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2 Roads to New Physics

Direct Observations Indirect e�ects

Particles with MC2 > E

cannot be produced di-
rectly...

E=MC
2

... but they can have an e�ect as virtual
particles, especially in loops.
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The Bs system

Analogy between two 2-state
systems: Light-polarisation
and Bs mesons.

• Linear pol. ⇤ Bs, B̄s.
• Circular pol. ⇤ BH, BL.
• Only BH, BL have well-

defined (and di⇤erent)
masses and lifetimes.

Mixing Parameters
• ⇥� ⇥ 1

�L
� 1

�H
= �H��L

�H�L
.

• ⇥m ⌅ oscillation frequency.

• Theory: ⇥� ⌅⇥m.

• Expect to measure both for
1st time at Tevatron.
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First single measurement with >5σ observation of charm mixing.

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.

PRL 110, 101802 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending

8 MARCH 2013

101802-4

numerator: mixing amplitude 
Dº→Dº→K+π– significant 
denominator: for normalisation 
(mixing negligible)

–

Charm Mixing Phys. Rev. Lett. 110 (2013) 101802
Phys. Rev. Lett. 111 (2013) 251801

http://cds.cern.ch/ejournals.py?publication=Phys.+Rev.+Lett.&volume=110&year=2013&page=101802
http://inspirehep.net/record/1255432?ln=en
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The measured WS-to-RS yield ratio and its statistical
uncertainty in the decay-time bin i are denoted by r$i and
#$

i , respectively. The predicted value for the WS-to-RS
yield ratio ~R$

i corresponds to the time integral over bin i of
Eq. (1) including bin-specific corrections. These account
for small biases due to the decay-time evolution of the
approximately 3% fraction of signal candidates originating
from b-hadron decays (!B) and of the about 0.5% compo-
nent of peaking background from RS decays in which both
final-state particles are misidentified (!p) [18]. The rela-
tive efficiency "$r accounts for instrumental asymmetries
in the K$ reconstruction efficiencies, mainly caused by
K# mesons having a larger interaction cross section with
matter than Kþ mesons. These asymmetries are measured
in data to be in the range 0.8%–1.2% with 0.2% precision
and to be independent of decay time. They are derived
from the efficiency ratio "þr ¼ 1="#r ¼ "ðKþ$#Þ=
"ðK#$þÞ, obtained from the product of D# ! Kþ$#$#

and Dþ ! K0
Sð! $þ$#Þ$þ event yields divided by the

product of the corresponding charge-conjugate decay
yields. No CP violation is expected or experimentally
observed [23] in these decays. Asymmetries due to

CP violation in neutral kaons and their interaction cross
sections with matter are negligible. The 1% asymmetry
between Dþ and D# production rates [24] cancels in this
ratio, provided that the kinematic distributions are consis-
tent across samples. We weight theD#!Kþ$#$# events
so that their kinematic distributions match those in the
Dþ!K0

S$
þ sample. Similarly, these samples are weighted

as functions of K$ momentum to match the RS momen-
tum spectra. The parameters associated with !B, !p, and

"r are determined separately for TOS and TOS subsets and
vary independently in the fit within their Gaussian con-
straints !2

B, !
2
p, and !2

" [18].
To avoid experimenters’ bias in the CP violation para-

meters, the measurement technique is finalized by adding
arbitrary offsets to the WS-to-RS yield ratios for the D0

and "D0 samples, designed to mimic the effect of different
mixing parameters in the two samples. To rule out global
systematic uncertainties not accounted for in Eq. (2), the
data are first integrated over the whole decay-time spec-
trum and subsequently divided into statistically indepen-
dent subsets according to criteria likely to reveal biases
from specific instrumental effects. These include the num-
ber of primary vertices in the events, the K laboratory
momentum, the $s impact parameter !2 with respect to
the primary vertex, the D0 impact parameter !2 with
respect to the primary vertex, the magnetic field orientation,
and the hardware trigger category. The variations of the
time-integrated charge asymmetry inWS-to-RS yield ratios
are consistent with statistical fluctuations. Then, we inves-
tigate decay-time-dependent biases by dividing the time-
binned sample according to the magnet polarity and the
number of primary vertices per event. In the TOS sample,
differences of WS-to-RS yield ratios as functions of decay
time for opposite magnet polarities yield !2 values of
12, 17, and 14 (for 12 degrees of freedom), for events
with one, two, and more than two primary vertices, respec-
tively. The corresponding !2 values in the TOS sample, 9,
11, and 8, suggest a systematically better consistency.
Hence, the statistical uncertainty of each of the WS-to-RS
ratios in the TOS samples is increased by a factor offfiffiffiffiffiffiffiffiffiffiffiffiffi
17=12

p
, following Ref. [23]. These scaled uncertainties

are used in all subsequent fits. Independent analyses of
the 2011 and 2012 data yield consistent results. The ratio
between RS D0 to "D0 decay rates is independent of decay
time with a 62% p value and a standard deviation of 0.16%,
showing no evidence of correlations between particle iden-
tification or reconstruction efficiency and decay time.
Three fits are performed to the data shown in Fig. 2. The

first allows direct and indirect CP violation, the second
allows only indirect CP violation by constraining R$

D to a
common value, and the third is a CP-conserving fit that
constrains all mixing parameters to be the same in the D0

and "D0 samples. The fit results and their projections are
shown in Table I and Fig. 2, respectively. Figure 3 shows the
central values and confidence regions in the ðx02; y0Þ plane.
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FIG. 2 (color online). Efficiency-corrected ratios of WS-to-RS
yields for (a) D'þ decays, (b) D'# decays, and (c) their differ-
ences as functions of decay time in units of D0 lifetime.
Projections of fits allowing for (dashed line) no CP violation
(CPV), (dotted line) no direct CP violation, and (solid line) full
CP violation are overlaid. The abscissa of the data points
corresponds to the average decay time over the bin; the error
bars indicate the statistical uncertainties.
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CPV in charm mixing Phys. Rev. Lett. 110 (2013) 101802
Phys. Rev. Lett. 111 (2013) 251801
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FIG. 2 (color online). Efficiency-corrected ratios of WS-to-RS
yields for (a) D'þ decays, (b) D'# decays, and (c) their differ-
ences as functions of decay time in units of D0 lifetime.
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CPV constraints assuming no direct CPV in DCS

5

“usual” CPV constraints “Superweak approx.”: Assume 
no direct CPV in DCS decays

φ D

Phys.Rev. D80 (2009) 076008

tan� =
x(1� |q/p|2)
y(1 + |q/p|2)

�(|q/p|) : 8.7% ! 1.4%

�(�) : 8.9� ! 0.6�

http://inspirehep.net/record/826579
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time-dependent CP asymmetries to consider,

Γ(Bs(t) → f) − Γ(Bs(t) → f)

Γ(Bs(t) → f) + Γ(Bs(t) → f)

= Sf sin(|x|Γt) − Cf cos(|x|Γt) ,

Γ(Bs(t) → f) − Γ(Bs(t) → f)

Γ(Bs(t) → f) + Γ(Bs(t) → f)

= Sf sin(|x|Γt) − Cf cos(|x|Γt) , (43)

where (again to leading order in rf , and for |q/p| = 1),

Sf = Sf = 2 sign(x) sin(φ) cos(δf ) rf/(1 + r2
f ) ,

Cf = 2rf sin φf sin δf , Cf = 2rf sinφf sin δf . (44)

The equality between Sf and Sf holds, up to negligible
corrections of O(|q/p|− 1).

IV. RELATING THE INDIRECT CP
ASYMMETRIES

In general, we are interested in decays to final states
common to M0 and M0, whose leading contributions
to Γ12 are proportional to the dominant CKM struc-
ture entering this quantity, i.e., (VcsV ∗

us)
2 for the D0 and

(VcbV ∗
cs)

2 for the Bs. All of the examples we have men-
tioned previously are in this class. In this section we as-
sume that there are no subleading amplitudes with new
weak phases in these decays [rf = rf = 0 in Eq. (4)], and
we neglect CKM suppressed contributions to Γ12. The
following relations are then satisfied:

Γ12

Γ∗
12

=
AfA∗

f

A
∗

fAf

=

(

Af

Af

)2

(45)

and

Γ12

Γ∗
12

=
AfA∗

f + AfA∗
f

A
∗

fAf + A
∗

fAf

=
Af

Af

Af

Af

, (46)

for CP-eigenstate and non-CP eigenstate final states, re-
spectively. CKM suppressed contributions to Γ12 and to
rf , rf within the SM yield corrections to these relations

of O(|(VcbVub)/(VcsVus)|) ≈ 6 · 10−4 for D0 decays, and
of O(|(VubVus)/(VcbVcs)|) ≈ 0.02 for Bs decays [see Eq.
(113)].

The following formulae, obtained from Eqs. (10)
and (11), will be useful:

|q/p|2(x2 + y2) = x2
12 + y2

12 + 2x12y12 sin φ12 , (47)
∣

∣

∣

∣

q

p

∣

∣

∣

∣

4

=

(

x2
12 + y2

12 + 2x12y12 sinφ12

x2
12 + y2

12 − 2x12y12 sinφ12

)

, (48)

y2
12 =

y2 + A2
mx2

1 − A2
m

, x2
12 =

x2 + A2
my2

1 − A2
m

, (49)

where

Am ≡ (|q/p|2 − 1)/(|q/p|2 + 1) (50)

is related to CP violation in mixing. Note that Eq. (48),
which also appears in [6], relates CPVMIX to the under-
lying mixing parameters x12, y12, and φ12.

