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Introduction
Non-leptonic charm decays provide insights into both

electro-weak and strong dynamics. This includes the study
of long-distance hadronic effects, the approximate symme-
tries of strong interactions, and precision tests of the Stan-
dard Model.

In these proceedings we summarise recent results in non-
leptonic branching fraction measurements of D0, D±, and
D±

s mesons, including measurements of relative and abso-
lute branching fractions in inclusive and exclusive modes,
radiative decays, and measurements of direct CP violation.
Other aspects of hadronic charm decays are covered else-
where in these proceedings [1, 2, 3, 4, 5, 6, 7, 8, 9].

Charm decays to two pseudoscalars
CLEO-c has recently published the results of branch-

ing fractions of D0, D+, and Ds decays to two pseu-
doscalars, based on an analysis of CLEO-c’s full data
set [10], with 818 pb−1 at ψ(3770) corresponding to 3·106

D0D̄0 pairs and 2.4·106 D+D− pairs; and 586 pb−1 at√
s = 4170MeV corresponding to 5.3·105 D±

s D∓∗
s pairs.

Many of the resulting branching fraction measurements are
more precise than the previous world average [12], and
some decay modes have been seen for the first time. These
results are summarised in Tab. 6 on page 7. In the table, as
in the rest of this paper, the mention of one decay process
always implies also the charge-conjugate process, and if a
number is given with two uncertainties, the first refers to
the statistical and the second to the systematic uncertainty.
Bhattacharya & Rosner [11] have analysed these results
in terms of the diagrammatic approach [13, 14, 15, 16].
The decay amplitudes are expressed in terms of topologi-
cal quark-flow diagrams; the diagrams used in this analy-
sis are given in Fig. 1. These are not to be confused with
Feynman diagrams. The amplitude represented by each di-
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Figure 1: Quark flow diagrams used in the analysis of
CLEO-c’s D → PP data [10] by Bhattacharya & Ros-
ner [11]: Tree, Colour-suppressed tree, Annihiliation,
Singlet-emission with Annihilation, Exchange, and
Singlet-emission with Exchange.

agram includes the contributions from the weak and the
strong interaction, to all orders, including long-distance ef-
fects. Flavour symmetries of the strong interaction are used
to express different D0, D± and D±

s two-body decay am-
plitudes in terms of the same set of six diagrams. Note
that, because the amplitudes associated to each diagram
include final state interaction, the amplitudes established
from two body decays do not predict amplitudes for decays
to three or more particles in the final state. The expres-
sions for Cabibbo-favoured (CF) decays in terms of these
diagrams are given in Tab. 3. The singlet contributions to
these decays are deemed to be negligible. The table com-
pares the measured branching fractions with the result from
the best-fit to the quark flow diagram formalism for two
solutions. One where the octet-singlet mixing angle θη is
fixed to θη = arcsin(1/3) = 19.5o, and another, where
θη is allowed to vary, giving θη = 11.7o. The latter case
has as many parameters as there are CF decay rates used as
constraints, so the agreement between the prediction from
the formalism given in the fifth column of Tab. 3, and the
measured CF amplitudes given in the second, is exact by
construction. A further solution, with |T | < |C|, is also
discussed in the paper [11]. Figure 2 shows the construc-
tion of the amplitudes from the rates given in Tab. 3 for the
case for the θη = 11.7o case. The numerical values are

T = 3.003± 0.023
C = (2.565± 0.030) exp [i(−152.11± 0.57)◦]
E = (1.372± 0.036) exp [i(123.62± 1.25)◦]
A = (0.452± 0.058) exp

[
i(19+15

−14)
◦]

These results are then used to predict the decay amplitudes
of singly Cabibbo suppressed (SCS) and doubly Cabibbo
suppressed (DCS) two body decays by assuming that the

Figure 2: Construction of topological amplitudes in
the complex plane based on CLEO-c’s recent measure-
ments [10] of for the solution with θη = 11.7o, reproduced
from [11].



Figure 3: Branching ratios and quark-flow diagram amplitudes for Cabibbo-favored decays of charmed mesons to a pair
of pseudoscalars with 2 different values of θη, reproduced from [11].

