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Precision Charm Decay Measurements
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Outline
ÅIntroduction

ÅCharm mesons (D and Ds)  (D+ [cd], Ds
+ [cs])

ïLeptonicdecays

ïSemi-leptonic decays

ïHadronicdecays

ÅCharm baryons 

ïLc decays (udc)

ïLife time measurement from LHCb: 

Xccand Wc (not covered here)

ÅSummary



Why measure charm decays 

Å Measure CKM matrix element, test CKM unitary

Å Measure decay constants and form factors to 

calibrate LQCD

ÅTest lepton universality

ÅSearch for new physics beyond SM (not covered here)
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Cabibbo-Kobayashi-Maskawa(CKM) matrix
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Three generations of quark? Unitary matrix?
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ÅCKM matrix elements are fundamental SM 
parameters that describe the mixing of quark fields 
due to weak interaction. 

ÅExperiments measure the CKM matrix elements. 
But the precision of CKM matrix elements for most 
of them is still poor.



Charm decays + LQCD Charm decays + 
B decays + LQCD

How to measure?
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Experiments
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Charm LeptonicDecays

Å Exp. decay rate + LQCD ĄCKM matrix elements

Å Exp. decay rate + | Vcs(d)|
CKMfitter

Ą calibrate LQCD

ÅCharm leptonicdecays involve both weak and strong interactions. 
ÅThe weak part is easy to be described as the annihilation of the 

quark-antiquark pair via the standard model W+ boson. 
ÅThe strong interactions arise due to gluon exchanges between 

the charm quark and the light quark. These are parameterized
in terms of ǘƘŜ ΨΨdecay constantΩΩΦ

Decay rate (Exp.)
Decay constant (LQCD)

CKM matrix element
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Charm semi-leptonic decays
(s)

ÅThe effects of the strong and weak interactions can be well 
separated in semi-leptonic decays

ÅGood place to measure CKM matrix elements and study the 
weak decay mechanism of charm mesons; calibrate LQCD

At zero positron mass limit:

(s)
ln)Differential 

rate (Exp.)

CKM matrix element

Form factor
(LQCD)

ÅAnalyze exp. partial decay rates Ą q2 dependence of f+
K(p)(q2), 

extract f+
K(p)(0) with | Vcs(d)|

CKMfitteras input
Å Exp. + LQCD calculation of f+

K(0) and f+
p(0) ĄVcs(d)

8



Test of lepton universality (LU)

M. Smith at FPCP 2018

Å LHCbR(D*) measurements

Å R(K) measurements

3.7 stension with SM

LHCbmeasured R(K) in the 
di-lepton invariant mass squared from 1-6 GeV2/c4, 
~10% precision (PRL 113, 151602 (2014))

Compatible with SM prediction of 1 within 2.6 s.

BaBar, LHCbandBellefound evidenceof lepton universality
violation in semi-leptonic B decays, either via the Cabibbo-
suppressed (CS) transition b Ą c or flavor-changing-neutral-
current (FCNC) transitions.
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Test of lepton universality (LU)

ÅStudy the analogous decays in charm quark sector is 
important.

In Standard Model, (for decays rate: Phys. Rev. D 38, 214 (1988))

Z. Phys. C46 (1990)93, PRD69 (2004)074025, PLB633(2006)61 
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Hadronicdecays of charm mesons

ÅStrong phase measurement with quantum correlated 

ⱶ ᴼ╓╓ is crucial in the model-independent 
determinations of gand charm mixing/direct CPV.