Multiplying (see Eq. (11))

(

q

p

)2

=
M∗

12 −
i
2Γ∗

12

M12 − i
2Γ12

(51)

on the l.h.s. by (Af/Af )2 for decays to CP eigenstates to
obtain λ2

f (or by (AfAf )/(AfAf ) for decays to non-CP
eigenstates to obtain λfλf ), and on the r.h.s. by Γ12/Γ∗

12
yields

tan 2φ = −
sin 2φ12

cos 2φ12 + y2
12/x2

12

, (52)

sin 2φ = −
2Amxy

y2 + A2
mx2

, cos 2φ =
y2 − A2

mx2

y2 + A2
mx2

. (53)

The first relation is incorporated into the fit of x12,
y12, and φ12 using the D0 − D0 mixing data. The
last two relations are obtained by eliminating the de-
pendence of sin 2φ and cos 2φ on x12, y12, and φ12, us-
ing Eqs. (10), (47–49). Finally, a trigonometric identity
yields

tanφ = −Amx/y . (54)

This expression also appears in [7]. It relates CPVMIX to
CPVINT, model-independently, in decay modes in which
there are no new weak phases, and is independent of sign
convention for x or y. In the limit ||q/p|−1| << 1, which
holds to very good approximation for all four meson sys-
tem, we obtain

tan φ =

(

1 −

∣

∣

∣

∣

q

p

∣

∣

∣

∣

)

x

y
= −

aSL

2

x

y
. (55)

As discussed in [5], this relation gives an excellent de-
scription of the data in the neutral kaon system.

It is straightforward to relate ∆Yf and the semilep-
tonic CP asymmetry using Eq. (54), after expanding to
first order in |q/p|−1. In the case of D0 decays, the same
relations also apply to the time-integrated CP asymme-
tries (for rf = rf = 0). For decays to CP eigenstates,
one obtains

∆Yf = af = −y cosφηCP
f

aSL

2

y2 + x2

y2
. (56)

We know from experiment that the level of CP viola-
tion in the D0 system is small and that the short-lived
meson is approximately CP-even, implying | cosφ| ≈ 1,
sign(y cosφ) = +1 (as in the Standard Model) and, to
good approximation,

∆Yf = af = −ηCP
f

aSL

2

y2 + x2

|y|
, (57)

which is independent of sign convention for x or y. Sim-
ilarly, we obtain

yCP = y/ cosφ = |y| , (58)

φ, x, y, |q/p| φ12, x12, y12apply constraint

φ 1
2

φD  ≈ φ12 ⋅ 0.66 
(with current results for x12, y12)

http://inspirehep.net/record/826579
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Quantum-correlated news from the threshold

• Mixing sensitive to interference between D→K+π– and D→K+π–. 


!

• Phase difference between amplitudes needed to interpret results in terms 
of mixing parameters x, y.


• Accessible at charm threshed. Latest measurement by  BES III in 2014: 

• 1st BES III result exploiting quantum correlations in this way. 

• Also: updates on similar parameters in KKππ and KKπº, using CLEO-c 
data

6

Phys.Lett. B734 (2014) 227

Dº
Dº

Abstract

We study D

0
D

0 pairs produced in e

+
e

� collisions at
p
s = 3.773GeV using a data sample of 2.92

fb�1 collected with the BESIII detector. We measure the asymmetry ACP
K⇡ of the branching fractions of

D ! K

�
⇡

+ in CP -odd and CP -even eigenstates to be (12.7 ± 1.3 ± 0.7) ⇥ 10�2. ACP
K⇡ can be used to

extract the strong phase di↵erence �K⇡ between the doubly Cabibbo-suppressed process D0 ! K

�
⇡

+ and
the Cabibbo-favored process D

0 ! K

�
⇡

+. Using world-average values of external parameters, we obtain
cos �K⇡ = 1.02± 0.11± 0.06± 0.01. Here, the first and second uncertainties are statistical and systematic,
respectively, while the third uncertainty arises from the external parameters. This is the most precise
measurement of �K⇡ to date.

Keywords: BESIII, D0-D0 Oscillation, Strong Phase Di↵erence

1. Introduction

Within the Standard Model, the short-distance contribution to D

0-D0 oscillations is highly suppressed
by the GIM mechanism [1] and by the magnitude of the CKM matrix elements [2] involved. However, long
distance e↵ects, which cannot be reliably calculated, will also a↵ect the size of mixing. Studies of D0-D0

oscillation provide knowledge of the size of these long-distance e↵ects and, given improved calculations, can
contribute to searches for new physics [3]. In addition, improved constraints on charm mixing are important
for studies of CP violation (CPV ) in charm physics.

Charm mixing is described by two dimensionless parameters

x = 2
M1 �M2

�1 + �2
y =

�1 � �2

�1 + �2
,

where M1,2 and �1,2 are the masses and widths of the two mass eigenstates in the D

0-D0 system. The
most precise determination of the mixing parameters comes from the measurement of the time-dependent
decay rate of the wrong-sign process D0 ! K

+
⇡

�. These analyses are sensitive to y

0 ⌘ y cos �K⇡�x sin �K⇡

and x

0 ⌘ x cos �K⇡ + y sin �K⇡ [4], where �K⇡ is the strong phase di↵erence between the doubly Cabibbo-
suppressed (DCS) amplitude for D0 ! K

�
⇡

+ and the corresponding Cabibbo-favored (CF) amplitude for
D

0 ! K

�
⇡

+. In particular,

hK�
⇡

+|D0i
hK�

⇡

+|D0i = �re

�i�K⇡
, (1)

where

r =

����
hK�

⇡

+|D0i
hK�

⇡

+|D0i

���� .

Knowledge of �K⇡ is important for extracting x and y from x

0 and y

0. In addition, a more accurate �K⇡

contributes to precision determinations of the CKM unitarity angle �3
1 via the ADS method [5].

Using quantum-correlated techniques, �K⇡ can be accessed in the mass-threshold production process
e

+
e

� ! D

0
D

0 [6]. In this process, D0 and D

0 are in a C-odd quantum-coherent state where the two
mesons necessarily have opposite CP eigenvalues [3]. Thus, threshold production provides a unique way to

1� is also used in the literature.

Preprint submitted to Elsevier June 9, 2014

– K+π–

Phys.Lett. B731 (2014) 197-203

https://inspirehep.net/record/1291279/
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Direct CPV such as Dº→KK vs Dº→KK

7

–

Plenty of results.
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Direct CPV such as Dº→KK vs Dº→KK

7

–

Plenty of results. Lots of them new (since 2013).

Plus even more results related to the resonance sub-
structure (for example the CP asymmetries in Dº→φρ, 

Dº→K*K*, Dº→K1π, … contributing to D→KKππ)
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CPV in D→KK, ππ

8

SM

Excitement from 2012 dissipated a bit - latest averages 
compatible with SM at ~2σ (plus many theorists believe now 

that the SM allows more CPV than thought).

Not included: CDF’s 
recent, unpublished 

A(KK), A(ππ) 
measurement 

http://arxiv.org/abs/
1410.5435

http://arxiv.org/abs/1410.5435
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Model-independent searches for CPV in multi-
body decays.

• Binning to achieve equal event yields in each bin.


• Define pull variable for event yields in CP-
conjugate bins: 

!

where α normalises out global effects - global 
CPV as well as global production and detection 
asymmetries. 


• Calculate                                 = 90, for 100 bins. 


• Corresponds to a p-value for no CPV of 72%
9

The Legendre polynomial moments of the cosine of the
helicity angle of the D! decay products reflect the spin
and mass of the intermediate resonant and nonresonant
amplitudes and the interference effects among them [25].
A comparison of these moments between the Dþ and D#

two-body mass distributions provides a model-independent
method to search for CP violation in the Dalitz plot and to
study its mass and spin structure. We define the helicity
angle !H for decaysDþ ! ðr ! KþK#Þ"þ via resonance
r as the angle between the Kþ direction in the KþK# rest
frame and the prior direction of the KþK# system in
the Dþ rest frame. For decays Dþ ! ðr ! K#"þÞKþ

via resonance r, we define !H as the angle between the
K# direction in the K#"þ system and the prior direction
of the K#"þ system in the Dþ rest frame.

The Legendre polynomial moment distribution for order
l is defined as the efficiency-corrected and background-
subtracted invariant two-body mass distributionmðKþK#Þ
or mðK#"þÞ, weighted by the spherical harmonic

Y0
l ½cos ð!HÞ' ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2lþ 1=4"

p
Pl½cos ð!HÞ', where Pl is the

Legendre polynomial. We define the two-body invariant

mass interval weight WðlÞ
i ) ðPjw

ðlÞS
ij #P

kw
ðlÞB
ik Þ=h#ii,

where wðlÞ
ij ðwðlÞ

ik Þ is the value of Yl for the jth (kth) event

in the ith interval and h#ii is the average efficiency for the
ith interval. The superscripts S and B refer to the signal
and background components, respectively. The uncertainty

onWðlÞ
i is $ðlÞ )

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
jðwðlÞS

ij Þ2 þP
kðwðlÞB

ik Þ2=h#ii2
q

. To study

differences between the Dþ and D# amplitudes, we cal-
culate the quantities Xl

i for l, ranging from zero to seven in
a two-body invariant mass interval, where

Xl
i ¼

ðWðlÞ
i ðDþÞ # RWðlÞ

i ðD#ÞÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
$ðlÞ2

i ðDþÞ þ R2$ðlÞ2
i ðD#Þ

q : (6)

We calculate the %2=ndof over 36 mass intervals in the
KþK# and K#"þ moments using

%2 ¼
X

i

X

l1

X

l2

Xðl1Þ
i &l1l2

i Xðl2Þ
i ; (7)

where &l1l2
i is the correlation coefficient between Xl1

and Xl2 ,

&l1l2
i ) hXðl1Þ

i Xðl2Þ
i i# hXðl1Þ

i ihXðl2Þ
i i

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hXðl1Þ2

i i# hXðl1Þ
i i2

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hXðl2Þ2

i i# hXðl2Þ
i i2

q ; (8)

and where the number of degrees of freedom is given by
the product of the number of mass intervals and the number
of moments, minus one due to the constraint that the
overall rates of Dþ and D# mesons be equal. We find
%2=ndof to be 1.10 and 1.09 for the KþK# and K#"þ

moments, respectively (for ndof ¼ 287), which corre-
sponds to a probability of 11% and 13%, again respec-
tively, for the null hypothesis (no CPV).