Meson Decay B [10] Rep. Predicted B (%)
mode (%) θη = 11.7◦ θη = 19.5◦

D0 K−π+ 3.891±0.077 T + E 3.891 3.905
K

0
π0 2.380±0.092 (C − E)/

√
2 2.380 2.347

K
0
η 0.962±0.060 C√

2
sin(θη + φ1)−

√
3E√
2

cos(θη + 2φ1) 0.962 1.002

K
0
η′ 1.900±0.108 - C√

2
cos(θη + φ1)−

√
3E√
2

sin(θη + 2φ1) 1.900 1.920

D+ K
0
π+ 3.074±0.097 C + T 3.074 3.090

D+
s K

0
K+ 2.98±0.17 C +A 2.980 2.939

π+η 1.84±0.15 T cos(θη + φ1)−
√

2A sin(θη + φ1) 1.840 1.810
π+η′ 3.95±0.34 T sin(θη + φ1) +

√
2A cos(θη + φ1) 3.950 3.603

SCS (DCS) amplitudes are the CF amplitudes, scaled by a
factor λ = sin θc (λ2 = sin2 θc) where θc is the Cabibbo
angle. The predictions for decays involving kaons and pi-
ons only are mostly in reasonable agreement with measure-
ment although the approach considerably overestimates
B

(
D0 → π+π−

)
and underestimates B

(
D0 → K+K−)

.
For SCS decays involving η and η′, there are indications
for a non-negligible contribution from the singlet annihila-
tion diagram.

A detailed description of this approach and its result can
be found in [11] and [13, 14, 15, 16]. A comprehensive
review of hadronic charm decays and their analysis using
this and other methods can be found in [17].

K0, K̄0 interference
As pointed out by Bigi & Yamamoto [18], the decay

rates of D0 → KSπ
0 and D0 → KLπ

0 are not the same be-
cause of the interference of the CF component D0 → K̄0π0

with the DCS D0 → K0π0 component which enters with a
different sign for decays to KL and KS:

A
(
D0 → KSπ0

)
= A

(
D0 → K̄0π0

)
+ A

(
D0 → K0π0

)
A

(
D0 → KLπ0

)
= A

(
D0 → K̄0π0

)
−A

(
D0 → K0π0

)
The amplitudes A

(
D0 → K̄0π0

)
and A

(
D0 → K0π0

)
are related by an interchange of u and s quarks. Assum-
ing U-spin symmetry of the strong interaction, the decay
rate asymmetry is given given by [18]:

AKS,Lπ0 =
Γ

(
D0 → KSπ

0
)
− Γ

(
D0 → KSπ

0
)

Γ (D0 → KSπ0) + Γ (D0 → KSπ0)
= 2 tan2 θc = 0.109

A measurement of AKS,Lπ0 therefore provides a test of
U-spin symmetry, which is important for example for
extracting the CP-violating parameter γ from Bs → KK
and Bd → ππ decays [19, 20]. The reconstruction of
D0 → KLπ

0 is challenging because it involves two neutral
particles. CLEO-c uses its CsI calorimeter to identify the
π0. The four-momentum of the practially invisible KL is

As in the tagged D0 ! K0
S!

0 study, the tag !D recon-
struction efficiency is higher when the D decays to K0

L!;
therefore, we apply correction factors determined from
Monte Carlo simulations. The efficiency for observing
D ! K0

L!, given that the tag was found, is also determined
in these simulations. It is essentially the efficiency for
finding the ! without any fake extra particles.

For the D0 ! K0
L!

0 branching fraction measurement,
the same three !D0 decay modes are selected with the same
requirements as in the tagged D0 ! K0

S!
0 study (except

for a minor difference in the order of applying cuts for the
K!!"!0 tag, which results in a slight difference in num-
ber of tags). Combining these !D0 candidates with !0

candidates and rejecting events with extra tracks, !0’s, or
"’s, we obtain the M2

miss plot shown in Fig. 1.
A number of backgrounds slip through our extra track,

!0, and " vetoes and appear in the M2
miss plot. The modes

K0
S!

0 and "!0 appear as peaks at essentially the same
location as K0

L!
0, !0!0 peaks at M2

miss # 0:0 GeV2, and
K$0!0 peaks at 0:8 GeV2. Monte Carlo simulations of
these backgrounds are shown in Fig. 1. Other, lesser back-
grounds also appear to the right of the K0

L!
0 peak.

To determine the signal and estimate the background, we
define a M2

miss signal region 0.1 to 0:5 GeV2, as well as low
and high sidebands: "0:1 to 0:1 GeV2 and 0.8 to
1:2 GeV2. The backgrounds are split into three groups:
D0 ! K0

S!
0 and D0 ! "!0, D0 ! !0!0, and all other

backgrounds. For D0 ! K0
S!

0 and D0 ! "!0, we use
Monte Carlo simulation to determine efficiencies for the

background subtraction. For D0 ! !0!0, we scale the
contribution to the signal region according to the yield in
the low sideband. For the sum of all other backgrounds, we
follow the same procedure with the high sideband. In total,
about 10% of the events in the signal region are back-
ground, with half coming from K0

S!
0, 1=10 from each of

"!0 and !0!0, and 3=10 from various other decays.
After subtracting all the backgrounds, we obtain the

yields and compute branching fractions, times quantum
correlation factors, in Table III.

