independent with the Eextra. We choose “Eextra > 0.5 GeV ” to select
the pure Kππ0, then use the Umiss shape of Kππ0 in “Eextra > 0.5 GeV ” region to
demonstrate Umiss shape in “Eextra < 0.2 GeV ” region.
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(a) {Umiss : Eextra} two dimensional plot

(GeV)missU
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0
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0.06

<0.2extraE
>0.5extraE

0ππ, K-K+K

(b) Umiss distribution of Kππ0 events in
Eextra >0.5 GeV region and in Eextra <0.2
GeV region

Figure 15: {Umiss : Eextra} two dimensional plot(a) (from MC) and Umiss distribution
of Kππ0(b) from MC.

When “Eextra > 0.5 GeV ” was required, the resultant Umiss distributions for
Kππ0 from inclusive MC are shown in Fig. 16. Kππ0 is not very pure but with some
other backgrounds. But the resultant Umiss distributions from data could be fitted
using MC shape, then we could get the resolution difference in data and MC. We
use PDF from MC to describe flat backgrounds. Fit plots are shown in Fig 17. The
parameters of smearing Gaussian(which describe the resolution differences between
data and MC) were listed in Table 9.

Through the fit, we could also get the number of Kππ0 events in “Eextra >
0.5 GeV ” region. We define the “ratio” as the number of Kππ0 events in “Eextra <
0.2 GeV ” region to the number in “Eextra > 0.5 GeV ” region. Then the number of
Kππ0 events for data could be estimated using : NE<0.2

Kππ0 = ratio × NE>0.5
Kππ0 . Where

ratios could be obtained from MC. We listed these numbers in Table 10.
Then, in the Umiss fit, Kππ0 could be constrained well. The number of Kππ0

events could be fixed and parameters of its smearing function could also be fixed.
Umiss fit plots are shown in Fig 18.

23

-­‐	
  Fit	
  to	
  Umiss	
  in	
  Eextra>0.5	
  GeV	
  where	
  Kμν
	
  	
  	
  peak	
  is	
  suppressed.
-­‐	
  The	
  fi�ed	
  shape	
  ≡	
  MC	
  shape,	
  
	
  	
  	
  convoluted	
  with	
  a	
  Gaussian.

(Kππ0	
  yields	
  in	
  data	
  in	
  Eextra<0.2	
  GeV)	
  =	
  R×(Kππ0	
  yields	
  in	
  data	
  in	
  Eextra>0.5	
  GeV),
where	
  R	
  =	
  (Kππ0	
  yields	
  in	
  MC	
  in	
  Eextra<0.2	
  GeV)/(Kππ0	
  yields	
  in	
  MC	
  in	
  Eextra>0.5	
  GeV).

Fix	
  shape

Fix	
  size
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Can	
  also	
  contribute	
  to	
  the	
  measurement	
  of	
  γ/φ3

46

                 

- Extract	
  the	
  γ	
  through	
  the	
  measurement	
  of	
  the	
  interference	
  between
b	
  →	
  c	
  and	
  b	
  →	
  u	
  when	
  both	
  D0	
  and	
  D�0	
  decay	
  to	
  the	
  same	
  final	
  state,	
  
f(D).	
  
AB±	
  ∝	
  AD	
  +	
  rB	
  ei(δB	
  ±	
  γ)	
  ADH	
  (where	
  rB	
  is	
  |⟨B-­‐➝DH0K-­‐	
  ⟩|/|⟨B-­‐➝D0K-­‐	
  ⟩|.	
  	
  δB	
  is	
  the	
  strong	
  phase	
  difference).
Directly Measuring 𝛾 through B- → 𝐷෩0 K- 
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- This	
  is	
  one	
  of	
  the	
  popular	
  binning	
  scheme,
“Op;mal	
  binning”,	
  where	
  bins
are	
  adjusted	
  to	
  maximize	
  the	
  sensi;vity
to	
  γ/φ3	
  (CLEO:	
  PRD82,	
  112006	
  (2010)).

- BESIII	
  has	
  recently	
  repeated	
  this	
  analysis
based	
  on	
  their	
  data	
  which	
  is
~3.5×	
  larger	
  than	
  that	
  of	
  CLEO.

binning presented in Sec. III B 2. Each iteration starts with
the random selection of a sub-bin from the lookup table. In
90% of iterations the sub-bin is first tested to see if it lies on
the boundary of a bin. If the sub-bin is not at a boundary the
next iteration begins. Otherwise the sub-bin is moved from
its current assignment to that of the neighboring bin and the
value of Q is computed with the new assignment. If the
value of Q is increased by this migration, the new assign-
ment for this bin is kept and the next iteration begins. If the
value of Q does not increase the assignment reverts to that
originally given and the next iteration begins. In 10% of
iterations, the selected sub-bin is given an assignment at
random, irrespective of whether it is on a bin boundary.
Again the reassignment of the sub-bin is kept if there is an
improvement in Q; this allows part of one bin to ‘‘grow’’
inside another bin if there is an improvement in the sensi-
tivity. The procedure terminates when no further signifi-
cant increase in the value of Q can be found.