VIII. MODEL-DEPENDENT SEARCH FOR CP
VIOLATION IN THE DALITZ PLOT

The Dalitz plot amplitude A can be described by an
isobar model, which is parametrized as a coherent sum of
amplitudes for a set of two-body intermediate states r.
Each amplitude has a complex coefficient, i.e.,
Ar½m2ðKþK#Þ;m2ðK#"þÞ'¼P

rMre
i'rFr½m2ðKþK#Þ;

m2ðK#"þÞ' [26–28], where Mr and 'r are real numbers,
and the Fr are dynamical functions describing the inter-
mediate resonances. The complex coefficient may also be
parameterized in Cartesian form, xr ¼ Mr cos'r and
yr ¼ Mr sin'r. We choose the !K*ð892Þ0 as the reference
amplitude in theCP-symmetric andCP-violating fits to the
data, such that M !K*ð892Þ0 ¼ 1 and ' !K*ð892Þ0 ¼ 0.
Using events from the sideband regions (defined in

Fig. 3) of the Dþ mass distribution, we model the CP
conserving background, which is comprised of the
!K*ð892Þ0 and 'ð1020Þ resonance contributions and
combinatorial background. The combinatorial background
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FIG. 5 (color online). Normalized residuals of the Dþ and D#

Dalitz plots in equally populated intervals (top) and their distri-
bution fitted with a Gaussian function (bottom).
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The Legendre polynomial moments of the cosine of the
helicity angle of the D! decay products reflect the spin
and mass of the intermediate resonant and nonresonant
amplitudes and the interference effects among them [25].
A comparison of these moments between the Dþ and D#

two-body mass distributions provides a model-independent
method to search for CP violation in the Dalitz plot and to
study its mass and spin structure. We define the helicity
angle !H for decaysDþ ! ðr ! KþK#Þ"þ via resonance
r as the angle between the Kþ direction in the KþK# rest
frame and the prior direction of the KþK# system in
the Dþ rest frame. For decays Dþ ! ðr ! K#"þÞKþ

via resonance r, we define !H as the angle between the
K# direction in the K#"þ system and the prior direction
of the K#"þ system in the Dþ rest frame.

The Legendre polynomial moment distribution for order
l is defined as the efficiency-corrected and background-
subtracted invariant two-body mass distributionmðKþK#Þ
or mðK#"þÞ, weighted by the spherical harmonic

Y0
l ½cos ð!HÞ' ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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Pl½cos ð!HÞ', where Pl is the

Legendre polynomial. We define the two-body invariant

mass interval weight WðlÞ
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ik Þ is the value of Yl for the jth (kth) event

in the ith interval and h#ii is the average efficiency for the
ith interval. The superscripts S and B refer to the signal
and background components, respectively. The uncertainty

onWðlÞ
i is $ðlÞ )

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
jðwðlÞS

ij Þ2 þP
kðwðlÞB

ik Þ2=h#ii2
q

. To study

differences between the Dþ and D# amplitudes, we cal-
culate the quantities Xl

i for l, ranging from zero to seven in
a two-body invariant mass interval, where
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and where the number of degrees of freedom is given by
the product of the number of mass intervals and the number
of moments, minus one due to the constraint that the
overall rates of Dþ and D# mesons be equal. We find
%2=ndof to be 1.10 and 1.09 for the KþK# and K#"þ

moments, respectively (for ndof ¼ 287), which corre-
sponds to a probability of 11% and 13%, again respec-
tively, for the null hypothesis (no CPV).

VIII. MODEL-DEPENDENT SEARCH FOR CP
VIOLATION IN THE DALITZ PLOT

The Dalitz plot amplitude A can be described by an
isobar model, which is parametrized as a coherent sum of
amplitudes for a set of two-body intermediate states r.
Each amplitude has a complex coefficient, i.e.,
Ar½m2ðKþK#Þ;m2ðK#"þÞ'¼P

rMre
i'rFr½m2ðKþK#Þ;

m2ðK#"þÞ' [26–28], where Mr and 'r are real numbers,
and the Fr are dynamical functions describing the inter-
mediate resonances. The complex coefficient may also be
parameterized in Cartesian form, xr ¼ Mr cos'r and
yr ¼ Mr sin'r. We choose the !K*ð892Þ0 as the reference
amplitude in theCP-symmetric andCP-violating fits to the
data, such that M !K*ð892Þ0 ¼ 1 and ' !K*ð892Þ0 ¼ 0.
Using events from the sideband regions (defined in

Fig. 3) of the Dþ mass distribution, we model the CP
conserving background, which is comprised of the
!K*ð892Þ0 and 'ð1020Þ resonance contributions and
combinatorial background. The combinatorial background
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FIG. 5 (color online). Normalized residuals of the Dþ and D#

Dalitz plots in equally populated intervals (top) and their distri-
bution fitted with a Gaussian function (bottom).
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1 Introduction

In the Standard Model (SM), CP violation in processes involving charm hadrons is small.
However, physics beyond the SM can significantly enhance the rate of CP violation [1]
making the charm sector a promising area to search for increased CP violation.

The LHCb collaboration has recently found first evidence for CP violation (CPV) in
the charm sector in D0 ! ⇡+⇡�, D0 ! K+K� decays [2], at the level of 0.8%. Several
potential explanations for such a level of CP violation in charm have been put forward,
including physics beyond the SM as well as SM sources of CP violation [3,4]. This note
describes a complementary search for CPV in D0 ! ⇡�⇡+⇡+⇡� decays. D0 ! ⇡�⇡+⇡+⇡�

occurs through a variety of intermediate resonances (predominantly D0 ! ⇢0⇢0 and D0

! a
1

(1260)+⇡�) resulting in a rich structure of interfering amplitudes. These can be
studied in a four-body generalisation of the Dalitz plot, which now has five instead of two
dimensions.

In this study, we perform a model-independent search for CP violating variations in the
shape of this five-dimensional phase space distribution, in a similar manner as suggested
for Dalitz plots in [5]. Our study is therefore sensitive to local CP violation e↵ects across
phase space. On the other hand, we do not compare the total decay rates, making us
insensitive to global CP asymmetries, but also to global production and detection e↵ects.

Our study uses the decay D⇤+ ! D0(⇡�⇡+⇡+⇡�)⇡+

s , where the charge of the slow
pion (⇡+

s ) tags the flavour of the D0.
The five-dimensional phase space for the D0 ! ⇡�⇡+⇡+⇡� decay is divided into bins,

and the D0 and D0 decay rates to CP -conjugate bins are compared. The following CP
asymmetry variable is defined [5–7] for each pair of CP -conjugate bins:

Si
CP =

N i(D0)� ↵N i(D0)q
N i(D0) + ↵2N i(D0)

, ↵ =

P
i N

i(D0)
P

i N
i(D0)

, (1)

where N i(D0) is the number of D0 candidates in the ith bin and N i(D0) is the number of
candidates in the CP -conjugate bin, and ↵ is a normalisation constant. This normalisation
makes the method insensitive to global asymmetries.

In the absence of CPV, the Si
CP values for all bins in phase space result in a Gaussian

distribution, with mean 0 and width 1. Any significant deviation from this distribution is
evidence for local asymmetries.

The degree of asymmetry is quantified by calculating the �2 and its probability value
under the hypothesis of no CPV,

�2 =
X

i

(Si
CP )

2, (2)

N
dof

= N
bins

� 1. (3)

The number of degrees of freedom is equal to the number of bins subtracting one for
the normalisation constraint.
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CPV in D±→K+K–π±
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Model-independent searches for CPV in multi-
body decays.

• Binning to achieve equal event yields in each bin.


• Define pull variable for event yields in CP-
conjugate bins: 

!

where α normalises out global effects - global 
CPV as well as global production and detection 
asymmetries. 


• Calculate                                 = 90, for 100 bins. 


• Corresponds to a p-value for no CPV of 72%
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The Legendre polynomial moments of the cosine of the
helicity angle of the D! decay products reflect the spin
and mass of the intermediate resonant and nonresonant
amplitudes and the interference effects among them [25].
A comparison of these moments between the Dþ and D#

two-body mass distributions provides a model-independent
method to search for CP violation in the Dalitz plot and to
study its mass and spin structure. We define the helicity
angle !H for decaysDþ ! ðr ! KþK#Þ"þ via resonance
r as the angle between the Kþ direction in the KþK# rest
frame and the prior direction of the KþK# system in
the Dþ rest frame. For decays Dþ ! ðr ! K#"þÞKþ

via resonance r, we define !H as the angle between the
K# direction in the K#"þ system and the prior direction
of the K#"þ system in the Dþ rest frame.

