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probabilities of three hypotheses with L(p) > L(K) and
L(p) > L(π), while chargedK(π) is identified by compar-2

ing the probabilities of two hypotheses with L(K) > L(π)
(L(π) > L(K)).4

Showers in EMC, not associated with any charged
tracks, are identified as photon candidates after fullfill-6

ing the following requirements. The deposited energy
is required to be larger than 25 (50)MeV in the bar-8

rel (end cap) region. To suppress electronic noise and
event-unrelated tracks, the EMC time deviation from the10

event start time is required to be within (0, 700) ns. The
π0 candidates are reconstructed from photon pairs. The12

invariant mass is required to satisfy 115 < M(γγ) <
150MeV/c2. To improve momentum resolution, a mass-14

constrained fit to π0 nominal mass is applied to the pho-
ton pairs and the constrained kinematic of π0 is retained16

in later analysis procedure.
Candidates of K0

S and Λ are formed by combining two18

oppositely charged final states π+π− and pπ−, respec-
tively. For these two tracks, their polar angles in MDC20

must satisfy |cosθ| < 0.93, and distances of closest ap-
proaches to the IP must be within ±20 cm along the22

beam direction. No distance constraints in the trans-
verse plane are required. π± is not subjected to the PID24

criteria, while p PID is implemented. The two daughter
tracks are constrained to originate from a common decay26

vertex by requiring the χ2 of the vertex fit to be less than
100. The fitted momenta of π+π− and pπ− are used in28

further analysis. The decay vertex is required to be sep-
arated from the IP by a distance of at least twice of the30

fitted vertex resolution. We impose 487 < M(π+π−) <
511 MeV/c2 and 1111 < M(pπ−) < 1121 MeV/c2 that32

are within about 3 standard deviations from the nominal
K0

S and Λ masses, respectively.34

To detect Σ0, Σ+ and ω candidates, requirements
on the invariant masses of the following combinations,36

1179 < M(Λγ) < 1203MeV/c2 , 1176 < M(pπ0) <
1200MeV/c2 and 760 < M(π+π−π0) < 800MeV/c2, are38

imposed, respectively.
For the tag modes pK0

Sπ
0, pK0

Sπ
+π− and Σ+π+π−,40

possible backgrounds with Λ → pπ− are rejected by
requiring M(pπ−) outside (1110, 1120)MeV/c2. In ad-42

dition, in the mode pK0
Sπ

0, candidate events with
1170 < M(pπ0) < 1200MeV/c2 are excluded to sup-44

press Σ+ backgrounds. In the modes Λπ+π−π+, Σ+π0,
and Σ+π+π− to remove K0

S candidates, masses of any46

pairs of π+π− and π0π0 are not allowed to lie in (480,
520)MeV/c2.48

To identify signals of Λ+
c candidates, two variables re-

flecting energy and momentum conservation are used.50

First, we calculate energy difference, ∆E ≡ E − Ebeam,
where E is the total measured energy of the Λ+

c can-52

didate and Ebeam is the mean value of the e+ and e−

beams. For each tag mode, candidates are rejected if54

they fail the ∆E requirements in TABLE I, which cor-
respond to about 3 times of the resolutions. Second, we56

define beam-constrained mass MBC of the Λ+
c candidates

by substituting the beam energy Ebeam for the energy E58
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FIG. 1. Fit to the ST MBC distributions in data for different
decay modes. Points with error bars are data, solid lines are
the sum of fit functions, and dashed lines are background
shapes.

of the Λ+
c candidates, M2

BCc
4 ≡ E2

beam − p2c2, where p is
the measured Λ+

c momentum in the center-of-mass sys-60

tem of the head-on e+e− collisions. Figure 1 shows the
MBC distributions for the ST samples , where evident62

Λ+
c signals peak at the nominal Λ+

c mass position. MC
studies show that peaking backgrounds and cross feeds64

among the 12 tagging modes are negligible, as we impose
the fore-mentioned criteria of rejecting possible peaking66

backgrounds.
We implement unbinned maximum likelihood fits to68

the MBC distributions to obtain ST signal yields, as il-
lustrated in Fig. 1. In each fit, the signal shape is de-70

rived from simulated signal MC events convoluted with
a Gaussian function to account for imperfect model-72

ing of the detector resolution and beam energy calibra-
tion. Backgrounds for each mode are well described with74

the ARGUS function [13], as verified with MC simula-
tions. The signal region is defined as 2276 < MBC <76

2300MeV/c2. TABLE I lists the obtained fitted ST
yields and the corresponding detection efficiencies.78

In the signal candidates of the 12 ST modes, a specific
mode Λ−

c → j is formed from the remaining tracks and80

showers, recoiling against the ST Λ+
c . We combine the

12 ST modes to estimate the DT yields NDT
−j and DT82

efficiencies εDT
−j in Eq. (4). Following the same fit strategy

in the ST samples, Fig. 2 shows the fit results for each84

DT mode. The DT results are also given in TABLE I.
Main sources of systematic uncertainties related to the86

measurement of BFs include tracking, PID, reconstruc-
tion of intermediate states and quoted BFs. For the88

∆E and MBC requirements, their uncertainties are neg-
ligible after resolution corrections are applied to inclu-90

sive MC samples. Uncertainties associated with the ef-
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FIG. 6. The di↵erential decay rates for D0 ! K�e+⌫e as
function of q2, where the dots with error bars show the data
and the lines give the best fits to the data with di↵erent form-
factor parameterizations.
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FIG. 7. Projections on fK
+

(q2) for D0 ! K�e+⌫e.
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FIG. 8. The di↵erential decay rates for D0 ! ⇡�e+⌫e as
function of q2, where the dots with error bars show the data
and the lines give the best fits to the data with di↵erent form-
factor parameterizations.

)4/c2 (GeV2q
0 1 2 3

)2
(qπ +f

0

1

2

3
eν

+e-π→0D
data
Single pole model
Modified pole model
z series (2 par.)
z series (3 par.)

FIG. 9. Projections on f⇡
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(q2) for D0 ! ⇡�e+⌫e.

E. Comparison of form-factor parameters in1

di↵erent parameterizations2

For the single pole model, the fits give3

M

D!K
pole

= (1.9206± 0.0103± 0.0067) GeV/c

2

, (VI.23)4

and5

M

D!⇡
pole

= (1.9114± 0.0118± 0.0038) GeV/c

2 (VI.24)6

for D0 ! K

�
e

+

⌫e and D

0 ! ⇡

�
e

+

⌫e decays, respective-7

ly. The agreement between the extracted values of pole8

mass and the expected values (MD⇤+
(s)

) is extremely poor.9

As a comparison, Table XIV lists values of the pole mass10

M

D!K
pole

and M

D!⇡
pole

measured in this analysis and those11

previously measured at other experiments.12

With the modified pole model, the fits give13

↵

D!K = 0.3099± 0.0195± 0.0128, (VI.25)14

and15

↵

D!⇡ = 0.2794± 0.0345± 0.0113 (VI.26)16

for D0 ! K

�
e

+

⌫e and D

0 ! ⇡

�
e

+

⌫e decays, respective-17

ly. In the modified pole model (BK parameterization)18

for the form factors, ↵D!K
BK

is expected to be ⇠ 1.75 and19

↵

D!⇡
BK

is expected to be ⇠ 1.34 [21]. Our measured val-20

ues of ↵D!K and ↵

D!⇡ are significantly deviate from the21

values required by the modified pole model. Table XV22

presents a comparison of our measurements of these two23

parameters with those previously measured at other ex-24

periments and the expected values from the Lattice QCD25

calculations.26
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a mass difference of 2:1 MeV=c2, a width difference of
3.7 MeV, and production ratio difference of 2.6% absolute.
Assuming the Zcð3900Þ couples strongly with D !D# results
in an energy dependence of the total width [22], and the fit
yields a difference of 2:1 MeV=c2 for mass, 15.4 MeV for
width, and no change for the production ratio. We estimate
the uncertainty due to the background shape by changing to
a third-order polynomial or a phase space shape, varying
the fit range, and varying the requirements on the !2 of the
kinematic fit. We find differences of 3:5 MeV=c2 for mass,
12.1 MeV for width, and 7.1% absolute for the production
ratio. Uncertainties due to the mass resolution are esti-
mated by increasing the resolution determined by MC
simulations by 16%, which is the difference between the
MC simulated and measured mass resolutions of the J=c
and D0 signals. We find the difference is 1.0 MeV in the
width, and 0.2% absolute in the production ratio, which are
taken as the systematic errors. Assuming all the sources of
systematic uncertainty are independent, the total system-
atic error is 4:9 MeV=c2 for mass, 20 MeV for width and
7.5% for the production ratio.