ÅProbe non-perturbative QCD

ïHelp to understand hadron spectroscopy

ïStudy SU(3) flavor symmetry

ïStudy short and long distance effects
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Charm Leptonic Decays
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Experimental status on Ds leptonic decays

ÅLQCD: very precise. Recent FNAL/MILC results, error ~0.2%
ÅLots of results from CLEO, Babar, Belle and BES. Biguncertainties

EXP. EXP.
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BESIII Ds
+ 
Ąm+n

ÅDouble tag method used. 
ÅCharge conjugate proc. implied.
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3. Ἦ╫ ͽ╔╬□ Ȣ ἑἭἤόϤрΦоȄ /[9hΩǎύ

▄▄ ᴼ╓▼╓▼
ᶻᴜ ᴼ ȾⱫ╓▼╓▼

s(▄▄ ᴼ╓▼╓▼
ᶻᴜ ) ~6 nb,  ~ 6 M ╓▼produced. 

Tag side: 
14 Ds- decay modes considered 

BESIII Ds
+ 
Ąm+n
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ÅMmiss
2 fit: 

ÅConstraining signal/BKGI ratio via signal MC
ÅFixing BKGII via inclusive MC

╝╓▼ ᴼ Ⱨ ⱨ Ȣ Ȣ
║╓▼ ᴼ Ⱨ ⱨ Ȣ Ȣ Ȣ
█╓▼╥╬▼ Ȣ ȢἻἼἩἼȢ ȢἻὁἻἼȢἙἭἤ

BESIII Ds
+ 
Ąm+n

16



17

Take |Vcs|
CKMfitter as inputσ TakefDs

LQCDas inputσ

Most precise measurement



fD+comparison

ÅMost recent LQCD calculation, very precise
ÅBESIII:  fD+=(203.2°5.3°1.8) MeV (m+nmode), 

most precise measurement
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| Vcd| comparison
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BESIII: ╓ ᴼⱲ ᴼⱫⱨⱲⱨⱲ

K- +̄ -̄ K- +̄ -̄ 0̄ KS̄
+

KS̄
+ 0̄

KS̄
+ -̄ +̄ K-K+ +̄

2.93Ἦ╫ ͽ╔╬□ Ȣ ἑἭἤ
▄▄ ᴼ ᴼἎ╓

ÅDouble tag method
Å6 tagging modes
ÅSignal: D+― +̱ ˄̱Σ ˍ+― +̄ ˄̱.

extracted from MM2. 

ÅD+― +˃ ˄˃peaks at MM2=0
ÅD+― +̱(― +̄ ˄̱ύ˄̱peaks

near MM2=0,  as MD ~ Mˍ

Split data into two:
Å -˃like : EEMCҖ 300 MeV 

(mixture of D+Ị +̱(Ị +̄ ˄̱ύ˄̱
and D+Ị +˃ ˄˃)
Å -̄like : EEMC> 300 MeV

(mostly D+Ị +̱(Ị +̄ ˄̱ύ˄̱).

  

D E = E
D

- E
Beam

M
BC

= E
Beam

2 - p
D

2

Fit Fix the D+―˃ ˄ ŎƻƳǇƻƴŜƴǘ ōŀǎŜŘ ƻƴ ǘƘŜ 
world average. 20
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MC-based backgrounds

137±27 
D+Ị +̱(Ị +̄ ˄̱)˄̱

events

EEMCҖ олл aŜ± EEMC> 300 MeV- D+Ị +̱˄
- D+Ị +˃˄
- D+Ị +̄ 0̄

- D+Ị +̄KL

- D+Ị +̄ʹ
- D+Ị +̄KS

- The rest 

- Fit two MM2 distributions simultaneously, MC based shape ÄG

- Fix D+Ị˃ ˄ ŎƻƳǇƻƴŜƴǘ to the world average

- First evidence of D+Ąt+n, ~ 4 ,̀ B(D+Ị +̱˄ )̱ =[1.20±0.24(stat.)]×10-3

= 3.21¤0.64

Consistent with the SM prediction, R = 2.65±0.01, within ~0.9̀ Φ



Charm semi-leptonic decays
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Comparison of fK
+(0)

Take|Vcs|
CKMfitter asinput
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Comparison of |Vcs|

Takef+
K(0)PRD82(2010)114506asinput
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stat.     syst. 