The Legendre polynomial moment distribution for order
l is defined as the efficiency-corrected and background-
subtracted invariant two-body mass distributionmðKþK#Þ
or mðK#"þÞ, weighted by the spherical harmonic

Y0
l ½cos ð!HÞ' ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2lþ 1=4"

p
Pl½cos ð!HÞ', where Pl is the

Legendre polynomial. We define the two-body invariant

mass interval weight WðlÞ
i ) ðPjw

ðlÞS
ij #P

kw
ðlÞB
ik Þ=h#ii,

where wðlÞ
ij ðwðlÞ

ik Þ is the value of Yl for the jth (kth) event

in the ith interval and h#ii is the average efficiency for the
ith interval. The superscripts S and B refer to the signal
and background components, respectively. The uncertainty

onWðlÞ
i is $ðlÞ )
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ij Þ2 þP
kðwðlÞB

ik Þ2=h#ii2
q

. To study

differences between the Dþ and D# amplitudes, we cal-
culate the quantities Xl

i for l, ranging from zero to seven in
a two-body invariant mass interval, where

Xl
i ¼

ðWðlÞ
i ðDþÞ # RWðlÞ

i ðD#ÞÞ
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$ðlÞ2
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q : (6)

We calculate the %2=ndof over 36 mass intervals in the
KþK# and K#"þ moments using

%2 ¼
X

i

X
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i ; (7)

where &l1l2
i is the correlation coefficient between Xl1

and Xl2 ,
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and where the number of degrees of freedom is given by
the product of the number of mass intervals and the number
of moments, minus one due to the constraint that the
overall rates of Dþ and D# mesons be equal. We find
%2=ndof to be 1.10 and 1.09 for the KþK# and K#"þ

moments, respectively (for ndof ¼ 287), which corre-
sponds to a probability of 11% and 13%, again respec-
tively, for the null hypothesis (no CPV).

VIII. MODEL-DEPENDENT SEARCH FOR CP
VIOLATION IN THE DALITZ PLOT

The Dalitz plot amplitude A can be described by an
isobar model, which is parametrized as a coherent sum of
amplitudes for a set of two-body intermediate states r.
Each amplitude has a complex coefficient, i.e.,
Ar½m2ðKþK#Þ;m2ðK#"þÞ'¼P

rMre
i'rFr½m2ðKþK#Þ;

m2ðK#"þÞ' [26–28], where Mr and 'r are real numbers,
and the Fr are dynamical functions describing the inter-
mediate resonances. The complex coefficient may also be
parameterized in Cartesian form, xr ¼ Mr cos'r and
yr ¼ Mr sin'r. We choose the !K*ð892Þ0 as the reference
amplitude in theCP-symmetric andCP-violating fits to the
data, such that M !K*ð892Þ0 ¼ 1 and ' !K*ð892Þ0 ¼ 0.
Using events from the sideband regions (defined in

Fig. 3) of the Dþ mass distribution, we model the CP
conserving background, which is comprised of the
!K*ð892Þ0 and 'ð1020Þ resonance contributions and
combinatorial background. The combinatorial background
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FIG. 5 (color online). Normalized residuals of the Dþ and D#

Dalitz plots in equally populated intervals (top) and their distri-
bution fitted with a Gaussian function (bottom).
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The Legendre polynomial moments of the cosine of the
helicity angle of the D! decay products reflect the spin
and mass of the intermediate resonant and nonresonant
amplitudes and the interference effects among them [25].
A comparison of these moments between the Dþ and D#

two-body mass distributions provides a model-independent
method to search for CP violation in the Dalitz plot and to
study its mass and spin structure. We define the helicity
angle !H for decaysDþ ! ðr ! KþK#Þ"þ via resonance
r as the angle between the Kþ direction in the KþK# rest
frame and the prior direction of the KþK# system in
the Dþ rest frame. For decays Dþ ! ðr ! K#"þÞKþ

via resonance r, we define !H as the angle between the
K# direction in the K#"þ system and the prior direction
of the K#"þ system in the Dþ rest frame.

The Legendre polynomial moment distribution for order
l is defined as the efficiency-corrected and background-
subtracted invariant two-body mass distributionmðKþK#Þ
or mðK#"þÞ, weighted by the spherical harmonic

Y0
l ½cos ð!HÞ' ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2lþ 1=4"
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Pl½cos ð!HÞ', where Pl is the

Legendre polynomial. We define the two-body invariant

mass interval weight WðlÞ
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where wðlÞ
ij ðwðlÞ

ik Þ is the value of Yl for the jth (kth) event

in the ith interval and h#ii is the average efficiency for the
ith interval. The superscripts S and B refer to the signal
and background components, respectively. The uncertainty

onWðlÞ
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. To study
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culate the quantities Xl

i for l, ranging from zero to seven in
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We calculate the %2=ndof over 36 mass intervals in the
KþK# and K#"þ moments using
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where &l1l2
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and where the number of degrees of freedom is given by
the product of the number of mass intervals and the number
of moments, minus one due to the constraint that the
overall rates of Dþ and D# mesons be equal. We find
%2=ndof to be 1.10 and 1.09 for the KþK# and K#"þ

moments, respectively (for ndof ¼ 287), which corre-
sponds to a probability of 11% and 13%, again respec-
tively, for the null hypothesis (no CPV).

VIII. MODEL-DEPENDENT SEARCH FOR CP
VIOLATION IN THE DALITZ PLOT

The Dalitz plot amplitude A can be described by an
isobar model, which is parametrized as a coherent sum of
amplitudes for a set of two-body intermediate states r.
Each amplitude has a complex coefficient, i.e.,
Ar½m2ðKþK#Þ;m2ðK#"þÞ'¼P

rMre
i'rFr½m2ðKþK#Þ;

m2ðK#"þÞ' [26–28], where Mr and 'r are real numbers,
and the Fr are dynamical functions describing the inter-
mediate resonances. The complex coefficient may also be
parameterized in Cartesian form, xr ¼ Mr cos'r and
yr ¼ Mr sin'r. We choose the !K*ð892Þ0 as the reference
amplitude in theCP-symmetric andCP-violating fits to the
data, such that M !K*ð892Þ0 ¼ 1 and ' !K*ð892Þ0 ¼ 0.
Using events from the sideband regions (defined in

Fig. 3) of the Dþ mass distribution, we model the CP
conserving background, which is comprised of the
!K*ð892Þ0 and 'ð1020Þ resonance contributions and
combinatorial background. The combinatorial background
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FIG. 5 (color online). Normalized residuals of the Dþ and D#

Dalitz plots in equally populated intervals (top) and their distri-
bution fitted with a Gaussian function (bottom).
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1 Introduction

In the Standard Model (SM), CP violation in processes involving charm hadrons is small.
However, physics beyond the SM can significantly enhance the rate of CP violation [1]
making the charm sector a promising area to search for increased CP violation.

The LHCb collaboration has recently found first evidence for CP violation (CPV) in
the charm sector in D0 ! ⇡+⇡�, D0 ! K+K� decays [2], at the level of 0.8%. Several
potential explanations for such a level of CP violation in charm have been put forward,
including physics beyond the SM as well as SM sources of CP violation [3,4]. This note
describes a complementary search for CPV in D0 ! ⇡�⇡+⇡+⇡� decays. D0 ! ⇡�⇡+⇡+⇡�

occurs through a variety of intermediate resonances (predominantly D0 ! ⇢0⇢0 and D0

! a
1

(1260)+⇡�) resulting in a rich structure of interfering amplitudes. These can be
studied in a four-body generalisation of the Dalitz plot, which now has five instead of two
dimensions.

In this study, we perform a model-independent search for CP violating variations in the
shape of this five-dimensional phase space distribution, in a similar manner as suggested
for Dalitz plots in [5]. Our study is therefore sensitive to local CP violation e↵ects across
phase space. On the other hand, we do not compare the total decay rates, making us
insensitive to global CP asymmetries, but also to global production and detection e↵ects.

Our study uses the decay D⇤+ ! D0(⇡�⇡+⇡+⇡�)⇡+

s , where the charge of the slow
pion (⇡+

s ) tags the flavour of the D0.
The five-dimensional phase space for the D0 ! ⇡�⇡+⇡+⇡� decay is divided into bins,

and the D0 and D0 decay rates to CP -conjugate bins are compared. The following CP
asymmetry variable is defined [5–7] for each pair of CP -conjugate bins:

Si
CP =

N i(D0)� ↵N i(D0)q
N i(D0) + ↵2N i(D0)

, ↵ =

P
i N

i(D0)
P

i N
i(D0)

, (1)

where N i(D0) is the number of D0 candidates in the ith bin and N i(D0) is the number of
candidates in the CP -conjugate bin, and ↵ is a normalisation constant. This normalisation
makes the method insensitive to global asymmetries.

In the absence of CPV, the Si
CP values for all bins in phase space result in a Gaussian

distribution, with mean 0 and width 1. Any significant deviation from this distribution is
evidence for local asymmetries.

The degree of asymmetry is quantified by calculating the �2 and its probability value
under the hypothesis of no CPV,

�2 =
X

i

(Si
CP )

2, (2)

N
dof

= N
bins

� 1. (3)

The number of degrees of freedom is equal to the number of bins subtracting one for
the normalisation constraint.
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CPV in D±→K+K–π±

We don’t include those. Although there are plenty of 
them, e.g. 
!
LHCb D->KKππ, D->4π Phys.Lett. B726 (2013) 623-633

LHCb D->KKπ Phys.Rev.D.84.112008 (2011)

LHCb D->3π Phys.Lett. B728 (2014) 585-595

CDF D->KSππ Phys.Rev.D 86, 032007 (2012)

LHCb D->φπ, D->KSπ JHEP 1306 (2013) 112

BaBar Phys.Rev. D87 (2013) 052010

LHCb: arXiv:1410.4170 (2014).