In Summary, we have studied eþe% ! "þ"%J=c at a
c.m. energy of 4.26 GeV. The cross section is measured to
be ð62:9& 1:9& 3:7Þ pb, which agrees with the existing
results from the BABAR [5], Belle [3], and CLEO [4]
experiments. In addition, a structure with a mass of
ð3899:0& 3:6& 4:9Þ MeV=c2 and a width of ð46& 10&
20Þ MeV is observed in the "&J=c mass spectrum. This
structure couples to charmonium and has an electric
charge, which is suggestive of a state containing more
quarks than just a charm and anticharm quark. Similar
studies were performed in B decays, with unconfirmed
structures reported in the "&c ð3686Þ and "&!c1 systems
[23–26]. It is also noted that model-dependent calculations
exist that attempt to explain the charged bottomonium-
like structures which may also apply to the charmonium-
like structures, and there were model predictions of

charmoniumlike structures near the D !D# and D# !D#

thresholds [27].
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FIG. 4 (color online). Fit to the Mmaxð"&J=c Þ distribution as
described in the text. Dots with error bars are data; the red solid
curve shows the total fit, and the blue dotted curve the back-
ground from the fit; the red dotted-dashed histogram shows the
result of a phase space (PHSP) MC simulation; and the green
shaded histogram shows the normalized J=c sideband events.
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The ISR ψð3686Þ signal is used to calibrate the absolute
mass scale and to extract the resolution difference between
data and MC simulation. The fit to the ψð3686Þ results
in a mass shift of μψð3686Þ ¼ −ð0.34$ 0.04Þ MeV=c2, and
a standard deviation of the Gaussian resolution function of
σ ¼ ð1.14$ 0.07Þ MeV=c2. The resolution parameter of
the resolution Gaussian applied to the MC simulated signal
shape is fixed at 1.14 MeV=c2 in the fit to the Xð3872Þ.
Figure 2 shows the fit result (with M½Xð3872Þ&input ¼
3871:7 MeV=c2 as input in MC simulation), which gives
μXð3872Þ ¼ −ð0.10 $ 0.69Þ MeV=c2 and N½Xð3872Þ& ¼
20:1$ 4.5. So, the measured mass of Xð3872Þ
is M½Xð3872Þ& ¼ M½Xð3872Þ&input þ μXð3872Þ − μψð3686Þ ¼
ð3871:9 $ 0.7Þ MeV=c2, where the uncertainty includes

the statistical uncertainties from the fit and the mass
calibration. The limited statistics prevent us from measur-
ing the intrinsic width of the Xð3872Þ. From a fit with a
floating width we obtain Γ½Xð3872Þ& ¼ ð0.0þ1.7

−0.0Þ MeV, or
less than 2.4 MeV at the 90% confidence level (C.L.).
The statistical significance of Xð3872Þ is 6.3σ, estimated
by comparing the difference of log-likelihood value
[Δð−2 lnLÞ ¼ 44:5] with and without the Xð3872Þ signal
in the fit, and taking the change of the number of degrees of
freedom (Δndf ¼ 2) into consideration.
Figure 3 shows the angular distribution of the

radiative photon in the eþe− c.m. frame and the πþπ−
invariant mass distribution, for the Xð3872Þ signal events
(3.86 < Mðπþπ−J=ψÞ < 3.88 GeV=c2) and normalized
sideband events (3.83 < Mðπþπ−J=ψÞ < 3.86 or 3.88 <
Mðπþπ−J=ψÞ < 3.91 GeV=c2). The data agree with MC
simulation assuming a pure E1-transition between the
Yð4260Þ and the Xð3872Þ for the polar angle distribution,
and the Mðπþπ−Þ distribution is consistent with the
CDF observation [9] of a dominant ρ0ð770Þ resonance
contribution.
The product of the Born-order cross section times

the branching fraction of Xð3872Þ → πþπ−J=ψ is
calculated using σB½eþe− → γXð3872Þ& × B½Xð3872Þ →
πþπ−J=ψ & ¼ Nobs=Lintð1þ δÞϵB, where Nobs is the num-
ber of observed events obtained from the fit to the
Mðπþπ−J=ψÞ distribution, Lint is integrated luminosity,
ϵ is the detection efficiency, B is the branching fraction of
J=ψ → lþl− and (1þ δ) is the radiative correction factor,
which depends on the line shape of eþe− → γXð3872Þ.
Since we observe large cross sections at

ffiffiffi
s

p
¼ 4.229 and

4.260 GeV, we assume the eþe− → γXð3872Þ cross section
follows that of eþe− → πþπ−J=ψ over the full energy
range of interest and use the eþe− → πþπ−J=ψ line-shape
from published results [11] as input in the calculation of the
efficiency and radiative correction factor. The results of
these studies at different energies (

ffiffiffi
s

p
¼ 4.009, 4.229,

4.260, and 4.360 GeV) are listed in Table I. For the
4.009 and 4.360 GeV data, where the Xð3872Þ signal is
not statistically significant, upper limits for production
yield at 90% C.L. are also given. As a validation, the
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FIG. 1 (color online). The πþπ−J=ψ invariant mass distribu-
tions at

ffiffiffi
s

p
¼ 4.009 (top left), 4.229 (top right), 4.260 (bottom

left), and 4.360 GeV (bottom right). Dots with error bars are
data, the green shaded histograms are normalized J=ψ sideband
events.
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a MC simulated histogram convolved with a Gaussian function
for signal and a linear background function. Dots with error bars
are data, the red curve shows the total fit result, while the blue
dashed curve shows the background contribution.
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FIG. 3 (color online). The cos θ distribution of the radiative
photon in eþe− c.m. frame (left) and the Mðπþπ−Þ distribution
(right). Dots with error bars are data in the Xð3872Þ signal region,
the green shaded histograms are normalized Xð3872Þ sideband
events, and the red open histogram in the left panel is the result
from a MC simulation that assumes a pure E1 transition.

