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OUTLINE OF OUR WORK

• An update of previous work D → VP decays
• Use of SU(3) symmetry as working assumption
• A global χ2 fit to Cabibbo-favored modes
• Extraction of weak annihilation amplitudes for the first time 

and seeing their importance
• Predictions for all D → VP branching fractions
• A test of flavour SU(3) symmetry
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PECULIARITIES OF CHARM SYSTEMS

• Resides at an awkward place in mass spectrum 
➠ no suitable effective theory to work with, particularly 
for hadronic decays 

• Too light to grant reliable heavy-quark expansions; yet 
too heavy to use chiral perturbation theory 

• Strong QCD coupling regime  
➠ perturbative QCD calculations expected to fail 

• Many resonances around 
➠ nonperturbative rescattering effects kicking in 

• Flavor SU(3) symmetry for decays to light mesons 
• Good realm to test all these approaches
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DOMINANT CHARM DECAYS

• D mesons decay dominantly (~84%) into hadronic final 
states, 3/4 of which are two-body modes. 
➠ cf. B meson decays
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P: pseudoscalar meson
V: vector meson
A: axial vector meson
T: tensor meson

Mode BR

PP ⇠ 10%

V P ⇠ 28%

V V ⇠ 10%

SP ⇠ 4.2%
AP ⇠ 10%

TP ⇠ 0.3%
2-body ⇠ 63%

hadronic ⇠ 84%

semileptonic ⇠ 16%

most dominant ones



TWO-BODY HADRONIC CHARM DECAYS

• Cabibbo-favored (CF): 
          involving Vud*Vcs ~ 1−λ2 ~ 0.95  

• Singly Cabibbo-suppressed (SCS): 
          involving Vus*Vcs / Vud*Vcd ~ λ ~ 0.22  

• Doubly Cabibbo-suppressed (DCS): 
          involving Vus*Vcd ~ λ2 ~ 0.05  

• Only SCS decays can possibly involve diagrams with 
different CKM phases and thus possibly have CPA’s:
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Amp = V ⇤
cdVud(trees + penguins)

+ V ⇤
csVus(trees + penguins)



FLAVOR DIAGRAMS

• Diagrams for 2-body hadronic D  
meson decays can be classified  
according to flavor topology into  
the tree- and loop-types:
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Tree-type

Loop-type

Zeppenfeld 1981
Chau and Cheng 1986, 1987, 1991
Savage and Wise 1989 
Grinstein and Lebed 1996
Gronau et. al. 1994, 1995, 1995
Cheng and Oh 2011



FLAVOR DIAGRAMS

• Penguin diagrams negligible for BR’s because of GIM  
VcdVud* = −VcsVus* and VcbVub* ~ A2λ5.

• For current analysis, we only need to consider the tree-
type diagrams: 
 
 
 

• Because the spectator quark may end up in P or V meson 
in the final state, these two kinds of diagrams of the same 
flavor topology have no relation a priori and should be 
distinguished.

• For example, T → TP or TV.
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OUR APPROACH

• We perform a χ2 fit to the branching fractions of all 
Cabibbo-favored (CF) modes, extracting magnitudes and 
phases of all flavor diagrams.

• Since what are fitted are branching fractions, there are 
degeneracies in χ2-minimum solutions when all the strong 
phases simultaneously flip signs.

• Using the extracted information, we make predictions of 
branching fractions for singly Cabibbo-suppressed (SCS) 
and doubly Cabibbo-suppressed (DCS) modes. 
➠ check against available data to test SU(3)F
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PARTIAL WIDTH

• The partial decay width of D → VP can be expressed in 
two different ways: 
 
 
 
 
with the relation  
 

• Although the amplitudes obtained in the two schemes 
apparently have different magnitudes, they are expected 
to have similar strong phases. 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QUARK CONTENTS IN MESONS

• Phase convention of quark contents in light pseudoscalar 
and vector mesons are taken as follows: 
 
 
 
 
 

• The physical η and η’ mesons are related to ηq and ηs via 
a mixing angle: 
 
 
with ϕ = 43.5º in our numerical calculations. 
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PREVIOUS ANALYSIS

• With only CF D0,+ decays, there are two disjoint amplitude 
sets: {TV, CP, EP} and {TP, CV, EV}. 
➠ a connection in the Ds+ decays (and CS modes)
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Cheng and CWC 2010



PREVIOUS ANALYSIS

• 6 years ago, AP,V could not be fixed by available data. 
➠ many of the D+ and Ds+ decays involving these 
amplitudes could not be predicted within the framework
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Cheng and CWC 2010

among CF decays,  
AP,V only show up  
in these modes



RECENT MEASUREMENTS

• It is now possible to fix AP,V, thanks particularly to the 
recent measurement of BR(Ds+ → π+ρ0) which involves the 
combination AP − AV.