!
!
maybe we should include them?

http://inspirehep.net/record/1206605?ln=en
http://inspirehep.net/record/1247810?ln=en
http://link.aps.org/doi/10.1103/PhysRevD.84.112008
http://inspirehep.net/record/1262699?ln=en
http://prd.aps.org/pdf/PRD/v86/i3/e032007
http://inspirehep.net/record/1224542?ln=en
http://inspirehep.net/record/1206605?ln=en
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Proposed listing & averaging of χ2-based model-
independent searches of direct CPV:

10

! ! ! !                 chi2! ndof p-val!
————————————————————————————————————————!
LHCb (2011):!! !  !! ! ! 32! !  24! 13%!
BaBar (Lees 13F, 2013):! 90.2! 100! 72%!
————————————————————————————————————————!
Combination:!! ! ! ! !  122.2! 124! 52%!
————————————————————————————————————————

D->KKpi
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Spectroscopy
• Amongst many new results: The D*sJ(2860) 

does exist - not only once, but twice: 
 
B→DK–π+ Dalitz plot analysis finds two 
particles in the same mass region, one with 
spin 1, one with spin 3.


• This result came out after our deadline. But 
previous evidence of a Ds(2860)  (and others 
heavy charm states) have disappeared from 
the 2014 PDG live listing (but were listed in 
2012). 


• How should we treat unconfirmed/
controversial claimed resonances? Keeping 
track of them is certainly very helpful for 
analysts. Maybe we should re-instate them.

11
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are shown as black points, the total fit result as a solid blue curve, and the small contributions from B0 → D̄ð$Þ0πþπ−, Λ̄0

b → D̄ð$Þ0p̄πþ,
and combinatorial background shown as green, black, and red curves, respectively.
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between the data and the model are discussed at the end of Sec. VII. The components are as described in the legend for Fig. 7.

DALITZ PLOT ANALYSIS OF … PHYSICAL REVIEW D 90, 072003 (2014)

072003-13

DK spectra in B→DK–π+ at 
LHCb (Phys.Rev. D90 (2014) 072003)

–

–

http://inspirehep.net/record/1308737?ln=en


Jonas Rademacker (Bristol)                                                            Charm I                                    PDG Collaboration Meeting, Nov 2014

• Plenty of new charmonium 
like states discovered.


• What are they? (And in some 
cases: Are they?)


!

!

!

• and how/where do we list 
them?

&KDUPRQLXPOLNH
 

VWDWHV

2

XYZ like states

12

&KDUPRQLXP
 

VWDWHV

1

Di
ag

ra
m

s 
an

d 
m

an
y 

re
su

lts
 fr

om
 C

he
ng

pi
ng

 S
he

n’s
 

ta
lk 

at
 B

2T
IP

 W
or

ks
ho

p,
 2

8-
31

 O
ct

ob
er

 2
01

4,
 K

EK

&KDUPRQLXPOLNH
 

VWDWHV

2

&KDUPRQLXPOLNH
 

VWDWHV

2

&KDUPRQLXPOLNH
 

VWDWHV

2

&K
DUP

RQL
XP
OLNH

 VWD
WHV

2

http://kds.kek.jp/getFile.py/access?contribId=73&sessionId=9&resId=0&materialId=slides&confId=15873


Jonas Rademacker (Bristol)                                                            Charm I                                    PDG Collaboration Meeting, Nov 2014

• Plenty of new charmonium 
like states discovered.


• What are they? (And in some 
cases: Are they?)


!

!

!

• and how/where do we list 
them?

&KDUPRQLXPOLNH
 

VWDWHV

2

XYZ like states

12

&KDUPRQLXP
 

VWDWHV

1

&KDUPRQLXPOLNH
 

VWDWHV

2

Di
ag

ra
m

s 
an

d 
m

an
y 

re
su

lts
 fr

om
 C

he
ng

pi
ng

 S
he

n’s
 

ta
lk 

at
 B

2T
IP

 W
or

ks
ho

p,
 2

8-
31

 O
ct

ob
er

 2
01

4,
 K

EK

&KDUPRQLXPOLNH
 

VWDWHV

2

&KDUPRQLXPOLNH
 

VWDWHV

2

&KDUPRQLXPOLNH
 

VWDWHV

2

&K
DUP

RQL
XP
OLNH

 VWD
WHV

2

http://kds.kek.jp/getFile.py/access?contribId=73&sessionId=9&resId=0&materialId=slides&confId=15873


Jonas Rademacker (Bristol)                                                            Charm I                                    PDG Collaboration Meeting, Nov 2014

• Plenty of new charmonium 
like states discovered.


• What are they? (And in some 
cases: Are they?)


!

!

!

• and how/where do we list 
them?

&KDUPRQLXPOLNH
 

VWDWHV

2

XYZ like states

12

&KDUPRQLXP
 

VWDWHV

1

&KDUPRQLXPOLNH
 

VWDWHV

2

Di
ag

ra
m

s 
an

d 
m

an
y 

re
su

lts
 fr

om
 C

he
ng

pi
ng

 S
he

n’s
 

ta
lk 

at
 B

2T
IP

 W
or

ks
ho

p,
 2

8-
31

 O
ct

ob
er

 2
01

4,
 K

EK

&KDUPRQLXPOLNH
 

VWDWHV

2

&KDUPRQLXPOLNH
 

VWDWHV

2

&KDUPRQLXPOLNH
 

VWDWHV

2

&K
DUP

RQL
XP
OLNH

 VWD
WHV

2

XYZ papers published in 2013 and 2014  
(incomplete list) 
X(3872) 
LHCb: PRL 110, 222001 (2013) 
BES III: Phys. Rev. Lett. 112, 092001 (2014) 
BELLE: Phys. Rev. Lett. 110 252002 (2013) 
Y(4008, 4260, 4360, 4660) 
BES III Phys. Rev. Lett. 110, 252001 (2013) 
Z(3900, 4020, 4200, 4430) 
BELLE: Phys. Rev. Lett. 110 252002 (2013) 
BELLE: Phys. Rev. D 89, 072015 (2014) 
LHCb (2014): Phys.Rev.Lett. 112 (2014) 
222002 
BELLE (2014): Phys.Rev. D88 (2013) 074026 
(no) Zcs 
BES III Phys. Rev. Lett. 111, 242001 (2013) 
BaBar: PRD 89, 111103(R) (2014) 
BES III:  PRL 111, 032001 (2013)X(3823)

http://kds.kek.jp/getFile.py/access?contribId=73&sessionId=9&resId=0&materialId=slides&confId=15873
http://inspirehep.net/record/1288881?ln=en
http://inspirehep.net/record/1239347?ln=en
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XYZ papers published in 2013 and 2014  
(incomplete list) 
X(3872) 
LHCb: PRL 110, 222001 (2013) 
BES III: Phys. Rev. Lett. 112, 092001 (2014) 
BELLE: Phys. Rev. Lett. 110 252002 (2013) 
Y(4008, 4260, 4360, 4660) 
BES III Phys. Rev. Lett. 110, 252001 (2013) 
Z(3900, 4020, 4200, 4430) 
BELLE: Phys. Rev. Lett. 110 252002 (2013) 
BELLE: Phys. Rev. D 89, 072015 (2014) 
LHCb (2014): Phys.Rev.Lett. 112 (2014) 
222002 
BELLE (2014): Phys.Rev. D88 (2013) 074026 
(no) Zcs 
BES III Phys. Rev. Lett. 111, 242001 (2013) 
BaBar: PRD 89, 111103(R) (2014) 
BES III:  PRL 111, 032001 (2013)X(3823)

Where should we put such results? 
Currently Zc is in the cc-onia section, although, 

given it’s charged, it clearly can’t be just cc. 
Similarly for Zb states.

http://kds.kek.jp/getFile.py/access?contribId=73&sessionId=9&resId=0&materialId=slides&confId=15873
http://inspirehep.net/record/1288881?ln=en
http://inspirehep.net/record/1239347?ln=en
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Summary of Part I

• Showed lots of progress on

• Mixing, CPV

• Amplitudes, phases

• New resonances, often with unsuspected properties


• Also loads of progress on important topics not mentioned here, such as 
Branching Fractions (e.g. PRD89 (2014) 7, 072002, PRD88 (2013) 3, 032009), 
masses (e.g. JHEP 1306 (2013) 065), rare decay searches (e.g. PLB725 
(2013) 15-24, PLB724 (2013) 203-212, PLB728 (2014) 234-243).


• Not all results fit easily in our format, some are even left out altogether as 
a consequence — it’s worth thinking about ways of including them.


• Part II: Ideas on charm baryons by Charles.

13

http://inspirehep.net/record/1235028?ln=en
http://inspirehep.net/record/1229506?ln=en
http://inspirehep.net/record/1257744?ln=en
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Backup

14
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HFAG-charm
CKM 2014Super-weak approximation

• Assume no direct CPV in DCS decays

• Can reduce 4 observables to 3 using

➡ tanφ = (1-|q/p|2)/(1+|q/p|2) × (x/y)

• Gives much improved sensitivity

➡ σ(q/p) reduced from 8.7% to 1.4%

➡ σ(φ) reduced from 8.9° to 0.6°

➡ Still no sign of indirect CP violation
13
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Alternatively re-write 
set of parameters as

x12, y12, φ12 
as shown in plots

Marco Gersabeck at CKM 2014
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Quantum-Correlated Dº-Dº decays
• Operating at the ψ(3770) (CLEO-c, BES III) 

provides well-defined Dº, Dº superpositions.