PRL 112, 092001 (2014) P HY S I CA L R EV I EW LE T T ER S
week ending

7 MARCH 2014

092001-4

Achim&Denig & & & & &&&&&&&&&&&Form&Factor&Measurements&and&the&Muon&Anomaly &&

BES III Detector 
Main)DriY)Chamber)(MDC))
•  σ(p)/p&=&0.5%&
•  σdE/dx&=&6.0%&

Time.of.flight)system)(TOF))
•  σ(t)&=&90ps&&&&(barrel)&
•  σ(t)&=&110ps&&(endcap)&

EMC)
•  6240&CsI(Tl)&crystals&
•  σ(E)/E&=&2.5%&
•  σZ,Φ(E)&=&0.5&–&0.7&cm&

Muon)Chambers)
•  8&–&9&layers&of&RPC&
•  p>400&MeV/c&
•  δRΦ&=&1.4&~&1.7&cm&

Superconduc@ng)Magnet)
•  1&T&magne9c&field&

Proton FF measurement at BESIII 

Analysis Features: 

• Radiative corrections from Phokhara8.0 (scan) 

• Normalization to e+e- o e+e-, e+e- oγγ  
  (BABAYAGA 3.5) 

• Efficiencies 60% (2.23 GeV) .... 3% (~4 GeV) 

• _ GE/GM _ ratio obtained for 3 c.m. energies  

Ecm/GeV Lint / pb-1 

2.23 2.6 

2.40 3.4 

2.80 3.8 

3.05, 3.06, 3.08 60.7 

3.40, 3.50, 3.54, 3.56 23.3 

3.60, 3.65, 3.67 63.0 
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BESIII 
detector 

LINAC 

2004: started BEPCII upgrade, 
            BESIII construction 
2008: test run 
2009 - now: BESIII physics run    

 Beijing Electron Positron Collider (BEPC) 

beam energy: 1.0 – 2.3 GeV           

e+ 

e- 
• 1989-2004  (BEPC):  

            Lpeak=1.0x1031 /cm2s  

• 2009-now (BEPCII):    

            Lpeak=0.85x1033/cm2s 

The BEPCII Collider at IHEP Beijing
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4. The BESIII Experiment

Figure (4.1) A schematic view of the upper half of the BESIII detector.

The beam pipe has to withstand the high heat load (⇡ 700 Watt), maintain the high vac-
uum (the design value is 5 ·10�10 Torr in the interaction region) and its electric conductivity
must be large enough to shield the RF radiation from the beam [29, 53].
As beryllium does meet all the requirements, it is used to construct the inner (thickness
= 0.8 mm) and outer (thickness = 0.6 mm) wall of the beam pipe; the 0.8 mm gap between
both parts is used for the cooling fluid. The cooling is required as the working temperature
of the Mini Drift Chamber (MDC) is restricted to 293.15 K to prevent wire breakages [53].
Cooper extensions are surrounding the beryllium beam pipe outside the sensitive region of
the BESIII detector (| cos(✓)|>0.93) to shield secondary particles. To monitor the temper-
ature and the radiation level on the beam pipe, twelve radiation detectors (6 on each side)
are mounted in the gaps between the copper extensions and the central beryllium beam
pipe [29].
Two luminosity monitors are placed in a distance of 3.1 m from the IP facing the incom-
ing beams. As the available space is limited, the monitors have to be as compact as possible.
The luminosity determination is based one radiative Bhabha scattering (e+e� ! e+e��):
A tungsten target converts the photons into electron-positron pairs, fused silica placed af-
terwards serves as a scintillation crystal; the scintillation light is finally collected by two
photomultipliers (PMT) [54].
Recently one of the luminosity detectors has been replaced by a Zero-Degree Detector

(ZDD). This type of detector can not only cover the luminosity determination, but it
can be used to tag initial state radiation (ISR) photons. It is a calorimeter, sandwiched
of Pb and scintillating fibers, which allows also for the measurement of the energy and the
direction of the ISR photons [55].
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6 49. Plots of cross sections and related quantities

R in Light-Flavor, Charm, and Beauty Threshold Regions
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Figure 49.6: R in the light-flavor, charm, and beauty threshold regions. Data errors are total below 2 GeV and statistical above 2 GeV.
The curves are the same as in Fig. 49.5. Note: CLEO data above Υ(4S) were not fully corrected for radiative effects, and we retain
them on the plot only for illustrative purposes with a normalization factor of 0.8. The full list of references to the original data and
the details of the R ratio extraction from them can be found in [arXiv:hep-ph/0312114]. The computer-readable data are available at
http://pdg.lbl.gov/current/xsect/. (Courtesy of the COMPAS (Protvino) and HEPDATA (Durham) Groups, May 2010.)
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Figure 49.6: R in the light-flavor, charm, and beauty threshold regions. Data errors are total below 2 GeV and statistical above 2 GeV.
The curves are the same as in Fig. 49.5. Note: CLEO data above Υ(4S) were not fully corrected for radiative effects, and we retain
them on the plot only for illustrative purposes with a normalization factor of 0.8. The full list of references to the original data and
the details of the R ratio extraction from them can be found in [arXiv:hep-ph/0312114]. The computer-readable data are available at
http://pdg.lbl.gov/current/xsect/. (Courtesy of the COMPAS (Protvino) and HEPDATA (Durham) Groups, May 2010.)
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σ(e+e− → hadrons, s) is the experimental cross section corrected for initial state radiation and electron-positron vertex loops, σ(e+e− →
µ+µ−, s) = 4πα2(s)/3s. Data errors are total below 2 GeV and statistical above 2 GeV. The curves are an educative guide: the broken one
(green) is a naive quark-parton model prediction, and the solid one (red) is 3-loop pQCD prediction (see “Quantum Chromodynamics” section of
this Review, Eq. (9.7) or, for more details, K. G. Chetyrkin et al., Nucl. Phys. B586, 56 (2000) (Erratum ibid. B634, 413 (2002)). Breit-Wigner
parameterizations of J/ψ, ψ(2S), and Υ(nS), n = 1, 2, 3, 4 are also shown. The full list of references to the original data and the details of
the R ratio extraction from them can be found in [arXiv:hep-ph/0312114]. Corresponding computer-readable data files are available at
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Figure 49.6: R in the light-flavor, charm, and beauty threshold regions. Data errors are total below 2 GeV and statistical above 2 GeV.
The curves are the same as in Fig. 49.5. Note: CLEO data above Υ(4S) were not fully corrected for radiative effects, and we retain
them on the plot only for illustrative purposes with a normalization factor of 0.8. The full list of references to the original data and
the details of the R ratio extraction from them can be found in [arXiv:hep-ph/0312114]. The computer-readable data are available at
http://pdg.lbl.gov/current/xsect/. (Courtesy of the COMPAS (Protvino) and HEPDATA (Durham) Groups, May 2010.)



BESIII data samples 
4040 

0.5 fb-1 

4230+4260 
1.9 fb-1 

4360 
0.5 fb-1 

4420 
1 fb-1 

4600 
0.5 fb-1 

World largest  J/\,  \(2S), \(3770), Y(4260), …   
produced directly from e+e- collision 10 

J/\ 
1.3x109 \’0.5x109 

\(3770) 
2.9 fb-1 

2175 
0.1 fb-1 

~130 points for R Scan (~1.3 fb-1) 

BESIII Data Samples

• The world’s larges samples of JPC=1- - states produced in e+e- 
annihilation

• In addition: ISR physics, photon-photon physics
7



BESIII Physics Program

• Light hadron physics

• Spectroscopy, search for exotic hadrons  

• Time-like form factors

• Charmonium and Charmonium-like exotic (XYZ) states 

• Charmed  mesons and baryons

• Precision measurement of the tau lepton mass and the R value

• Rare and forbidden decays, search for BSM physics

• Rich physics program 

• Started data taking in 2009, first publication in 2010 

• Now: more than 100 publications including 19 Physical Review Letters

8



Hadrons：Normal & Exotic 

5 

• Experiments :  

� Hadrons are composed of 2 (meson) or 3 (baryon) quarks 

� Described very well in quark model (QM)  

08/07/2014  H.P.  Peng ICHEP 2014, Valencia, Spain 

• QCD suggests: 

� Confinement : stable hadrons need to be colorless  

� Gluon-gluon interactions :  hadron with gluons 

(hybrids and glueballs) could exist 

� Allow hadrons with Nquarksz2, 3 (multi-quarks)  

A long history of searching for the exotic hadron,  

no solid conclusion was reached  in past a few decades, 

 some hints on charmomium-like and bottomnium-like particles, recently. 