DB(D0
Ąm+X)

DB(D0
ĄK-p+)

B(D0­K-m+nm)

Big errors in individual experiments.
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BESIII: D0­K-m+nm
D0­ K-m+nmis studied in the recoiling system of three tag modes: 

D0­ K-m+nm

D0­ K-p+p0 BG

ÅSignal shape: MC simulated shape 
convolved with Gaussian.
ÅBG shape in tag side: ARGUS func.
ÅBG in signal side: 
ÅD0­ K-p+p0 MC simulated 

shape convolved with Gaussian 
ÅContinuum background shape : 

MC simulated shape

2.93Ἦ╫ ͽ
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stat.     syst. 

DB(D0
Ąm+X)

DB(D0
ĄK-p+)

Comparison of B(D0­K-m+nm)

Compared with current world average value, 
the precision improves by a factor of 3 27
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D0­K-m+nm: Fit to partial decayrates

Seriesexpansionparameterizationfor form factor (2nd order):

Projection on form factor



Comparison of fK
+(0)

Take|Vcs|
CKMfitter asinput
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Comparison of |Vcs|

Takef+
K(0)PRD82(2010)114506asinput

30



31

D0­K-m+nm:Testlepton flavor universality

In full q2 interval: 

Nodeviation largerthan 2sfrom 1 is observed in q2 interval
of (0.2, 1.5) GeV2/c4.

PRD91(2015)094009

Red: in the SM
Grey: Newphysicsconstrained
by previousexperiments

Solid curve: SM prediction 
with our fitted parameters
Points with error bars: data



BESIII: LU test via ╓ᴼⱫ■n
arXiv: 1802.05492

ÅFor D mesons, the FCNC decays are highly suppressed by the 
Glashow-Iliopoulos-Maiani (GIM) mechanism and the Cabibbo
suppressed (CS) semi-tauonicdecays are kinematically
forbidden.

ÅD0(+) 
Ąp-(0) l+nare the simplest and cleanest CS semi-leptonic

decays.

0.97~
v)eˉB(D

v)˃ˉB(D
R

(0))0(

(0))0(
)0(

+-+

+-+
+

­

­
=

R0(+)
PDG= 0.82 °0.08 (2.0 s) 

Br(D0 
Ąp-m+n) =(0.237 °0.024)%, ~10% error. 

Br(D0 
Ąp-e+n) , ~3% error

Z. Phys. C46 (1990)93, PRD69 (2004)074025, PLB633(2006)61 

{Inputs
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Tag modes for D0 Tag modes for D-

BESIII: D0(+) 
Ąp-(0)m+n

p0p+p-

p0p+p0

2276°63 D0
Ąp-m+v

1340°42 D+
Ąp0m+v

Othe
r

Othe
r
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Improved precision

1st measurement

Å╡Ⱦ▄
╓ ἩἯἺἭἭwith SM prediction 0.97 within 1.9(0.6)Ɑ

ÅNo isospinviolation observed

2.93Ἦ╫ ͽ

arXiv: 1802.05492 33



BESIII: First observation of D0(+) 
Ą a0(980)-(0) e+n

PRL 121, 081802(2018)

To understand the internal structure of a0(980) -- two quark states 
or tetra quark system:
ÅA prediction for the BF for ╓ ᴼ╪ ▄ⱨ▄is : ͯ Ȣ ͯ

for two(tetra) quark description
ÅA model-independent way to distinguish two different descriptions: R=1(3) 

for two(tetra) quark. (PRD 82, 034016 (2010))