• These provide crucial information on the Dº-Dº 
interference that affect γ from B→DK.


• These interference effects can be summarised 
in a complex number R exp(i δD)

16
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Phys.Lett. B731 (2014) 197-203
Phys.Rev.D80:031105,2009

http://inspirehep.net/record/1276508?ln=en
http://www-spires.dur.ac.uk/spires/find/hep/www?eprint=arXiv:0903.4853
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FCNC through rare charm decays

17

FC
NC

BR(Dº→μ+μ−) < 6.2 × 10−9 @ 90% CL 
Phys.Lett. B725 (2013) 15-24

BR(D+→π+μ+μ−) < 7.3 × 10−8 @ 90% CL 
BR(Ds+→π+μ+μ−) < 4.1 × 10−7 @ 90% CL 

Phys.Lett. B724 (2013) 203-212

BR(D0→π+π–μ+μ−) < 5.5 × 10−7 @ 90% CL 
Phys.Lett. B728 (2014) 234-243

All of the above are > 1 order of magnitude 
better than previous limits.

http://inspirehep.net/record/1235028?ln=en
http://inspirehep.net/record/1229506?ln=en
http://inspirehep.net/record/1257744?ln=en
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ACP for Dº, Dº→K+ K– π+ π– amplitude components

18

TABLE XI: |ai| and φi for the D0 and D0 amplitudes. The difference between the D0 and D0

parameter is also given in units of standard deviations (σ).

Parameter D0 decays D0 decays Difference (σ)

K1(1270)−(K∗0π−)K+ |ai| 0.35 ± 0.08 0.39 ± 0.09 0.3

K1(1270)−(K∗0π−)K+ φi 1.52 ± 0.33 0.98 ± 0.24 1.3
K1(1270)+(ρ0K+)K− |ai| 5.58 ± 0.98 5.96 ± 0.84 0.3

K1(1270)+(ρ0K+)K− φi 0.86 ± 0.17 0.71 ± 0.15 0.7
K1(1270)−(ρ0K−)K+ |ai| 7.03 ± 1.03 6.39 ± 0.82 0.5
K1(1270)−(ρ0K−)K+ φi 0.41 ± 0.19 0.30 ± 0.18 0.4

K∗(1410)+(K∗0π+)K− |ai| 5.39 ± 0.91 6.51 ± 0.86 0.9
K∗(1410)+(K∗0π+)K− φi 0.99 ± 0.18 0.68 ± 0.13 1.4

K∗(1410)−(K∗0π−)K+ |ai| 6.69 ± 0.82 6.75 ± 0.92 0.0

K∗(1410)−(K∗0π−)K+ φi 1.38 ± 0.20 0.95 ± 0.15 1.7

K∗0K∗0 S wave |ai| 0.36 ± 0.05 0.33 ± 0.04 0.5

K∗0K∗0 S wave φi 0.47 ± 0.17 0.24 ± 0.14 1.1
φρ0 S wave |ai| 1.02 ± 0.16 1.05 ± 0.08 0.2
φρ0 S wave φi 2.08 ± 0.19 1.77 ± 0.07 1.5

φρ0 D wave |ai| 1.14 ± 0.30 1.69 ± 0.23 1.5
φρ0 D wave φi 1.18 ± 0.36 1.48 ± 0.14 0.8
φ {π+π−}S |ai| 5.76 ± 0.65 6.22 ± 0.65 0.5

φ {π+π−}S φi 1.75 ± 0.19 1.98 ± 0.09 1.1
{K−π+}P {K+π−}S |ai| 84.7 ± 9.2 81.7 ± 8.3 0.2

{K−π+}P {K+π−}S φi 0.16 ± 0.16 0.13 ± 0.10 0.2

TABLE XII: D0 and D0 fit fractions. The value of ACP is also given.

Fit fraction (%) ACP

D0 Decays D0 Decays (%)

K1(1270)+(K∗0π+)K− 7.4± 1.1 7.5 ± 1.1 −0.7± 10.4

K1(1270)−(K∗0π−)K+ 0.9± 0.4 1.1 ± 0.5 −10.0± 31.5
K1(1270)+(ρ0K+)K− 4.3± 1.1 4.9 ± 1.1 −6.5± 16.9
K1(1270)−(ρ0K−)K+ 6.3± 1.1 5.2 ± 1.0 9.6± 12.9

K∗(1410)+(K∗0π+)K− 3.2± 0.9 4.8 ± 1.0 −20.0± 16.8

K∗(1410)−(K∗0π−)K+ 4.6± 0.9 4.7 ± 0.9 −1.1± 13.7

K∗0K∗0 S wave 6.9± 1.2 5.7 ± 1.2 9.5± 13.5

φρ0 S wave 37.9 ± 2.9 40.0 ± 2.9 −2.7± 5.3
φρ0 D wave 2.2± 0.8 4.8 ± 1.2 −37.1± 19.0

φ {π+π−}S 9.0± 1.4 10.7 ± 1.5 −8.6± 10.4
{K−π+}P {K+π−}S 11.3 ± 1.7 10.7 ± 1.6 2.7± 10.6

30

No significant CPV

CLEO: Phys.Rev. D85 122002 (2012)

_

http://inspirehep.net/record/1086166?ln=en
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Introduction D0 ! KShh measurements New result in D0 ! KS⇡+⇡� at Belle Summary backup

Final result

Fit results(Belle preliminary):

Fit case Parameter Fit new result Belle 2007

No CPV
x(%) 0.56± 0.19+0.03+0.06

�0.09�0.09 0.80± 0.29+0.09+0.10
�0.07�0.14

y(%) 0.30± 0.15+0.04+0.03
�0.05�0.06 0.33± 0.24+0.08+0.06

�0.12�0.08

No dCPV
|q/p| 0.90+0.16+0.05+0.06

�0.15�0.04�0.05 0.86+0.30+0.06
�0.29�0.03 ± 0.08

arg q/p(o) �6± 11+3+3
�3�4 �14+16+5+2

�18�3�4

No dCPV)no direct CP-violation: A
f

= A
f

when f = f̄

2.5� from no-mixing point in (x,y) plane.

No hint for indirect CPV.

Longke LI (USTC) KShh measuremets September 1, 2013 18 / 20

Introduction D0 ! KShh measurements New result in D0 ! KS⇡+⇡� at Belle Summary backup

Dalitz model and plot

Dalitz plot and proper-time fit

�

2
/ndf = 1.207(ndf = 14264� 42)

D0 lifetime:
⌧ = 410.3± 0.4fs
(⌧

PDG

= 410.1± 1.5fs)

Longke LI (USTC) KShh measuremets September 1, 2013 16 / 20

Time-dependent CPV Dº→KSππ

19

see also previous result: Phys. Rev. Lett. 99, 131803 (2007).
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New prelim Result from BELLE - see    

Longke Li’s talk earlier today.
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see also BaBar Phys. Rev. Lett. 105, 081803 (2010) and 
CLEO-c Phys. Rev. D 72, 012001 (2005).

http://www.slac.stanford.edu/spires/find/hep/www?eprint=0704.1000
http://inspirehep.net/record/853279
http://www.slac.stanford.edu/spires/find/hep/www?eprint=hep-ex/0503045
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Significant systematic uncertainty from 
amplitude model dependence. (Could be 

limiting with future LHCb/upgrade 
statistics.)
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Input from the charm threshold for Dº→KSKπ

• Similar input as for 
KSππ, KSKK, different 
nomenclature:  
 

• Typically measured in 
one single bin across 
Dalitz space, but 
analyses with several 
bins (where statistics 
allow) could increase 
sensitivity.
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22

parameters [2]:

BK0
SKπ =

(r
K0

SKπ
D )2 + (yp− xq)r

K0
SKπ

D

1 + (yp− xq)r
K0

SKπ
D

, (28)

where the quadratic and higher order terms in y and x
are negligible.
The χ2 is minimized to determine the best–fit values

of p and q. The normalization factors HS and HL of
Eqs. (25) and (26) are also free parameters in the fit. The
best–fit values are p = 0.719 ± 0.077 and q = 0.105 ±
0.194. The χ2/dof of the fit is 53.8/41. The performance
of the fit is tested using simple simulation. The simple
simulation generates observable values based on input

values of RK0
SKπ and δ

K0
SKπ

D , where the observable value
for each tag is smeared by the experimentally observed
uncertainties. The studies using the simple simulation
confirm that the use of tag yields that are consistent with
zero do not cause bias and that tags with low yields do
add sensitivity to the overall measurement.
The efficiencies are determined from Monte Carlo

where the decay products are generated uniformly over
phase space. However the efficiency is not uniform over
the Dalitz plot, and furthermore as the distribution of
events over the Dalitz plot is different depending on the
tag due to quantum correlations a further systematic un-
certainty must be considered. This uncertainty is deter-
mined by using the isobar models described in Sec. III.
The shifts in the values of p and q are computed using
Eq. (3) and inserting either a flat efficiency or the CLEO-
c efficiency model for a variety of isobar models including
the reported ones. The largest shifts observed between
the flat and CLEO-c efficiency model are 0.016 for p and
0.002 for q which are small in comparison to the mea-
sured uncertainty. Hence these shifts are assigned as the
systematic uncertainty from non–uniform efficiency.
As p is positive and RK0

SKπ is defined to be between

zero and one, the solution for δ
K0

SKπ
D lies in the range

from −90◦ to 90◦. This leads to RK0
SKπ = 0.73 ± 0.08

and δ
K0

SKπ
D = (8.3±15.2)◦. Figure 9 shows regions of

(RK0
SKπ, δ

K0
SKπ

D ) parameter space from the fit consis-
tent with one, two, and three standard deviations from
the best–fit point. The likelihood is computed as L =
e−(χ2−χ2

min)/2 at a point in parameter space; the fit is re-
peated at each point with the values of p and q fixed. The
isobar models also give predictions of the coherence fac-
tor via Eq. (3). The isobar models predict a coherence
factor of 0.72 (0.79) when the central values of favored
and suppressed models 1 (2) are used. The predictions
are consistent with the measured value.