Can we find evidence for these interesting exotic hadrons? 

Reminder: Hadrons
• Hadrons are the bound states of 

QCD

• All hadrons are color singlets 

• Well established hadrons

• Mesons (quark/antiquark states)

• Baryons (3-quark states)

• However: QCD allows more 
configurations: 

• Experimentally not well established

9



• Long-standing problem: missing baryon resonances

• Conventional approach: scattering of photons, pions, kaons etc 
off nucleons

• BESIII: Charmonium decay into Baryon-Resonance+Anti-Baryon

Charmonium decays provide novel insights into baryons  
--- complementary to other experiments 

9 Isospin 1/2 filter: 𝝍 → 𝑵𝑵 𝝅, 𝝍 → 𝑵𝑵 𝝅𝝅 
9Missing N* with small couplings to 𝝅𝑵 & 𝜸𝑵 , but large 

coupling to gggN : 𝝍 → 𝑵𝑵 𝝅/𝜼/𝜼′/𝝎/𝝓, 𝒑 𝜮𝝅, 𝒑 𝜦𝑲 … 
9Not only N*, but also 𝜦∗, 𝜮∗, 𝜩∗ 
9Gluon-rich environment: a favorable place for producing hybrid 

(qqqg) baryons 
9 Interference between N* and 𝑵  * bands in 𝝍 → 𝑵𝑵 𝝅 Dalitz 

plots may help to distinguish some ambiguities in PWA of 𝝅𝑵 
9High statistics of charmonium @ BES III 39 

JLAB, MAMI, ELSA, ….. 

Light Hadrons: Baryon Spectroscopy

10

Charmonium decays provide novel insights into baryons  
--- complementary to other experiments 

9 Isospin 1/2 filter: 𝝍 → 𝑵𝑵 𝝅, 𝝍 → 𝑵𝑵 𝝅𝝅 
9Missing N* with small couplings to 𝝅𝑵 & 𝜸𝑵 , but large 

coupling to gggN : 𝝍 → 𝑵𝑵 𝝅/𝜼/𝜼′/𝝎/𝝓, 𝒑 𝜮𝝅, 𝒑 𝜦𝑲 … 
9Not only N*, but also 𝜦∗, 𝜮∗, 𝜩∗ 
9Gluon-rich environment: a favorable place for producing hybrid 

(qqqg) baryons 
9 Interference between N* and 𝑵  * bands in 𝝍 → 𝑵𝑵 𝝅 Dalitz 

plots may help to distinguish some ambiguities in PWA of 𝝅𝑵 
9High statistics of charmonium @ BES III 39 

JLAB, MAMI, ELSA, ….. 

Caveat: only resonances
coupling to the entrance channel

can be populated

Final state: Baryon, Anti-Baryon  
and Meson  

Works also for strange baryons



Baryon Resonances from Charmonium Decays

11

PWA of 𝝍(𝟐𝑺) → 𝝅𝟎𝒑 𝒑

10

� 2 new 𝑵∗s are found (𝑱𝑷 = 𝟏
𝟐
+
, 𝟓
𝟐
−

)
� First 5 known are also measured 

with more precision.

Phys. Rev. Lett. 110, 022001 (2013) 
� 2-body decay：

9 𝜓 2𝑆 → 𝑋𝜋0, 𝑋 → 𝑝  𝑝,
9 𝜓 2𝑆 → 𝑝𝑁∗, 𝑁∗ →  𝑝𝜋0 + 𝑐. 𝑐..

� Isospin conservation:
9 Suppressed

Data sample:𝟏𝟎𝟔 × 𝟏𝟎𝟔 𝝍(𝟐𝑺)PWA of 𝝍(𝟐𝑺) → 𝝅𝟎𝒑 𝒑
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Observation of 𝚵 𝟏𝟔𝟗𝟎 −/𝚵 𝟏𝟖𝟐𝟎 −

in 𝝍 𝟐𝑺 → 𝑲−𝚲 𝚵+

11

Phys. Rev. D 91, 092006 (2015) 

The  branching fractions are also  measured 
for the first time!
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Time-Like Baryon Form Factors

• QCD predictions: 

• at large q2, absolute value of FF(q2)=FF(-q2)

• Experiment: time-like FF much larger than space-like FF

• Squared ratio of neutron/proton form factors ≈ 0.25

• Problem: only very poor data for neutron form factor

12

Nucleon Form Factor 

, Λ Λ 

Space-like: 
FF real Time-like: 

FF complex 

z Fundamental properties of the nucleon 
¾ Connected to charge, magnetization distribution 
¾ Crucial testing ground for models of the nucleon internal 

structure 
¾ Necessary input for experiments probing nuclear structure, 

or trying to understand modification of nucleon structure in 
nuclear medium 

z Can be measured from space-like processes (eN) (precision 1%) 
      or time-like process (e+e- annihilation) (precision 10%-30%) 



Measurement of the Time-like Proton Form Factor

• Angular analysis allows extraction of

13
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Proton FF measurement at BESIII 

Analysis Features: 

• Radiative corrections from Phokhara8.0 (scan) 

• Normalization to e+e- o e+e-, e+e- oγγ  
  (BABAYAGA 3.5) 

• Efficiencies 60% (2.23 GeV) .... 3% (~4 GeV) 

• _ GE/GM _ ratio obtained for 3 c.m. energies  

Ecm/GeV Lint / pb-1 

2.23 2.6 

2.40 3.4 

2.80 3.8 

3.05, 3.06, 3.08 60.7 

3.40, 3.50, 3.54, 3.56 23.3 

3.60, 3.65, 3.67 63.0 
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Observation of the Dalitz Decay            

• Contains information about time-like FF at small q2

14
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and positron tracks, and a loose χ2 requirement is applied to
ensure that they come from a common vertex. To improve
resolution and reduce background, a four-constraint (4C)
kinematic fit is performed to the γγeþe− hypothesis that
constrains the total four-momentum of the detected par-
ticles to be equal to the initial four-momentum of the
colliding beams. For events with more than two photon
candidates, the combination with the smallest χ24C is
selected. Only events with χ24C < 100 are retained.
For the J=ψ → γη0; η0 → γeþe− signal channel, the

largest background comes from QED processes and J=ψ →
eþe−γγ decays. For these channels, the combination of the
eþe− with any final-state photon produces a smooth
Mðγeþe−Þ distribution. The QED background mainly
comes from eþe− → eþe−γγ and eþe− → 3γ events in
which one γ converts into an eþe− pair. These are studied
using a eþe− collision data sample of 2.92 fb−1 taken atffiffiffi
s

p
¼ 3.773 GeV [24], which is dominated by QED

processes. For those processes, most of the photons have
low energy and are at small angles relative to the incoming
electron or positron beam directions. To reduce this back-
ground, the energy of the low-energy photon is further
required to be higher than 200 MeV, and the angle between
the photon and the electron or positron initial direction in
the final states is required to be larger than 10°.
The primary peaking background comes from the decay