Systematic uncertainties come from the effect on signal
efficiency of the veto on extra tracks (%0:3%), the veto on
extra !0’s (%1:6%), the veto on "’s (%0:5%), and the
uncertainty in the location and width of the signal peak
(%1:4%). Other uncertainties come from the background
estimate (%1:0%), "E sideband subtraction (%0:5%), and
the tag bias correction factor (%0:2%). These total %2:5%.
As in D0 ! K0

S!
0, !0 efficiency (%3:8%) is the largest

systematic uncertainty; it cancels in the comparison of
D0 ! K0

S!
0 and D0 ! K0

L!
0.

We have determined B&D0 ! K0
L!

0'&1! Cf' for three
different flavor tags f. Using the values of Cf deter-
mined from the D0 ! K0

S!
0 measurements, we calculate

B&D0 ! K0
L!

0' for each tag mode. Finally, we average the
results and find B&D0 ! K0

L!
0' ( &0:998% 0:049%

0:030% 0:038'%, where the last uncertainty is from the
!0 efficiency.

The analysis of D! ! K0
L!

! is similar to D0 ! K0
L!

0,
though there are a few differences. Since we reconstruct a
!! instead of a !0, the M2

miss resolution is better. Also, we
do not need to correct for quantum correlation. The most
significant difference in procedure is that we perform a
likelihood fit for the signal and background yields instead
of counting events in a signal region.

We reconstruct tag D"’s in six decay modes: D" !
K!!"!", K!!"!"!0, K0

S!
", K0

S!
"!0, K0

S!
"!"!!,

and K!K"!". As before, candidates must have "E con-
sistent with zero. We select one candidate per charge per
mode based on the best value of "E. We fit the MBC
distribution for each mode to determine the number of
tags, and then pass all candidates with MBC near the peak
to be combined with !! candidates.

FIG. 1 (color online). Missing mass squared distribution, with
all tag modes combined, for D0 ! X!0, after removing events
with extra tracks, !0’s, or "’s. The points with error bars are
data, and the solid line is a Monte Carlo simulation. The dashed,
colored lines represent simulations of the peaking backgrounds
D0 ! !0!0, K0

S!
0, "!0, and K$0!0. The difference in the peak

position is due to a minor discrepancy in our calorimeter
simulation at large photon energies; the signal region, marked
with arrows, encompasses the peak in both distributions.

TABLE III. Efficiencies, yields, and results for D0 ! K0
L!

0.
No systematic uncertainties are included in the quoted results.

Tag mode K!!" K!!"!0 K!!"!"!!

Efficiency 55.21% 52.72% 49.88%
Tag yield—raw 48 095 68 000 75 113
Sideband subtracted 47 440 64 280 71 040
Signal yield—raw 367.0 414.5 466.5
Background subtracted 334.8 363.1 418.0
Tag bias correction 1.000 1.037 1.057
B&K0

L!
0'&1! Cf' (%) 1:28% 0:08 1:03% 0:06 1:12% 0:06
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Figure 4: The missing mass distribution in the reconstruc-
tion of D0 → KLπ

0 at CLEO-c [21]. The points with error
bars are data, and the solid line is a Monte Carlo simula-
tion. The dashed, colored lines represent simulations of
the peaking backgrounds. The difference in the peak po-
sition is understood and due to a minor discrepancy in the
calorimeter simulation at large photon energies.

reconstructed using beam constraints, benefiting from the
very clean environment at CLEO-c where the DD̄ pairs
produced absorb the entire beam energy, with no underly-
ing event. The resulting missing mass-squared distribution
is shown in Fig. 4. The assymmetry, measured in 281 pb−1

of data, is [21]:

AKS,Lπ0 = 0.108± 0.025± 0.024,

which is in excellent agreement with the prediction by [18]
based in U-spin symmetry. Theoretical prediction for the
related asymmetry

AKS,Lπ+ =
Γ (D+ → KSπ

+)− Γ (D+ → KSπ
+)

Γ (D+ → KSπ+) + Γ (D+ → KSπ+)

are more difficult as there is no such clean symmetry. Us-
ing SU(3), Gao predicts [22] AKS,Lπ+ ≈ 0.04. Based on



Table 2: Recent results for radiative D0 decays. The
CLEO-c results shown in this table are preliminary.