D. Coherence factor in a restricted region

Around dominant resonances occurring in both Dalitz
plots, the coherence factor is expected to be close to one,

FIG. 9. The best–fit point for RK0
S
Kπ and δ

K0
SKπ

D measured
over the whole Dalitz plot, and the regions enclosing 1, 2, and
3 standard deviations from that point.

as this situation approximates the two–body decay which
is fully coherent. Higher coherence in principle provides
increased sensitivity to γ. Therefore the analysis is re-
peated using only the data where the invariant mass
of the K0

Sπ combination lies within 100 MeV/c2 of the
K∗(892)± mass. The analysis could, in principle, also
be performed in the region outside this invariant mass
window; however the data are insufficient for this com-
plementary study. The efficiencies for each double tag
are recalculated for the restricted region. The efficiency–
corrected yields for the CP tags and KπSS tag in this
restricted region are given in Tables XXII and XXIII.
The efficiency–corrected yields for K0

S,Lπ
+π− tags are

given in Table XXIV and Table XXV. The expected
yield of the K0

Lη
′ tag is very small and is not used. The

error matrix relating the uncertainties for the κ observ-
ables is given in Appendix B. In the restricted region,
the values of the ν variables are 0.40±0.08, 0.35±0.06
and 0.35±0.05 for νKπ, νKπππ, and νKππ0

, respectively.

The value of BK∗K that is used in the analysis is the
one calculated for the restricted region in Sec. IV. In
the restricted kinematic region case, a further system-
atic uncertainty arises due to detector resolution as the
candidate events may migrate across the defined bound-
ary in the Dalitz plot. To account for this migration
simulated signal data samples are generated using the
resonant models determined in the amplitude analysis.
For the CP tags and the K0

S,Lπ
+π− tags the quantum

correlation between the tag and signal side is emulated.
Candidate events can migrate into the restricted region,
or they can migrate out. There is no systematic uncer-
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TABLE XXII. Efficiency–corrected yields in the restricted region for double tags with no K0
L in final state.

Tag KK ππ K0
Sπ

0π0 K0
Sπ

0 K0
Sω K0

Sη(γγ) K0
Sη(πππ

0) K0
Sη

′ Kπ SS
S(K0

SKπ|G) 6.0±14.2 2.0±11.1 43.7±37.8 233.1±57.9 199.9±68.7 47.8±28.2 10.1±18.1 83.0±87.5 288.9±48.7

TABLE XXIII. Efficiency–corrected signal yields in the re-
stricted region for the CP tags with a K0

L.

Tag K0
Lπ

0 K0
Lω K0

Lη K0
Lπ

0π0

S(K0
SKπ|G) 116.2±37.1 25.9±38.9 −4.7±8.5 186.4±194.0

tainty if the migration in both directions is equal, but
the presence of the resonance means that a larger frac-
tion of events will migrate out of the restricted region
than migrate in. The net migration factor is determined
from the simulated data. It is different for different types
of tags due to the quantum correlations which alter the
distribution of the K0

SKπ decay on the Dalitz plot. The
net migration factor is treated in the same way as a sys-
tematic uncertainty on the efficiency in the analysis. The
net migration factor, that is the net loss of events inside
the region, varies between tag categories and is of order
1% of the yield within the region.
Tables XXVI–XXIX give the results for the observable

κ and its uncertainties for theK∗(892)± bin. The average
values are κ+ = 0.44 ± 0.30 and κ− = 3.18 ± 1.08 with a
χ2/dof of 6.5/10. The uncertainties due to non–uniform
efficiency are 0.002 and 0.001 for p and q, respectively.
They are reduced in comparison to the full Dalitz plot
measurement as the efficiency is more uniform over the
restricted region.
The fitted values of p and q are p = 0.893± 0.089 and

q = 0.446 ± 0.304, with χ2/dof given by 48.7/40. This
leads to a measurement ofRK∗K= 1.00±0.16 and δK

∗K
D =

(26.5 ± 15.8)◦. The regions consistent with one, two,
and three standard deviations from the best–fit point are
shown in Fig. 10. The coherence in the region of the
K∗(892)± is larger than the coherence over the full Dalitz
plot and is consistent with one. The prediction from
the isobar models for the restricted region is 0.93 (0.94)
when favored and suppressed models 1 (2) are used. The
predictions are consistent with the measured value.

E. Impact on γ measurements

It is instructive to estimate the impact of the knowl-
edge of the coherence factor and average strong–phase
difference on a measurement of γ performed at LHCb or
a future high luminosity e+e− experiment. Simple sim-
ulated data are generated assuming 15000 B− → D̃K−

events with D̃ decaying to K0
SK

±π∓, and γ = 70◦, δB =

130◦ and rB = 0.1, and r
K0

SKπ
D and RK0

SKπ and δ
K0

SKπ
D

as measured here for the full Dalitz plot. The chosen val-

FIG. 10. The best–fit point for RK∗K and δK
∗K

D which are
measured over the restricted region, and the regions enclosing
1, 2, and 3 standard deviations from that point.

ues for γ, δB, and rB are consistent with current knowl-
edge [4]. The data samples are fit with only the parame-
ter γ free. The width of the best–fit γ distribution is 10◦.
The restricted region will have approximately 60% of the
statistics of the full Dalitz plot. A similar study in the
restricted region assuming 9000 events and the values of
rK

∗K
D and RK∗K and δK

∗K
D as measured in the restricted

region has a best–fit γ distribution of 5◦. The better
sensitivity, despite the smaller sample, is due to a com-
bination of increased coherence, a lower value of rK∗K

D

in comparison to r
K0

SKπ
D , and a different value of the av-

erage strong–phase difference. The uncertainties on the
coherence factor and average strong–phase difference are
incorporated by making them free parameters in the fit
and applying Gaussian constraints based on their mea-
sured uncertainties. In this case the width of the best–fit
γ distribution increases to 14◦ and 7◦ for the full Dalitz
plot and restricted regions, respectively. The uncertain-

ties RK0
SKπ, δ

K0
SKπ

D , RK∗K , and δK
∗K

D are dominated by
the statistical uncertainties and hence the precision of
any measurement of γ could be increased with a more
accurate measurement of the coherence factors and aver-
age strong–phase differences. The inclusion of this decay
channel in a global fit to γ with other channels will im-
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TABLE IV. Background–subtracted signal yields for the CP tags with a K0
L and the K0

Lππ tag over all Dalitz plot bins. The
uncertainties include the statistical uncertainties of the signal region and subtracted background estimates.
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FIG. 4. Dalitz plot distributions for (a)[(c)] D0 → K0
SK

−π+ and (b)[(d)]D0 → K0
SK

+π− for flavor–tagged CLEO III [CLEO-c]
data.

where FD and FR are orbital angular momentum barrier
penetration factors, 1/(m2

R−m2
AB−imRΓAB) is the line–

shape of the resonance (in this example Breit–Wigner;
other choices are possible), and ΩJ is the spin factor for
a resonance of spin J . The running width, ΓAB is given
by

ΓAB = Γr

(
pAB

pr

)2J+1 ( mR

mAB

)
F 2
R, (6)

where Γr is the natural width, pAB is the momentum
of one of the daughters in the AB rest frame, and pr is
the momentum of one of the daughters in the resonance
rest frame. The spin factors are calculated as described
in [17], and are
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(
pAB

pr

)2J+1 ( mR

mAB

)
F 2
R, (6)

where Γr is the natural width, pAB is the momentum
of one of the daughters in the AB rest frame, and pr is
the momentum of one of the daughters in the resonance
rest frame. The spin factors are calculated as described
in [17], and are

Dalitz plot shows CF decay 
for illustration. Sensitivity to 

mixing comes from the 
DCS decay, and CLEO-c’s 

sensitivity to RD, δD from 
well-defined superpositions 
of Dº and Dºbar accessible 

at the charm threshold

CLEO-c Phys.Rev. D85 092016 (2012) 

RDke
�i�k = ck + isk

http://inspirehep.net/record/1094160?ln=en
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• Same interference effects also 
affect γ measurements, not only for 
D→Kπ, but also multi body decays:


!

!

• Need to measure magnitude R and 
phase δ. Recent update based on 
CLEO-c data:

D→Kπ mixing phase

• Mixing sensitive to interference 
between D→K+π– and D→K+π–. 


!

• Phase difference between amplitudes 
needed to interpret results in terms of 
mixing parameters x, y.


• Accessible at charm threshed. Latest 
measurement by  BES III in 2014: 

• 1st BES III result exploiting quantum 
correlations in this way.
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BES III: Phys.Lett. B734 (2014) 227

Dº
DºAbstract

We study D

0
D

0 pairs produced in e

+
e

� collisions at
p
s = 3.773GeV using a data sample of 2.92

fb�1 collected with the BESIII detector. We measure the asymmetry ACP
K⇡ of the branching fractions of

D ! K

�
⇡

+ in CP -odd and CP -even eigenstates to be (12.7 ± 1.3 ± 0.7) ⇥ 10�2. ACP
K⇡ can be used to

extract the strong phase di↵erence �K⇡ between the doubly Cabibbo-suppressed process D0 ! K

�
⇡

+ and
the Cabibbo-favored process D

0 ! K

�
⇡

+. Using world-average values of external parameters, we obtain
cos �K⇡ = 1.02± 0.11± 0.06± 0.01. Here, the first and second uncertainties are statistical and systematic,
respectively, while the third uncertainty arises from the external parameters. This is the most precise
measurement of �K⇡ to date.