J=ψ → γη0; η0 → γγ followed by a γ conversion in the
material in front of the MDC, including the beam pipe
and the inner wall of the MDC. The distance from the
reconstructed vertex point of the electron-positron pair to

the z axis, defined as δxy ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
x þ R2

y

q
, is used to distin-

guish γ-conversion events from signal events [25], where
Rx and Ry are the distances in the x and y directions,
respectively. A scatter plot of Ry versus Rx is shown in
Fig. 1(a) for MC-simulated J=ψ → γη0; η0 → γγ decays, in

which one of the photons undergoes conversion to an eþe−

pair. As indicated in Fig. 1(a), the inner circle matches the
position of the beam pipe, while the outer circle corre-
sponds to the position of the inner wall of the MDC.
Figure 1(b) shows the δxy distributions for the MC-
simulated J=ψ → γη0; η0 → γeþe−, J=ψ → γη0; η0 → γγ
events, together with the selected data events and events
from the η0 mass sideband. The two peaks above 2.0 cm
correspond to the photon conversion of the γ from J=ψ →
γη0; η0 → γγ events, while the events near δxy ¼ 0 cm
originate from the interaction point. We require δxy <
2 cm to suppress the photon-conversion background,
which retains about 80% of the signal events while the
remaining photon-conversion events are about 5% of the
size of the signal. After all selections, the normalized
number of expected peaking background events from
J=ψ → γη0; η0 → γγ is 42.7% 8.0, where the error is
dominantly from the difference in selection efficiencies
for the γ-conversion events between data and MC.
Another possible source of peaking background is

J=ψ → γη0; η0 → γπþπ−, where the two pions are misiden-
tified as an eþe− pair. An exclusive MC sample that
includes coherent contributions from ρ, ω and the box
anomaly in the decay η0 → γπþπ− [26] is used to study this
background. We find that the kinematic fit to the electron-
positron hypothesis shifts the spectrum away from the η0

mass and, thus, the resulting Mðγeþe−Þ distribution does
not peak at the η0 mass value. The normalized number of
events from this background source after all selections is
9.7% 0.4, which is negligible compared to the nonpeaking
background from eþe− → eþe−γγ.
The combination of γeþe− with invariant mass closest to

mη0 is taken to reconstruct the η0. The resulting Mðγeþe−Þ
distribution after the selection criteria is shown in Fig. 2 and
exhibits a clear peak at the η0 mass. An unbinned extended
maximum likelihood (ML) fit is performed to determine the
signal yield. The signal probability density function (PDF)
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FIG. 1 (color online). Electron-positron vertex position distri-
bution: (a) scatter plot of Ry versus Rx for MC-simulated
J=ψ → γη0, η0 → γγ events; (b) δxy distributions. The (black)
crosses are data. The (red) dashed line shows the MC-simulated
J=ψ → γη0, η0 → γeþe− signal events. The (orange) dotted-
dashed histogram shows the background from γ-conversion
events. The (green) shaded area is estimated from the η0 mass
sideband. The (blue) line is the sum of MC and the sideband
estimate. In (b), the solid arrow indicates the requirement on δxy.
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FIG. 2 (color online). Invariant γeþe− mass distribution for the
selected signal events. The (black) crosses are the data, the (red)
dashed line represents the signal, the (green) dot-dashed curve
shows the nonpeaking background shapes, and the (orange)
shaded component is the shape of the J=ψ → γη0; η0 → γγ
peaking background events. The total fit result is shown as the
(blue) solid line.
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and positron tracks, and a loose χ2 requirement is applied to
ensure that they come from a common vertex. To improve
resolution and reduce background, a four-constraint (4C)
kinematic fit is performed to the γγeþe− hypothesis that
constrains the total four-momentum of the detected par-
ticles to be equal to the initial four-momentum of the
colliding beams. For events with more than two photon
candidates, the combination with the smallest χ24C is
selected. Only events with χ24C < 100 are retained.
For the J=ψ → γη0; η0 → γeþe− signal channel, the

largest background comes from QED processes and J=ψ →
eþe−γγ decays. For these channels, the combination of the
eþe− with any final-state photon produces a smooth
Mðγeþe−Þ distribution. The QED background mainly
comes from eþe− → eþe−γγ and eþe− → 3γ events in
which one γ converts into an eþe− pair. These are studied
using a eþe− collision data sample of 2.92 fb−1 taken atffiffiffi
s

p
¼ 3.773 GeV [24], which is dominated by QED

processes. For those processes, most of the photons have
low energy and are at small angles relative to the incoming
electron or positron beam directions. To reduce this back-
ground, the energy of the low-energy photon is further
required to be higher than 200 MeV, and the angle between
the photon and the electron or positron initial direction in
the final states is required to be larger than 10°.
The primary peaking background comes from the decay

J=ψ → γη0; η0 → γγ followed by a γ conversion in the
material in front of the MDC, including the beam pipe
and the inner wall of the MDC. The distance from the
reconstructed vertex point of the electron-positron pair to

the z axis, defined as δxy ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
x þ R2

y

q
, is used to distin-

guish γ-conversion events from signal events [25], where
Rx and Ry are the distances in the x and y directions,
respectively. A scatter plot of Ry versus Rx is shown in
Fig. 1(a) for MC-simulated J=ψ → γη0; η0 → γγ decays, in

which one of the photons undergoes conversion to an eþe−

pair. As indicated in Fig. 1(a), the inner circle matches the
position of the beam pipe, while the outer circle corre-
sponds to the position of the inner wall of the MDC.
Figure 1(b) shows the δxy distributions for the MC-
simulated J=ψ → γη0; η0 → γeþe−, J=ψ → γη0; η0 → γγ
events, together with the selected data events and events
from the η0 mass sideband. The two peaks above 2.0 cm
correspond to the photon conversion of the γ from J=ψ →
γη0; η0 → γγ events, while the events near δxy ¼ 0 cm
originate from the interaction point. We require δxy <
2 cm to suppress the photon-conversion background,
which retains about 80% of the signal events while the
remaining photon-conversion events are about 5% of the
size of the signal. After all selections, the normalized
number of expected peaking background events from
J=ψ → γη0; η0 → γγ is 42.7% 8.0, where the error is
dominantly from the difference in selection efficiencies
for the γ-conversion events between data and MC.
Another possible source of peaking background is

J=ψ → γη0; η0 → γπþπ−, where the two pions are misiden-
tified as an eþe− pair. An exclusive MC sample that
includes coherent contributions from ρ, ω and the box
anomaly in the decay η0 → γπþπ− [26] is used to study this
background. We find that the kinematic fit to the electron-
positron hypothesis shifts the spectrum away from the η0

mass and, thus, the resulting Mðγeþe−Þ distribution does
not peak at the η0 mass value. The normalized number of
events from this background source after all selections is
9.7% 0.4, which is negligible compared to the nonpeaking
background from eþe− → eþe−γγ.
The combination of γeþe− with invariant mass closest to

mη0 is taken to reconstruct the η0. The resulting Mðγeþe−Þ
distribution after the selection criteria is shown in Fig. 2 and
exhibits a clear peak at the η0 mass. An unbinned extended
maximum likelihood (ML) fit is performed to determine the
signal yield. The signal probability density function (PDF)
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FIG. 1 (color online). Electron-positron vertex position distri-
bution: (a) scatter plot of Ry versus Rx for MC-simulated
J=ψ → γη0, η0 → γγ events; (b) δxy distributions. The (black)
crosses are data. The (red) dashed line shows the MC-simulated
J=ψ → γη0, η0 → γeþe− signal events. The (orange) dotted-
dashed histogram shows the background from γ-conversion
events. The (green) shaded area is estimated from the η0 mass
sideband. The (blue) line is the sum of MC and the sideband
estimate. In (b), the solid arrow indicates the requirement on δxy.
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FIG. 2 (color online). Invariant γeþe− mass distribution for the
selected signal events. The (black) crosses are the data, the (red)
dashed line represents the signal, the (green) dot-dashed curve
shows the nonpeaking background shapes, and the (orange)
shaded component is the shape of the J=ψ → γη0; η0 → γγ
peaking background events. The total fit result is shown as the
(blue) solid line.
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performed by using a convolution of a MC signal shape
with a Gaussian function that is used to describe the
MC-data difference due to the resolution. The fitted width
of the Gaussian is ð0.39" 0.19Þ MeV, and the fit yields
863.8" 36.0 signal events. The difference from the nomi-
nal fit is negligible. Finally, the uncertainty due to the
nonpeaking background shape is estimated by varying the
PDF shape and fitting range in the ML fit. The changes in
yields for these variations give systematic uncertainties due
to these backgrounds.
The systematic uncertainty in the measurement of

J=ψ → γη0; η0 → γγ associated with the uncertainty from
the kinematic fit is estimated using a control sample of
eþe− → γγγ at 3.650 GeV [29] and found to be less than
1%. The uncertainty for this channel due to background is
estimated to be less than 0.3% from variations in the PDF
shape and fitting range. The uncertainty from the require-
ment j cos θdecayj < 0.8 is 0.4%. When combined with the
0.4% statistical uncertainty, the total uncertainty associated
with Nη0→γγ is 1.2%.
Assuming all systematic uncertainties in Table II are

independent, the total systematic uncertainty, obtained
from their quadratic sum, is 3.3%.