2.9 ̀

6.4 ̀

BESIII 2.93Ἦ╫ ͽ

Å Isospin conservation holds
ÅBESIII results for╓ ᴼ█▄ⱨ▄ongoing.34



BESIII:╓▼O Ɫ ▄ⱨ▄
3. Ἦ╫ ͽ╔╬□ Ȣ ἑἭἤ

▄▄ ᴼ╓▼╓▼
ᶻᴜ ᴼ ȾⱫ╓▼╓▼

Single tag $ ἵἷἬἭἻ

ÅSignal shape: MC simulated shape convolved with Gaussian

ÅBlack dotted-dashed curve is the fitted background from ╓▼ᴼ
▄ꜚⱨ▄: MC simulated shape

ÅRed dotted curve are fitted combinatorial background in signal 
side: MC simulated shape

ÅThe branching fractions of ╓▼ᴼⱢ▄ⱨ▄or ╓▼ᴼⱢ▄ⱨ▄for two 
different Ɫ sub-decays are constrained to be the same. 35



Systematic uncertainties on Brs. 
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ÅPartial decay rates are 
fitted simultaneously 
in two ⱢȾⱢsubdecays.

ÅWith the Series 2 
Parameters model 
extraction, ȿ╥╬▼ȿand 

█
Ɫ

(0) are determined.

╓▼O Ɫ ▄ⱨ▄
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Taking |╥╬▼| CKMfitterand █
Ɫ

(0) |╥╬▼| extracted from the 
series 2 Parameters model as inputs, we obtain:

Ὢ π πȢτυψπȢππυ πȢππτ

Ὢ π πȢτωππȢπυπ πȢπρρ

No systematic uncertainties assigned

38



Comparison of |6╬▼|

Taking Ὢ
ᴼ

π
PRD88 034023 as 
input, we obtain

Include both statistical 
and systematic
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Comparison of mixing angle

40

Combining the branching 
fractions measured in this 
work and BὈ ᴼ–Ὡ’
(10.74¤0.81¤0.51)¦ρπ , 
BὈ ᴼ–Ὡ’]=
(1.91¤0.51¤0.13)¦ρπ
(BESIII arxiv: 1803.05570

Include both statistical 
and systematic



BESIII: ╓▼ᴼ╚
ᶻ ▄ⱨ▄

Fitted BG

Simulated BG 
from inclusive 
MC sample

╓▼ᴼ╚ ▄ ⱨ▄ ╓▼ᴼ╚
ᶻ ▄ ⱨ▄

╝▫╫▼ Ȣ Ȣ ╝▫╫▼ Ȣ Ȣ
Fitted BG

Simulated BG 
from inclusive 
MC sample

Different decay rate

Projection on █╚▲

Statistics limited
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Charm hadronicdecays
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Amplitude analyses of D ­ Kppp

ÅThe decays of D ­ Kpppare important in improving our 
knowledge of CKM unitary-triangle angle g(-VudVub*/ VcdVcb*)

ÅHelp to understand hadron structure.
Å and                                         studied by 

Mark III and E691 with low statistics many years ago.
ÅBESIII:

ÅLHCb: D0­ K-p+p+p- (CF, RS) and D0­ K+p-p-p+ (DCS, WS)

0 0 0,p p p p p p- + + - + -­ SD K K 0 0,p p p p p p+ - + + + + -­ SD K K

0 0 0 0 0, ,p p p p p p p p p- + + - - + + + + -­ ­ ­ SD K D K D K

O(1) in terms of CKM matrix element  
ĄCabibbofavored (CF)

Two off-diagonal CKM matrix elements  
Ą doubly Cabibbosuppressed (DCS)

D0­ K-p+p+p-

largest contribution

D0­ K+p-p-p+ 

largest contribution
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LHCb: RS: D0­ K-p+p+p- and WS: D0­ K+p-p-p+ 

Å3fb-1 @ 7 and 8 TeV
ÅReconstruct B ­D*(2010)+ [D0p+ ]mX 

as a clean source of D0 mesons for 
further analysis. 

RS: 890,000 sig. evts, >99% purity
WS: 3,000 sig. evts, 80% purity 56 time of that from BESIII  (~16000)

EPJC 78, 443 (2018)
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