C
ha

nn
el

Branching Fraction
K
∗
γ (3.22± 0.20± 0.27) · 10−4 (BaBar [26])

(4.37± 0.37± 0.52) · 10−4 (CLEO-c prel [27])
φγ

(
2.6+0.70

−0.61
+0.15
−0.17

)
· 10−5 (BELLE [24])

(2.73± 0.30± 0.26) · 10−5 (BaBar [26])
(2.21± 0.95± 0.28) · 10−5 (CLEO-c prel [27])

γγ < 8.93 · 10−6(90%CL) (CLEO-c prel [27])
ργ < 3.63 · 10−5(90%CL) (CLEO-c prel [27])
ωγ < 3.00 · 10−5(90%CL) (CLEO-c prel [27])

the diagrammatic approach, Bhattacharya & Rosner [11]
predict AKS,Lπ+ = −0.005 ± 0.013. Both are consistent
with CLEO-c’s measurement [21] of

AKS,Lπ+ = 0.022± 0.016± 0.018.

Decays to vector-mesons and η

BaBar analysed 467 fb−1 of data corresponding to about
1 billion D mesons. Preliminary results for the decay
D0 → Vη, where V = ω, φ,K∗0, have been presented at
the APS April meeting 2009 [23]. The ωη and K∗0η mode
have been observed for the first time. These results, and a
previous measurement by BELLE [24], are summarised in
Tab. 1. The measurements are compared to predictions by
Bhattacharya & Rosner [25], who use the same diagram-
matic approach that has been discussed earlier. This yields
two solutions, of which solutions A is preferred. While
Bhattacharya & Rosner [25] show in their paper that the
predictions based on the diagrammatic approach agree well
for many D0 to vector-pseudoscalar decays, there are sig-
nificant differences for two of the decays shown in Tab. 1.

Radiative decays
In 2008, BaBar reported the first observation of the de-

cay D0 → K̄∗0γ [26], and an improved measurement of
D0 → K̄∗0γ. CLEO-c has since been able to confirm the
observation of D0 → K̄∗0γ. In contrast to radiative B
decays, radiative charm decays are dominated by long-
distance contribution. One way to describe radiative decays
is the Vector Meson Dominance (VMD) approach. The ra-
diative decay is assumed to proceed predominantly via an
off-shell ρ0 that then annihilates into a photon, giving the
following relationship between the decay amplitudes [28]

A(D0 → Vγ) = (e/fρ)A(D0 → V ρ0)

where A(D0 → V ρ0) needs to be calculated taking into
account that the ρ is off-shell. This predicts for the ratio of
decays rates:

B(D0 → φγ)
B(D0 → K̄∗0γ)

≈ B(D0 → φρ)
B(D0 → K̄∗0ρ)

3.779 and 3.976 GeV2. This is a loose requirement, with
most of the loss in efficiency due to initial state radiation of
the beam, which smears the MM2 to artificially high
values. According to the fit, the yield of D!

s !D"
s candi-

dates in this range is 16 955 above a background of 63 170.
This yield will be the denominator in our final branching
fraction calculation.

We next select our proton candidate. Monte Carlo simu-
lation shows that all protons from this decay mode will
have momenta in the range 150–550 MeV=c. This is below
the momentum range for the RICH detector to identify
protons, but well suited to identification by dE=dx. We
require that this measurement be within 3" of that ex-
pected for a proton, and greater than 3" from that expected
for a kaon or a pion. The overall proton efficiency is
determined by Monte Carlo simulation to be 75%, with
the efficiency lowest at the lower proton momenta.

We may now calculate the missing 4-momentum in the
event, equal to the expression pbeam ! p#D!

s $ ! p#!$ !
pproton, and can thus calculate the missing mass of the
event. However, we have further kinematic constraints
we can impose which allow us to improve the missing-
mass resolution and reject combinatorial background. We
do not know a priori if the photon is due to the transition
D%!

s ! D!
s #tag$!, or D%"

s ! D"
s #signal$!. We perform

kinematic fits with each assumption, and choose between
the two based on the #2 values of the two fits. First, we add
the photon to the D!

s tag to form a D%!
s candidate, and

constrain the momentum of this D%!
s candidate to that

calculated from the two-body production e"e! !
D%!

s D"
s . We then constrain the mass difference M#D%!

s $ !
M#D!

s $ to its nominal value. Alternatively, we constrain
the D!

s tag itself to the momentum calculated assuming the
two-body production e"e! ! D!

s D%"
s , then combine the

proton with the missing mass of the event to make a Ds
signal candidate, add the photon, and constrain the
M#D%"

s !D"
s $ mass difference. We choose the scheme

with the lowest total #2 value; in Monte Carlo simulation
we find that we assign the photon to the correct Ds greater
than 95% of the time. The kinematic constraints on the
detected particles improve the resolution in missing mass
by around a factor of 2, whichever Ds the photon is
combined with. Furthermore, we can place cuts on the #2

of the kinematic constraints to reject combinatorial back-
ground. In the case of the momentum constraint we require
#2 < 9, and in the case of the mass-difference constraint
we require #2 < 4; with each constraint there is 1 degree of
freedom. The requirement is looser for the momentum
constraint because initial state radiation produces a tail in
the momentum distribution.