VI. RELATIVE DECAY WIDTH

The ratio Γðη0 → γeþe−Þ=Γðη0 → γγÞ is determined
using the following formula:

Γðη0 → γeþe−Þ
Γðη0 → γγÞ

¼
Nη0→γeþe−

Nη0→γγ
·

ϵη0→γγ

ϵη0→γeþe−
; ð5Þ

where Nη0→γeþe− (Nη0→γγ) and ϵη0→γeþe− (ϵη0→γγ) are the
number of observed signal events and the detection
efficiency, respectively, for J=ψ → γη0; η0 → γeþe−

(J=ψ → γη0; η0 → γγ) decays, as listed in Table I. The
result is

Γðη0 → γeþe−Þ
Γðη0 → γγÞ

¼ ð2.13" 0.09ðstatÞ " 0.07ðsysÞÞ × 10−2:

ð6Þ

Using the η0 → γγ branching fraction value listed in PDG
[22], we obtain the first measurement of the η0 → γeþe−

branching fraction of

Bðη0 → γeþe−Þ ¼ ð4.69" 0.20ðstatÞ " 0.23ðsysÞÞ × 10−4:

ð7Þ

VII. FORM-FACTOR MEASUREMENT

The TFF is extracted from the bin-by-bin efficiency-
corrected signal yields for eight different Mðeþe−Þ bins.
The bin widths are all chosen to be 0.1 GeV=c2. Since this
is much wider than the Mðeþe−Þ resolution, which is
5–6 MeV=c2 depending on Mðeþe−Þ, no unfolding is
needed. The signal yield in eachMðeþe−Þ bin i is obtained
by performing bin-by-bin fits to the Mðγeþe−Þ mass
distributions using the fitting procedure described in
Sec. III. The peaking background from the J=ψ → γη0;
η0 → γγ only exists in the first bin, and the yield is fixed to
the normalized number in the bin. The fit results are shown
in Fig. 4. The fitted (nobsi ) and efficiency-corrected signal
yields (ncorri ) for each Miðeþe−Þ bin are summarized in
Table III. Figure 5 shows the efficiency-corrected signal
yields versus Mðeþe−Þ with the QED shape superimposed
for comparison. The discrepancy between QED and data,
which reflects the TFF, is evident in the high Mðeþe−Þ
region.

TABLE III. Fitted (nobsi ) and efficiency-corrected (ncorri ) signal yields for the eight Mðeþe−Þ bins, and ratios (ri).
The uncertainties are statistical only.

Mðeþe−ÞðGeV=c2Þ [0.0, 0.1] [0.1, 0.2] [0.2, 0.3] [0.3, 0.4]

nobsi 545" 27 86.5" 10.7 62.1" 9.8 45.6" 9.7
ncorri 2380" 120 368" 46 194" 31 128" 27
rið10−2Þ 1.44" 0.07 0.22" 0.03 0.12" 0.02 0.08" 0.02

Mðeþe−ÞðGeV=c2Þ [0.4, 0.5] [0.5, 0.6] [0.6, 0.7] [0.7, 0.8]

nobsi 45.4" 9.0 29.9" 8.0 28.0" 7.8 25.0" 6.9
ncorri 135" 27 93.3" 25.0 96.2" 26.8 109" 30
rið10−2Þ 0.08" 0.02 0.06" 0.02 0.06" 0.02 0.07" 0.02
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FIG. 5. Efficiency-corrected signal yields ncorri versus
Mðeþe−Þ. The (black) crosses are data and the (gray) shaded
histogram indicates the pointlike QED result.
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• At large q
2
, strong enhancement compared to QED calculation for point-like hadron

• Possible explanation: vector meson dominance: 

Vector Meson Dominance Model

Photons can convert into virtual
quark-antiquark pairs with JP=1-

 Vector Mesons

The process e+e- → π+π−  
proceeds via intermediate 
vector mesons

44



Charmonium and 
Charmonium-like States

• Charmonium in QCD is like positronium 
in QED 

• Bound states of charm/anti-charm quarks 

• Levels below the open charm threshold 
(“ionization”) well understood

• Experiment and theory agree well

• Above the open charm threshold, 
situation more complex

• Some of the predicted states have been 
found, many have not yet been observed

• New unpredicted states have been 
found with properties that are not 
consistent with conventional 
charmonium states => “XYZ states”

15 M. R. Shepherd 
CAP Congress, Sudbury 

June 19, 2014 

The Landscape

• all states below DD threshold have 
been observed!

• charm anti-charm potential model 
describes spectrum below DD 
threshold!

• attempt to understand 
fundamental structure by studying!

• pattern of masses!

• transitions between states!

• states with unconventional 
charmonium properties began 
appearing in the spectrum about a 
decade ago
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*5: The world’s highest luminosity
Luminosity is a measure that represents the amount of collision events collected in colliding accelerator
experiments and is determined by several factors, including beam intensity, beam focusing performance,
operational stability of accelerators, and the data collection performance of detectors. The KEKB
accelerator has achieved the record integrated luminosity per day of 1.4794 fb−1 on June 14, 2009.

*6: Bottomonium
A particle composed of one quark and one antiquark via the strong interaction is collectively called a
“meson.” There are many types of mesons; among them, there is a meson composed of one bottom quark
and one anti-bottom quark termed the “bottomonium.” Several types of bottomonium are identified
according to its quantum state, including Υ, χb, and hb. In particular, the long-sought hb has been finally
discovered by the B Factory experiment in March 2011. Likewise, a meson composed of one charm quark
and one anti-charm quark is named “charmonium,”.  Several types of charmonia, including the J/ψ, χc,
and hc have been identified to date.

*7: Discovery of more than ten ‘exotic hadrons’
At the B Factory, several new types of particles, including the X(3872), Y(4260), and Z(4430), have been
identified in succession. Although they have properties similar to charmonium mesons, they also have
some peculiar properties, such as mass values that differ from theoretical expectations, . These properties
have attracted special attention to these exotic hadrons.

References: 
“Belle Discovers Three New Mesons” KEK Press Release (August 5, 2008)
“Belle Discovers a New Type of Meson” KEK Press Release (November 9, 2007)
“Belle Discovers a New Particle — new type of meson? —” KEK Press Release (November 14, 2002)

*8: Super KEKB/Belle II Experiment
The Super KEKB accelerator project is in progress and is an upgrade to the KEK B Factory project. Under
this initiative, the luminosity of the KEKB accelerator is planned to be increased 40-fold. In addition, the
Belle detector is being upgraded to achieve higher performance (Belle II Experiment). Super KEKB/Belle II
will start collecting data in 2015, aiming to accumulate 50 times more data compared to the existing B
Factory. With such a vast amount of data, not only discoveries of new physics in the decays of B and D
mesons and tau leptons but also further development in the study of exotic hadrons are expected.