• In addition to new measurements, several modes have 
better determinations than before. 
➠ time for an updated SU(3)F analysis 

• For example, BR(Ds+ → ρ+η’) = (12.2±2.0)% by CLEO had 
long been conjectured to be overestimated and 
problematic 
➠ updated measurement is (5.80±1.46)% by BES-III is 
significantly smaller
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BES-III 2015



CF MODES
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significantly reduced
new

not updated

somewhat increased

not updated
not updated

compared to 
2010 data



SOME REMARKS

• We have found many possible solutions with local χ2 
minima; some of them are not well separated by 
sufficiently high “χ2 barriers” to render good 1σ ranges. 
➠ in such cases, we stop the 1σ range scan at the 
obvious boundary

• We only present those whose predicted BFs for SCS 
modes have better agreement with data.

• In particular, in the effort of discarding irrelevant solutions, 
the SCS D0 → π0ω mode plays a significant role.
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SOLUTIONS IN SCHEME A

16

p3c
8⇡m2

D

|M̃|2



SOLUTIONS IN SCHEME A
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SOLUTIONS IN SCHEME S
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SOLUTIONS IN SCHEME S
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GENERAL OBSERVATIONS

• Among all the theory parameters, the uncertainties 
associated with |EP|, δEP, |CP| and δCP are much smaller 
than the others.  Moreover, their best-fit values are quite 
stable across different solutions.

• The flavor amplitudes generally  
respect the following hierarchy  
pattern: |TP| > |TV| ∼ |CP,V| > |EP| > |EV| ∼ |AP,V|. 
➠ large |TP| driven by large rates of D0 → K−ρ+ and K0ρ+ 

• The relation EV ≈ −EP advocated by some analysis is 
disfavored by the data.

• Though with large uncertainties, AP and AV are only about 
one order of magnitude smaller than T and C amplitudes.
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Rosner 1999

Cheng and CWC 2010



PREDICTIONS — CF MODES
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PREDICTIONS — CF MODES
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pole model and factorization-
assisted topological-amplitude 
(FAT) approach with ρ-ω mixing 

Qin, Li, Lu and Yu 2014



PREDICTIONS — CF MODES
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PREDICTIONS — CF MODES

• While the predicted BR(Ds+ → ρ+η) is close to CLEO’s 
(8.9±0.8)%, the predicted BR(Ds+ → ρ+η’) is substantially 
below the recent BES-III’s (5.80±1.46)%.

• All existing model calculations yield  
around 3%.

• If BR(Ds+ → ρ+η’) still remains to be  
of order 6% in the future experiments, this may hint at a 
sizeable flavor singlet contribution unique to the η0 
production.

• This issue should be clarified both experimentally and 
theoretically.
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Buccella, Lusignoli, Miele, Pugliese 
and Santorelli 1995
Cheng and CWC 2010
Bhattacharya and Rosner 2010
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DISTINGUISHING SCHEMES

• It is noted that |CP| and |CV| are comparable in solutions 
(A), but have a small hierarchy in solutions (S).

• As a way to tell which scheme is preferred, one can resort 
to the Ds+ → K*0K+ decay, dominated by CP, and the K0K*+ 
decay, dominated by CV. 
 

• Current data slightly favor (A1) over (S4).
• Since the K*0K+ decay has been measured several times 

with similar results before and the K0K*+ decay was last 
measured in 1989, it is obvious that the latter should be 
updated.

25



PREDICTIONS — SCS MODES
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PREDICTIONS — SCS MODES

• Measurements of SCS decay modes are useful in 
distinguishing different solutions:
• Among solutions (A), (A1) is more preferred.
• Among solutions (S), (S4) is more preferred.

• We tried a fit to only SCS modes.  Not only did we obtain 
more solutions, we also could not get small χ2 results. 
➠ these data present inconsistency within the framework

• In contrast, all the solutions can explain DCS decay data 
sufficiently well.
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PREDICTIONS — DCS MODES
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PREDICTIONS — DCS MODES

• For observed modes, our predictions are consistent with 
data within 1σ, except for Ds+ → K*0K+ whose measured 
value is significantly larger than theory predictions, though 
its error bar is also large.

• The D+ → K*0π+ and ρ0K+ modes involve respectively AV 
and AP, without which their predicted BFs are smaller than 
the measured values. 
➠ clear indication the necessity of AP,V

29



SU(3) BREAKING

• If we assume for factorizable amplitudes (T and C) that the 
effective Wilson coefficients a1,2 are the same, their sizes 
will differ mode by mode due to differences in the final-
state meson masses, decay constants, and form factors. 
 
 
 
 

• Although some of the modes have better agreement with 
data after the above-mentioned symmetry breaking is 
included, some others deviate from measurements even 
more regardless of which solution we take.
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SUMMARY

• Using SU(3)F symmetry as a working assumption along with 
latest data, we have updated a global χ2 fit to CF decay BFs.

• Thanks to recent measurement of BR(Ds+ → π+ρ0), we have 
determined for the first time AP,V. 
➠ a determination of BR(Ds+ → π0ρ+) useful in confirming the 
information and reducing uncertainties associated with AP,V

• Though serious SU(3)F violation is seen, we have used SCS 
data and our predictions to find favored solutions.

• We have tried by including SU(3)F breaking in T and C to see 
if there is a better agreement with data.  However, the 
conclusion is mixed, and the exact SU(3)F approach is still 
sufficiently adequate to provide an overall explanation for the 
current data.
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Thank You!
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