The transition photon in the event has an energy in the
laboratory of 110–180 MeV. In this energy range there is
the possibility of background clusters passing all the re-
quirements for being a photon. Such background photons
are particularly prevalent in events which contain antibary-

ons as they frequently interact with the detector and give
‘‘split-off’’ clusters, often far from the impact point of the
particle in the CsI calorimeter. Occasionally an event may
survive all the above requirements while having more than
one photon candidate. If so, we select the photon candidate
that produces the lowest combined #2 in the kinematic fit.
Background photons also influence the signal shape which
we determine using Monte Carlo simulation. This shape is
well described by a core Gaussian function of " & 4 MeV
centered at the neutron mass, together with a second, off-
set, Gaussian of width " & 38 MeV and containing
& 12% of the signal. This second Gaussian is due to events
where we have used an incorrect photon candidate.

Figure 3 shows the missing-mass distribution for the
events after all requirements and kinematic fitting, and
contains 13 events. These are the only events in the
missing-mass range 600–1100 MeV. The plot is well fit
using a likelihood fit to the signal shape described above,
so we take our signal yield to be the 13:0' 3:6 events
observed. Repeating the analysis using sidebands to the
D!

s as described above, gives three events in the missing-
mass range 600–1100 MeV, none of which are in the signal
region of 900–980 MeV. We divide this yield of 13 by the
number of D"

s decays we have detected, and correct for the
efficiencies of requirements placed on the fit #2 and proton
reconstruction and identification. This gives a branching
fraction of #1:30' 0:36$ ( 10!3, where the error shown is
the statistical error in the signal yield only.

We have performed many checks to ensure that our
analysis is not biased towards obtaining events only in

FIG. 3. The missing mass in the event after all requirements
and kinematic fitting has been performed. The fit is described in
the text.
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Figure 5: The missing mass of the n in D+
s → pn̄ decays,

at CLEO-c [30].

This is in fact the case:

B(D0 → φγ)
B(D0 → K̄∗0γ)

= (6.27± 0.71± 0.79) · 10−2 [26]

B(D0 → φρ)
B(D0 → K̄∗0ρ)

= (6.7± 1.6) · 10−2 [12]

However, using (e/fρ) = 0.06 [29], one would also expect

B(D0 → Vγ)
D0 → Vρ0

≈ 0.0036

but the measured ratio for V = K̄∗0 as well as V = φ is

B(D0 → V γ)
B(D0 → V ρ0)

≈ 0.02 for V=K̄∗0 or φ

which is about a factor of 6 larger than expected from the
VMD approach.

D0 → pn̄

The first observation of a meson decaying to two baryons
has been made by CLEO-c in the mode D+

s → pn̄, which
is also the only kinematically allowed baryonic decay of a
light charm meson (D0, D+, or Ds). CLEO-c reconstruct
the anti-neutron from the missing mass with virtually no
background, as shown in Fig. 5. CLEO-c measures the foll-
wing branching fraction [30]:

B(D+
s → pn̄) =

(
1.30± 0.36+0.12

−0.16

)
· 10−3

This decay mode is dominated by long-distance effects as
those shown in Fig. 6. Chen, Cheng and Hsio [31] estimate
these as B(D+

s → pn̄) ≈
(
0.8+2.4

−0.6

)
· 10−3 in agreement

with CLEO-c’s observation - short-distance contributions
from the annihilation diagram are about 3 orders of magni-
tude smaller.



Table 1: Recent results for D0 → Vη. The BaBar results shown in this table are preliminary.
Channel Prediction/10−3 [25] Measured B/10−3/
D0 → Sol A Sol B
φη 0.93± 0.09 1.4± 0.1 0.14± 0.04 (BELLE [24])

0.21± 0.01± 0.02 (BaBar-prelim [23])
ωη 1.4± 0.09 1.27± 0.09 2.21± 0.08± 0.22 (BaBar-prelim [23])
K∗0η 0.038± 0.004 0.037± 0.004 0.048± 0.010± 0.004 (BaBar-prelim [23])
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FIG. 2: Long-distance contributions to D+
s " pn̄ via final-state rescattering of (a) the W -emission

amplitude of D+
s " !+"(!) and (b) the color-suppressed amplitude of D+

s " K+K̄0. Both diagrams
have the same topology as W -annihilation.