The binning that results from this optimization proce-
dure is shown in Fig. 3(a) and is significantly different from
that of the equal !!D binning (Fig. 1). The optimized Q
value is 0.892, which is a 13% relative increase in sensi-
tivity. However, there are many structures that are only a
few sub-bins in size. Such regions are smaller than the
experimental resolution and may result in systematic ef-
fects related to asymmetric migration of events from one
bin to another. Furthermore, the position and shape of this
fine structure depends critically on the components in the
model, which may be realized differently in nature.
Therefore, a smoothing procedure is implemented to re-
move these structures. The smoothing procedure starts by
defining an 11! 11 square of sub-bins centered about the
sub-bin that is being tested. The number of sub-bins with
the same bin assignment as the central sub-bin within the

square is found. If the fraction of sub-bins of the same
assignment is less than 30% the sub-bin assignment is
changed to the modal bin assignment within the square.
This procedure is performed for each sub-bin with the bin
assignments from the original optimization to prevent bias.
Figure 3(b) shows the binning after this smoothing proce-
dure; the value of Q only decreases by 0.005. The

smoothed optimal binning is used to calculate cð0Þi and sð0Þi .
The same optimization procedure is applied to the three

D0 ! K0
SK

þK% binnings in terms of equal intervals of
!!D. However, the improvements in Q are found to be
negligible compared to the equal binnings. Therefore, the

cð0Þi and sð0Þi parameters for D0 ! K0
SK

þK% decay are not
reported here for optimized binnings.

4. Modified-optimal binning of the BABAR 2008 model
for the presence of background

The Q values for the binnings provided are computed
assuming that there is no background present. There is a
clear advantage to using the optimal binning in such a case,
and simulation studies of a measurement of " using the
observed values of ci, si, and the number of flavor-tagged
D0 ! K0

S#
þ#% events in each bin, Ki, have confirmed the

improved sensitivity in comparison to the equal !!D bin-
ning. However, when background is added to the simula-
tion studies the sensitivity to " using the optimal binning
can be worse than that for the equal !!D binning (see
Sec. VII). The addition of background events naturally
reduces the sensitivity to ". The measurement of "
is most sensitive when there are significant differences
between yields in the bins for positive and negative B
decays. In simulations there are two observed effects that
can dilute the sensitivity. For the optimal binning there are

FIG. 3 (color online). (a) Optimal binning of the D0 ! K0
S#

þ#% Dalitz plot that was found to exploit best the B statistics according
to the BABAR 2008 model. (b) The same binning after the smoothing procedure described in the text has been applied. The color scale
represents the value jij.

MODEL-INDEPENDENT DETERMINATION OF THE . . . PHYSICAL REVIEW D 82, 112006 (2010)

112006-7
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Binning of D0 →Ksπ+π- Dalitz Plot  

4/08/2014 

Result of splitting the 
Dalitz phase space into 8 
equally spaced phase 
bins based on the BaBar 
2008 Model.   

Starting with the equally 
spaced bins, bins are 
adjusted to optimize the 
sensitivity to 𝛾.  A 
secondary adjustment 
smooths binned areas 
smaller than detector 
resolution. 

Similar  to  the  “optimal  
binning”  except  the  
expected background is 
taken into account before 
optimizing for 𝛾  sensitivity. 

Source: CLEO Collaboration, Physical Review 
D, vol 82., pp. 112006 - 112035 

Dan Ambrose, University of Rochester  
BESIII Collaboration 9                                                                                                                                                                                                 
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Equation on calculating 𝑐௜  

8/25/2014 

For the CP tag modes, one can show that the total bin yields are related to 𝑐௜ by 

𝑀௜
± =   

𝑆±
2𝑆௙

𝐾௜ ± 2𝑐௜ 𝐾௜𝐾ି௜ + 𝐾ି௜  

𝑀௜
ା 𝑀௜

ି  yields in each bin of Dalitz plot for CP even(odd) modes. 
𝑆ା 𝑆ି    number of single tags for CP even(odd) modes. 
𝑆௙ number of single tags for flavor modes. 
𝐾௜ 𝐾ି௜ ,   yields in each bin of Dalitz plot in flavor modes. 
 

Dan Ambrose, University of Rochester  
Thesis  Defense 22 

Single Tag modes 
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Calculating both 𝑐௜  and 𝑠௜   

8/25/2014 

Using 𝐷0 →Ksπ+π- vs   𝐷0→Ksπ+π-  we can calculate both 𝑐௜  and 𝑠௜: 

𝑀௜,௝ =
𝑁஽,஽ഥ

2𝑆௙ଶ
𝐾௜𝐾ି௝ + 𝐾ି௜𝐾௝ − 2 𝐾௜𝐾ି௝𝐾ି௜𝐾௝ 𝑐௜𝑐௝ + 𝑠௜𝑠௝  

𝑀௜,௝  yields in bin i of first Dalitz plot  
        and bin j of second Dalitz plot. 
𝑆௙   number of single tags for flavor modes. 
𝑁஽,஽ഥ  total number of 𝐷0 𝐷0  events. 
𝐾௜ 𝐾ି௜ ,   yields in each bin of Dalitz plot  
            in flavor modes. 

Dan Ambrose, University of Rochester  
Thesis  Defense 25 

Mirroring the bins over the x=y line in the dalitz plot, we 
note the following points: 
• 𝑀௜,௝ = 𝑀ି௜,ି௝ 
• 𝑀௜,ି௝ = 𝑀ି௜,௝ 
• 𝑀௜,௝ ≠ 𝑀ି௜,௝ 
Symmetric Matrix because the order which tag is i or j 
• 𝑀௜,௝ = 𝑀௝,௜ 
 