*9: Quantum chromodynamics
A basic theory of the strong interaction, which is one of the four fundamental interactions in the universe.
The strong interaction is far stronger than other three. According to quantum chromodynamics, each quark
has a distinctive quantum number termed “color charge,” which can be compared to the three primary
colors of light (red, green, and blue). Any particle that can be detected must be colorless; therefore quarks
alone cannot exist as an observable object in the physical world and must be confined in hadrons.
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XYZ - Physics

• X : neutral charmonium - like states with quantum numbers 
other than I- - (vector)

• Y : neutral charmonium - like states with I- - (vector) quantum 
number

• Can be directly formed in an e+e- collision 

• Z : charged charmonium-like states

• Such a state must consist of at least 2 quarks and 2 
antiquarks
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X(3872) - the first XYZ state discovered in 2003
• First X - state discovered in B decays at Belle

• Extremely narrow resonance at 3872 MeV

• Mass(D0 )+mass(D*0)=3871.84±0.28 MeV ❓❓

• Width < 1.2 MeV 

• compare ψ(3770) : Γ = 27.2 MeV

• Seen in many other experiments

• Peculiar decay modes:

• Recently, LHCb has determined the quantum 
numbers to be JPC = 1++
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What is X(3872) 

08/07/2014  H.P.  Peng ICHEP 2014, Valencia, Spain 9 

• Observed by Belle,  confirmed by several experiments  
� Very close toCD0D*0 threshold,  

� Very narrow, < 1.2 MeV 

• JPC=1�� , a definitive determination by LHCb : 
� Decay to JJ/\ or \(2S) indicate C-parity as �  [Belle, Babar, LHCb] 

� Reduce possibility to 1��, 2��  by CDF [PRL 98, 132002 (2007)] 

• Production :  
� In B decays – KX similar to charmonia,  

                       � K*X smaller than charmonia 

                       � KSX  (see Pavel Krokovny’s talk on last Tursday)          
� In pp/pp collision – rate similar to charmonia 

� Radiative transition of the excited vector charmonium(like)? – Jpc=1�� 

• Decay modes : 
� S�S�(U)J/\, S�S�S0(Z)J/\, 

� JJ/\, J\(2S) 

� D0D0S0, D0D*0 

� Not observed in Kch decay (see Pavel  Krokovny’s talk last Tursday) 

PRL 91, 262001 (2003) 

BroKrS�S�J�\ 

M(SSJ/\) –M(J/\) [GeV] 

PRL 110, 222001 (2013) 

� � 

� 



The first exotic 1- - state: Y(4260), discovered by BaBar 
• Discovered in initial state radiation:

• Why is this no conventional charmonium state ?

• Does not fit predicted spectrum of vector states, overpopulation of 1- - states

• Peculiar decay pattern: 

• Compare to ψ(3770) : ratio is ≈ 500 ! (open charm decays dominant )
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The History: Y(4260)

• 1- - state produced in e+e-!

!

!

!

!

!

• mass greater than 2M(D) so 
we expect OZI favored decay:

5

detected in the EMC since it is produced preferentially
along the beam direction.

Candidate !!!"‘!‘" tracks are refitted, constrained
to a common vertex, while the lepton pair is kinemati-
cally constrained to the J= mass. The resulting
!!!"J= mass-resolution function is well described by
a Cauchy distribution [10] with a full width at half maxi-
mum of 4:2 MeV=c2 for the  #2S$ and 5:3 MeV=c2 at
4:3 GeV=c2.

The !!!"J= invariant-mass spectrum for candidates
passing all criteria is shown in Fig. 1 as points with error
bars. Events that have an e!e" ("!"") mass in the J= 
sidebands %2:76; 2:95& or %3:18; 3:25& (%2:93; 3:01& or
%3:18; 3:25&) GeV=c2 but pass all the other selection crite-
ria are represented by the shaded histogram after being
scaled by the ratio of the widths of the J= mass window
and sideband regions. An enhancement near 4:26 GeV=c2

is clearly observed; no other structures are evident at the
masses of the quantum number JPC ' 1"" charmonium
states, i.e., the  #4040$,  #4160$, and  #4415$ [11], or the
X#3872$. The Fig. 1 inset includes the  #2S$ region with a
logarithmic scale for comparison; 11 802( 110  #2S$
events are observed, consistent with the expectation of
12 142( 809  #2S$ events. We search for sources of back-
grounds that contain a true J= and peak in the !!!"J= 
invariant-mass spectrum. The possibility that one or both
pion candidates are misidentified kaons is checked by
reconstructing the K!K"J= and K(!)J= final states;
we observe featureless mass spectra. Similar studies of ISR
events with a !!!"J= candidate plus one or more addi-
tional pions reveal no structure that could feed down to

produce a peak in the !!!"J= mass spectrum. Two-
photon events are studied directly by reversing the require-
ment on the missing mass; the number of events inferred
for the signal region is a small fraction of those observed
and their mass spectrum shows no structure. Hadronic
e!e" ! q !q events produce J= at a rate that is surpris-
ingly large [12–15], but no structure is observed for this
background.

We evaluate the statistical significance of the enhance-
ment using unbinned maximum likelihood fits to the
!!!"J= mass spectrum. To evaluate the goodness of
fit, the fit probability is determined from the #2 and the
number of degrees of freedom for bin sizes of 5, 10, 20, 40,
and 50 MeV=c2. Bins are combined with higher mass
neighbors as needed to ensure that no bin is predicted to
have fewer than seven entries. We try first-, second-, and
third-order polynomials as null-hypothesis fit functions.
The #2-probability estimates for these fits range from
10"16 to 10"11. No substantial improvement is obtained
by including  #4040$,  #4160$, or  #4415$ [11] terms in
the fit. We conclude that the structure near 4:26 GeV=c2 is
statistically inconsistent with a polynomial background.
Henceforth, we refer to this structure as the Y#4260$.

It is important to test the ISR-production hypothesis
because the JPC ' 1"" assignment for the Y#4260$ fol-
lows from it. The ISR photon is reconstructed in #24( 8$%
of the Y#4260$ events, in agreement with the 25% observed
for ISR #2S$ events. Kinematic distributions for the signal
are obtained by subtracting scaled distributions for events
with !!!"J= mass in the regions %3:86; 4:06& GeV=c2

and %4:46; 4:66& GeV=c2 from those with !!!"J= mass
in the signal region, defined as %4:16; 4:36& GeV=c2. The
distribution of m2

Rec is shown in Fig. 2, along with corre-
sponding distributions for ISR  #2S$ data events and for
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FIG. 2. The distribution of m2
Rec. The points represent the

data events passing all selection criteria except that on m2
Rec

and having a !!!"J= mass near 4260 MeV=c2, minus the
scaled distribution from neighboring !!!"J= mass regions
(see text). The solid histogram represents ISR Y Monte Carlo
events, and the dotted histogram represents the ISR  #2S$ data
events.
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FIG. 1 (color online). The !!!"J= invariant-mass spec-
trum in the range 3:8–5:0 GeV=c2 and (inset) over a wider
range that includes the  #2S$. The points with error bars repre-
sent the selected data and the shaded histogram represents the
scaled data from neighboring e!e" and "!"" mass regions
(see text). The solid curve shows the result of the single-
resonance fit described in the text; the dashed curve represents
the background component.
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The History: Y(4260)

• 1- - state produced in e+e-!

!

!

!
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• mass greater than 2M(D) so 
we expect OZI favored decay:

5

detected in the EMC since it is produced preferentially
along the beam direction.

Candidate !!!"‘!‘" tracks are refitted, constrained
to a common vertex, while the lepton pair is kinemati-
cally constrained to the J= mass. The resulting
!!!"J= mass-resolution function is well described by
a Cauchy distribution [10] with a full width at half maxi-
mum of 4:2 MeV=c2 for the  #2S$ and 5:3 MeV=c2 at
4:3 GeV=c2.