Although we understand qualitatively the enhancement of W -annihilation via final-state rescat-
tering, it is di!cult to make a quantitative statement about FSI e"ects in Fig. 2. 4 Nevertheless, it

is plausible to assume that the enhancement of W -annihilation in the baryonic D decay is similar
to that in the mesonic decay D+

s " !+"q; that is,

A(D+
s " pn̄)

A(D+
s " pn̄)SD

#
A(D+

s " !+"q)

A(D+
s " !+"q)SD

, (13)

where "q and "s are defined as

"q =
1$
2
(uū + dd̄), "s = ss̄, (14)

in analog to the wave functions of # and $ in ideal mixing. The wave functions of the " and "! are
given by

!

"
"!

"

=
!

cos $ % sin $
sin$ cos $

" !

"q

"s

"

. (15)

In terms of the topological diagrams,

A(D+
s " K+K̄0) = C + A, A(D+

s " !+"q) =
$

2A, A(D+
s " !+"s) = T . (16)

A simple calculation based on factorization yields

A(D+
s " !+"q)SD = 2

GF$
2
VcsV

"

ud a1fDs
(m2

!q
%m2

")F
"!q

0 (m2
Ds

),

A(D+
s " !+"s)SD =

GF$
2
VcsV

"

ud a1f"(m2
Ds
%m2

!s
)FDs!s

0 (m2
"). (17)

Contrary to D+
s " pn̄, only the vector current will contribute to the !"q matrix element in the

decay D+
s " !+"q. Since the short-distance W -annihilation vanishes in the chiral limit, the form

factor F
"!q

0 (q2) is expected to be of order m"#QCD/q2 . The masses of "q and "s read [21]

m2
!q

=

$
2

fq
&0|muūi%5u + mdd̄i%5d|"q'+

$
2

fq
&0|

&s

4!
GG̃|"q' # m2

" +

$
2

fq
&0|

&s

4!
GG̃|"q'

m2
!s

=
2

fs
&0|mss̄i%5s|"s'+

1

fs
&0|

&s

4!
GG̃|"s' # 2m2

K %m2
" +

1

fs
&0|

&s

4!
GG̃|"s', (18)

4 In principle, final-state rescattering e"ects can be phenomenologically modeled as one-particle-exchange
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Figure 6: Long distance effects dominate the decay
D+

s → pn̄.

Absolute Branching Fractions

Absolute Branching fraction measurements are particu-
larly important for those decays frequently used as normali-
sation modes. BaBar, BELLE and CLEO-c published mea-
surements of absolute branching fractions, using different
techniques:

• BaBar obtains a normalisation by reconstructing
D∗ → Dπ using only the slow pion in this decay
chain, and information from the rest of the event, but
not the D itself [32].

• CLEO-c produces charm mesons always in pairs,
either e+e− → ψ(3770) → DD̄ for D0 or D±, or
e+e− → D±D∗∓. One charm meson provides the
normalisation for the decay rates of the other [34, 35].
Figure 8 shows the invariant mass distribution of Ds

pairs at CLEO-c. In the D0-D̄0 system, there are com-
plications and very interesting physics arising from
quantum correlations which are discussed elsewhere
in these proceedings [1].

• BELLE uses the process
e+e− → D∗+

s D−
s1(→ D̄∗0K−), again, one charm

meson provides the normalisation for the other [33].

Figure 7 illustrates the significant increase in precision
achieved in recent years for the most important normalisa-
tion modes. The full set of CLEO-c’s absolute Ds branch-
ing fractions measurements are given in Tab. 3, reproduced
from [35].

A frequently-used normalisation mode for Ds branch-
ing ratios is the decay Ds → φπ. This, however, is prob-
lematic because of interference effects in the K+K−π+

Dalitz plot, in particular from f(980) [37, 38, 39]. CLEO-c
therefore publishes the absolute branching fraction for
D+

s → K+K−π+, including the entire phase space. How-
ever, when using this as a normalisation mode, it can be
advantageous to select events with a K+K− invariant mass

Absolute Branching Fractions

Important normalizing modes:

D0 → K−π+

D+ → K−π+π+

D+
s → K−K+π+

(historically “φπ+”)

Charm branching fraction uncertainties

affect e.g.

exclusive |Vcb|

B(Bs → D(∗)
s D(∗)

s )

Great improvement in our knowledge in the

last few years

→ Replace D+
s → φπ+ by

D+
s → K−K+π+ !