Keywords: BESIII, D0-D0 Oscillation, Strong Phase Di↵erence

1. Introduction

Within the Standard Model, the short-distance contribution to D

0-D0 oscillations is highly suppressed
by the GIM mechanism [1] and by the magnitude of the CKM matrix elements [2] involved. However, long
distance e↵ects, which cannot be reliably calculated, will also a↵ect the size of mixing. Studies of D0-D0

oscillation provide knowledge of the size of these long-distance e↵ects and, given improved calculations, can
contribute to searches for new physics [3]. In addition, improved constraints on charm mixing are important
for studies of CP violation (CPV ) in charm physics.

Charm mixing is described by two dimensionless parameters

x = 2
M1 �M2

�1 + �2
y =

�1 � �2

�1 + �2
,

where M1,2 and �1,2 are the masses and widths of the two mass eigenstates in the D

0-D0 system. The
most precise determination of the mixing parameters comes from the measurement of the time-dependent
decay rate of the wrong-sign process D0 ! K

+
⇡

�. These analyses are sensitive to y

0 ⌘ y cos �K⇡�x sin �K⇡

and x

0 ⌘ x cos �K⇡ + y sin �K⇡ [4], where �K⇡ is the strong phase di↵erence between the doubly Cabibbo-
suppressed (DCS) amplitude for D0 ! K

�
⇡

+ and the corresponding Cabibbo-favored (CF) amplitude for
D

0 ! K

�
⇡

+. In particular,

hK�
⇡

+|D0i
hK�

⇡

+|D0i = �re

�i�K⇡
, (1)

where

r =

����
hK�

⇡

+|D0i
hK�

⇡

+|D0i

���� .

Knowledge of �K⇡ is important for extracting x and y from x

0 and y

0. In addition, a more accurate �K⇡

contributes to precision determinations of the CKM unitarity angle �3
1 via the ADS method [5].

Using quantum-correlated techniques, �K⇡ can be accessed in the mass-threshold production process
e

+
e

� ! D

0
D

0 [6]. In this process, D0 and D

0 are in a C-odd quantum-coherent state where the two
mesons necessarily have opposite CP eigenvalues [3]. Thus, threshold production provides a unique way to

1� is also used in the literature.
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Using CLEO-c data: Phys.Lett. B731 (2014) 197-203
CLEO-c: Phys.Rev.D80:031105,2009

https://inspirehep.net/record/1291279/
http://inspirehep.net/record/1276508?ln=en
http://www-spires.dur.ac.uk/spires/find/hep/www?eprint=arXiv:0903.4853
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Spectroscopy

• Lots of new results


• DJ states (see left). New 
results from LHCb 
(some of them in some 
tension to prev. results)


• X, Y, Z states and their 
quantum numbers (see 
next page)
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1 Introduction

Charm meson spectroscopy provides a powerful test of the quark model predictions of the
Standard Model. Many charm meson states, predicted in the 1980s [1], have not yet been
observed experimentally. The expected spectrum for the cū system is shown in Fig. 1
(the spectrum of the cd̄ system is almost identical). The JP states having P = (�1)J

and therefore JP = 0+, 1�, 2+, ... are called natural parity states and are labelled as D⇤,
while unnatural parity indicates the series JP = 0�, 1+, 2�, .... The low-mass spectrum of
the cū system is comprised of the ground states (1S), the orbital excitations with angular
momentum L=1, 2 (1P, 1D), and the first radial excitations (2S). Apart from the ground
states (D,D⇤), only two of the 1P states, D1(2420) and D⇤

2(2460) [2], are experimentally
well established since they have relatively narrow widths (⇠30MeV). 1 In contrast, the
broad L = 1 states, D⇤

0(2400) and D0
1(2430), have been established by the Belle and

BaBar experiments in exclusive B decays [3, 4].
The theoretical predictions are in agreement (within 20–30 MeV) with observations

for the 1S states and the JP = 2+ and JP = 1+ 1P states. In the cs̄ system, the
JP = 0+ and JP = 1+ states (both L = 1) have predicted masses about 100 MeV higher
than the measured masses of the D

sJ

mesons. To quantitatively assess the accuracy of
the quark model predictions, assumptions are needed to formulate a wave equation for
quark-antiquark bound states starting from the QCD Lagrangian [5]. Nevertheless, the

1We work in units where c = 1.

1S 2S 1D 1P 1F
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Figure 1: Modified Godfrey-Isgur mass predictions [1]. The figure shows the cū spectrum in
which the masses have been scaled such that the ground state coincides with the D0 mass.
The 2� states, not shown in the original publication, have been inserted following the splitting
structure of the 1P states.
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Figure 7: Fit to the total D⇤+⇡� sample. The dashed (blue) line shows the fitted background,
the dotted lines the D1(2420)0 (red) and D⇤

2(2460)
0 (blue) contributions. The inset displays the

D⇤+⇡� mass spectrum after subtracting the fitted background. The full line curves (red) show
the contributions from D

J

(2580)0, D
J

(2740)0, and D
J

(3000)0 states. The dotted (blue) lines
display the D⇤

J

(2650)0 andD⇤
J

(2760)0 contributions. The top window shows the pull distribution
where the horizontal lines indicate ±3�.

this case we compare the distributions with expectations from natural parity, unnatural
parity and JP = 0�. In the case of unnatural parity, the h parameter, in 1 + h cos2 ✓H, is
constrained to be positive and therefore the fit gives h = 0. In both cases, the distributions
are best fitted by the natural parity hypothesis.

Figure 10 shows the angular distributions for theD
J

(2580)0, D
J

(2740)0 andD
J

(3000)0

states. The distributions are fitted with natural parity and unnatural parity. The JP = 0�

hypothesis is also considered for D
J

(2580)0. The results from the fits are given in Table 5.
In all cases unnatural parity is preferred over a natural parity assignment.

9 Fit to the D+⇡� and D0⇡+ mass spectra

The D+⇡� and D0⇡+ mass spectra consist of natural parity resonances. However
these final states are a↵ected by cross-feed from all the resonances that decay to the
D⇤⇡ final state. Figures 3(a) and (b) show (in the mass region around 2300 MeV) cross-

12



Jonas Rademacker (Bristol)                                                            Charm I                                    PDG Collaboration Meeting, Nov 2014

Tetraquark Candidate: 
Z(4430)→ψ(2S)π– in B→ψ(2S)π– K+?

23

LHCb (2014): Phys.Rev.Lett. 112 (2014) 222002
BELLE (2014): Phys.Rev. D88 (2013) 074026
BaBar (2009): Phys.Rev. D79 (2009) 112001

BELLE (2008): Phys.Rev.Lett. 100 (2008) 142001
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Tetraquark Candidate: 
Z(4430)→ψ(2S)π– in B→ψ(2S)π– K+?
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�2 test with an adaptive 4D binning, in which we split the data once in | cos ✓
 

0|, twice in42

� and then repeatedly in m2

K

+
⇡

� and m2

 

0
⇡

� preserving the bin content above 20 events, for43

a total of N
bin

= 768 bins. Simulations of many pseudo-experiments, each with the same44

number of signal and background events as for the data sample, show that the confidence45

level (CL) of the fit calculated from the �2 value has an approximately flat distribution46

assuming the number of degrees of freedom (ndf) equals N
bin

� 1 minus the number of47

free unconstrained parameters in the fit.48
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Figure 1: Background-subtracted and e�ciency-corrected m
 

0
⇡

� distribution (black data points),
superimposed with the reflections of cos ✓

K

⇤ moments up to order 4 allowing for J  2 (blue line
with yellow statistical-uncertainty band). The vertical scale is arbitrary.

As in Ref. [6] we allow all known K⇤0 ! K+⇡� resonances with nominal mass within49

or slightly above the kinematic limit (1593 MeV) in B0 !  0K+⇡� decays: K⇤
0

(800),50

K⇤
0

(1430) for J = 0; K⇤(892), K⇤
1

(1410), K⇤(1680) for J = 1; K⇤
2

(1430) for J = 2; and51

K⇤
3

(1780) for J = 3. We also include a non-resonant J = 0 term (NR) in the fits. We52

fix the masses and widths of the resonances to the world average (PDG) values [13],53

except for the widths of the two dominant contributions, K⇤
(892) and K⇤

2

(1430), and the54

poorly known K⇤
0

(800) mass and width, which are allowed to float in the fit but with55

Gaussian constraints to the PDG values. As an alternative J = 0 model we use the LASS56

parameterization [14, 15] which replaces the NR and K⇤
0

(800) components with an elastic57

scattering term (two free parameters) interfering with the K⇤
0

(1430) resonance. Fits with58

all of these K⇤ components, the two di↵erent J = 0 approaches and the two di↵erent59

fit implementations, do not give a satisfactory description of the data; the CL is below60

2 ⇥ 10�6, equivalent to 4.8� in the Gaussian distribution. When K⇤
3

(1780) is excluded61

from the amplitude, the fit CL is even lower, corresponding to at least 6.3�.62
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Quantum-Correlated Dº-Dº decays
• Operating at the ψ(3770) (CLEO-c, BES III) 

provides well-defined Dº, Dº superpositions.


• These provide crucial information on the Dº-Dº 
interference that affect γ from B→DK.


• These interference effects can be summarised 
in a complex number R exp(i δD)

24
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