Belle 07: hep-ex/0701053 (Prel.) [552 fb−1]

CLEO 07: PRD 76, 112001 [281 pb−1]

BaBar 08: PRL 100, 051802 [210 fb−1]

CLEO 08: PRL 100, 161804 [298 pb−1]
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Figure 7: Impact of recent absolute Branching ration mea-
surements on the PDG average. The brown bar represents
the PDG average in 2004, while the semi-transparent green
bar (that partially overlaps with the brown bar) represents
the status in 2008. Recent measurements by BaBar [32],
BELLE (preliminary [33]) and CLEO-c [34, 35] are repre-
sented by blue lines with error bars.

near the φ mass, in order to reject background. To accom-
modate this, CLEO-c also publishes branching fractions for
parts of the D+

s → K+K−π+ phase space corresponding
to different cuts around the φ mass, but without making
any statement about the contribution of D+

s → φπ this in-
cludes. The absolute Ds branching fractions for different
decay modes from this analysis [35] are given in Tab. 3.



Table 3: Results from CLEO-c’s recent measurement of absolute Ds branching fractions [35], the world average branch-
ing fractions before CLEO-c’s measurement [36], ratios of branching fractions to B(D+

s → K−K+π+), and charge
asymmetriesACP . Uncertainties on CLEO-c measurements are statistical and systematic, respectively. Table reproduced
from [35]

Mode CLEO-c result B (%) [35] PDG 2007 fit B (%) [36] B/B(K−K+π+) ACP (%)
K0

S K
+ 1.49± 0.07± 0.05 2.2± 0.4 0.270± 0.009± 0.008 +4.9± 2.1± 0.9

K−K+π+ 5.50± 0.23± 0.16 5.3± 0.8 1 +0.3± 1.1± 0.8
K−K+π+π0 5.65± 0.29± 0.40 — 1.03± 0.05± 0.08 −5.9± 4.2± 1.2
K0

S K
−π+π+ 1.64± 0.10± 0.07 2.7± 0.7 0.298± 0.014± 0.011 −0.7± 3.6± 1.1

π+π+π− 1.11± 0.07± 0.04 1.24± 0.20 0.202± 0.011± 0.009 +2.0± 4.6± 0.7
π+η 1.58± 0.11± 0.18 2.16± 0.30 0.288± 0.018± 0.033 −8.2± 5.2± 0.8
π+η′ 3.77± 0.25± 0.30 4.8± 0.6 0.69± 0.04± 0.06 −5.5± 3.7± 1.2
K+π+π− 0.69± 0.05± 0.03 0.67± 0.13 0.125± 0.009± 0.005 +11.2± 7.0± 0.9

Figure 8: Invariant mass of Ds pairs reconstructed at
CLEO-c [35].

Inclusive Ds branching fractions and
exclusive Ds → ωX

In 2009, CLEO-c published a measurement the inclu-
sive branching fractions of Ds in modes [40], such as
D+

s → π+X, D+
s → πX, etc, where X stands for any com-

bination of particles. The results are reproduced in Tab. 7
on page 8. While most inclusive branching fractions mea-
sured are compatible with the sum of known exclusive
rates [41], this was initially not the case for the inclu-
sive branching fraction B(Ds → ωX), where X stands for
any combination of particles. CLEO-c measures this to be
(6.1 ± 1.4)%, far more than the only known exclusive ω
mode at the time, B (Ds → π+ω) = (0.25± 0.09) % [12].

Since then, CLEO-c has searched for the missing exclu-
sive decay modes to ω, and found them [42]. The missing

exclusive modes are mainly those were X is two or three
pions. The full results are given in Tab. 4.

Table 4: Branching fractions and upper limits for exclusive
Ds decays involving ω, reproduced from [42].

Mode Bmode(%)
D+

s → π+ω 0.21± 0.09± 0.01
D+

s → π+π0ω 2.78± 0.65± 0.25
D+

s → π+π+π−ω 1.58± 0.45± 0.09
D+

s → π+ηω 0.85± 0.54± 0.06
< 2.13 (90% CL)

D+
s → K+ω < 0.24 (90% CL)

D+
s → K+π0ω < 0.82 (90% CL)

D+
s → K+π+π−ω < 0.54 (90% CL)

D+
s → K+ηω < 0.79 (90% CL)

Direct CP violation

CP violation in charm decays provides one of the most
sensitive probes for New Physics, and we are only now
reaching the sensitivity to exploit this opportunity. In this
article, we restrict ourselves to the discussion of direct CP
violation; CP violation in the interference between mix-
ing and decay is discussed elsewhere in these proceed-
ings [3, 4, 5, 6, 7, 8, 9].

CP violation in the charm decays in the SM is expected
to be small, at a level < 10−3 [43, 44, 45]. However,
new Physics can significantly enhance CP asymmetries, es-
pecially in the case of singly Cabibbo suppressed decays,
which are sensitive to new contributions from QCD pen-
guin operators. This could yield direct CP violating effects
of O(10−2) [46, 47].

The most precise measurements of direct CP asymme-
tries

ACP ≡
Γ (D → f)− Γ

(
D̄ → f̄

)
Γ (D → f) + Γ

(
D̄ → f̄

)



Table 5: Direct CP violation measurements in D0 → ππ and D0 → πpi, and the average by the Heavy Flavour Averaging
Group, status January 2009 [48].

Year Experiment ACP D0 → ππ ACP D0 → KK
2008 BELLE [49] +0.0043±0.0052±0.0012 -0.0043±0.0030±0.0011
2008 BaBar [50] -0.0024±0.0052±0.0022 +0.0000±0.0034±0.0013
2005 CDF [51] +0.010± 0.013 ±0.006 +0.020± 0.012 ±0.006
2002 CLEO [52] +0.019± 0.032 ±0.008 +0.000± 0.022 ±0.008
2000 FOCUS [53] +0.048± 0.039 ±0.025 -0.001± 0.022 ±0.015
1998 E791 [54] -0.049± 0.078 ±0.030 -0.001± 0.022 ±0.015
1995 CLEO [55] +0.080± 0.061
1994 E687 [56] +0.024± 0.084
HFAG average [48] +0.0022± 0.0037 -0.0016± 0.0023

in SCS decays exist for the modes D0 → K+K− and
D0 → π+π−. Results for these two modes, and aver-
ages, are listed in Tab. 5. Other direct CP violation
measurements have been published by BaBar [57, 58],
BELLE [59, 60], CLEO [10, 35, 61, 62, 63, 64, 65, 66, 67],
FOCUS [68, 69], E791 [70], and E687 [56]. This includes
the recent CLEO-c results listed in Tab. 6. A comprehen-
sive list of results and averages can found on the HFAG
website [48]. No evidence for CP violation in the charm
sector has emerged yet. It is interesting to note that the
CDF result [51] in Tab. 5 was obtained with only approx-
imately 2% of CDF’s current dataset. A simple scaling of
the statistical error suggests that, if CDF repeated this anal-
ysis with the full dataset, the statistical precision of this sin-
gle measurement could match the current world-average.
The challenge will of course be to control systematic un-
certainties at a similar level, and there are other reasons
why this simple scaling is too naive, such as the reduction
in trigger efficiency for charm events at higher luminosi-
ties. But even with these caveats, this illustrates the im-
portance and promise of charm physics at hadron colliders.
Most of CDF’s charm data have yet to be analysed, and
even larger samples will soon be available at LHCb [71],
with the prospect of a rich charm physics programme with
high sensitivity to New Physics.

Conclusions

Since the last CHARM conference in 2007, large new
data samples have become available and have been anal-
ysed, resulting in dramatic improvements of the precsion
of non-leptonic decay rates of charm mesons, and the dis-
covery of many new decay channels. These are important
parameters in their own right, provide tests of symmetries
of the strong interaction such as U-spin and SU(3), and are
set to provide important input for the analysis of B decays,
as most B mesons decay to charm. One of the most sen-
sitive probes for New Physics is CP violation in the charm
sector, which is predicted to be < 10−3 in the SM. While
at CHARM 2007, the most precise measurements of direct
CP violation achieved a precision at the percent level, to-

day this has reached the permil level. So far, however, there
has been no evidence for CP violation.

Dedicated charm experiments have unique capabilities,
especially when running at the charm threshold, but are by
no means the only source of charm physics. Many recent
measurements have exploited the vast charm samples at the
B factories and CDF. This is an encouraging trend in view
of the start of data taking at LHCb. LHCb will collect un-
precidented charm samples. CDF has shown that precision
charm physics is possible at a hadron collider, and has, for
most analyses, only used a fraction of its dataset. On the
other hand, there will also be new results from the charm
threshold with its unique properties: BES III is about to
take data at the ψ(3770), and CLEO-c’s dataset contin-
ues to be analysed. So the prospects for charm physics
are bright, with continued analyses of e+e− data, new re-
sults from the charm threshold, and enourmous datasets
collected at hadron colliders.
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D+
s →π0X 123.4 ± 3.8 ± 5.3

D+
s →K+X 28.9 ± 0.6 ± 0.3 20 +
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