The !!!"J= invariant-mass spectrum for candidates
passing all criteria is shown in Fig. 1 as points with error
bars. Events that have an e!e" ("!"") mass in the J= 
sidebands %2:76; 2:95& or %3:18; 3:25& (%2:93; 3:01& or
%3:18; 3:25&) GeV=c2 but pass all the other selection crite-
ria are represented by the shaded histogram after being
scaled by the ratio of the widths of the J= mass window
and sideband regions. An enhancement near 4:26 GeV=c2

is clearly observed; no other structures are evident at the
masses of the quantum number JPC ' 1"" charmonium
states, i.e., the  #4040$,  #4160$, and  #4415$ [11], or the
X#3872$. The Fig. 1 inset includes the  #2S$ region with a
logarithmic scale for comparison; 11 802( 110  #2S$
events are observed, consistent with the expectation of
12 142( 809  #2S$ events. We search for sources of back-
grounds that contain a true J= and peak in the !!!"J= 
invariant-mass spectrum. The possibility that one or both
pion candidates are misidentified kaons is checked by
reconstructing the K!K"J= and K(!)J= final states;
we observe featureless mass spectra. Similar studies of ISR
events with a !!!"J= candidate plus one or more addi-
tional pions reveal no structure that could feed down to

produce a peak in the !!!"J= mass spectrum. Two-
photon events are studied directly by reversing the require-
ment on the missing mass; the number of events inferred
for the signal region is a small fraction of those observed
and their mass spectrum shows no structure. Hadronic
e!e" ! q !q events produce J= at a rate that is surpris-
ingly large [12–15], but no structure is observed for this
background.

We evaluate the statistical significance of the enhance-
ment using unbinned maximum likelihood fits to the
!!!"J= mass spectrum. To evaluate the goodness of
fit, the fit probability is determined from the #2 and the
number of degrees of freedom for bin sizes of 5, 10, 20, 40,
and 50 MeV=c2. Bins are combined with higher mass
neighbors as needed to ensure that no bin is predicted to
have fewer than seven entries. We try first-, second-, and
third-order polynomials as null-hypothesis fit functions.
The #2-probability estimates for these fits range from
10"16 to 10"11. No substantial improvement is obtained
by including  #4040$,  #4160$, or  #4415$ [11] terms in
the fit. We conclude that the structure near 4:26 GeV=c2 is
statistically inconsistent with a polynomial background.
Henceforth, we refer to this structure as the Y#4260$.

It is important to test the ISR-production hypothesis
because the JPC ' 1"" assignment for the Y#4260$ fol-
lows from it. The ISR photon is reconstructed in #24( 8$%
of the Y#4260$ events, in agreement with the 25% observed
for ISR #2S$ events. Kinematic distributions for the signal
are obtained by subtracting scaled distributions for events
with !!!"J= mass in the regions %3:86; 4:06& GeV=c2

and %4:46; 4:66& GeV=c2 from those with !!!"J= mass
in the signal region, defined as %4:16; 4:36& GeV=c2. The
distribution of m2

Rec is shown in Fig. 2, along with corre-
sponding distributions for ISR  #2S$ data events and for
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FIG. 2. The distribution of m2
Rec. The points represent the

data events passing all selection criteria except that on m2
Rec

and having a !!!"J= mass near 4260 MeV=c2, minus the
scaled distribution from neighboring !!!"J= mass regions
(see text). The solid histogram represents ISR Y Monte Carlo
events, and the dotted histogram represents the ISR  #2S$ data
events.
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FIG. 1 (color online). The !!!"J= invariant-mass spec-
trum in the range 3:8–5:0 GeV=c2 and (inset) over a wider
range that includes the  #2S$. The points with error bars repre-
sent the selected data and the shaded histogram represents the
scaled data from neighboring e!e" and "!"" mass regions
(see text). The solid curve shows the result of the single-
resonance fit described in the text; the dashed curve represents
the background component.

PRL 95, 142001 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
30 SEPTEMBER 2005

142001-5

The BaBar Collaboration, PRL 95, 142001 (2005)

e+

e-

Y?

γ

c

c

c

c

c
u

u

D

D

c

B(Y (4260) ! DD̄)

B(Y (4260) ! ⇡⇡J/ )
< 4

CLEO Collaboration, PRD 80, 072001 (2009)

compare with ≈500 for ψ(3770)

 DPG, 18.03.2013

 

22XYZ | S. Lange (Giessen) 

Y(4260)

 initial state radiation events

 

 m > 4 GeV
→ far above D(*)D(*) threshold
but decay to open charm 
not observed

 G  is O(100 MeV)

→ quite narrow

 quantum numbers
(based upon 
production mechanism)

JPC=1– –

Phys. Rev. Lett. 95(2005)142001
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Y(4260)

 initial state radiation events

 

 m > 4 GeV
→ far above D(*)D(*) threshold
but decay to open charm 
not observed

 G  is O(100 MeV)

→ quite narrow

 quantum numbers
(based upon 
production mechanism)

JPC=1– –

Phys. Rev. Lett. 95(2005)142001



Z(3900): Discovery of a charged  
Charmonium-Like State by BESIII, confirmed by Belle and CLEOc Data

• Idea:  Y(4260) seems exotic - let’s look at its decay products

• Strong decay to J/ψ π+π-

• Analyze Dalitz plot, understand structures in π+π-
 mass spectrum (scalar mesons)

19

Figure 3 shows the projections of the Mð!þJ=c Þ,
Mð!$J=c Þ, and Mð!þ!$Þ distributions for the signal
events, as well as the background events estimated from
normalized J=c mass sidebands. In the !%J=c mass
spectrum, there is a significant peak at around
3:9 GeV=c2 [referred to as the Zcð3900Þ hereafter]. The
wider peak at low mass is a reflection of the Zcð3900Þ as
indicated from MC simulation, and shown in Fig. 3.
Similar structures are observed in the eþe$ and "þ"$

separated samples.
The !þ!$ mass spectrum shows nontrivial structure.

To test the possible effects of dynamics in the !þ!$ mass
spectrum on the !%J=c projection, we develop a parame-
trization for the !þ!$ mass spectrum that includes a
f0ð980Þ, #ð500Þ, and a nonresonant amplitude. An MC
sample generated with this parametrization adequately
describes the !þ!$ spectrum, as shown in Fig. 3, but
does not generate any peaking structure in the !%J=c
projection consistent with the Zcð3900Þ. We have also
tested D-wave !þ!$ amplitudes, which are not apparent
in the data, and they, also, do not generate peaks in the
!%J=c spectrum.

An unbinned maximum likelihood fit is applied to the
distribution of Mmaxð!%J=c Þ, the larger one of the two
mass combinations Mð!þJ=c Þ and Mð!$J=c Þ in each
event. The signal shape is parametrized as an S-wave Breit-
Wigner function convolved with a Gaussian with a mass
resolution fixed at the MC simulated value (4:2 MeV=c2).
The phase space factor p & q is considered in the partial
width, where p is the Zcð3900Þ momentum in the Yð4260Þ
c.m. frame and q is the J=c momentum in the Zcð3900Þ
c.m. frame. The background shape is parametrized as
a=ðx$ 3:6Þb þ cþ dx, where a, b, c, and d are free
parameters and x ¼ Mmaxð!%J=c Þ. The efficiency curve
is considered in the fit and the possible interference
between the signal and background is neglected. Figure 4
shows the fit results; the fit yields a mass of ð3899:0%
3:6Þ MeV=c2, and a width of ð46% 10Þ MeV. The good-
ness of the fit is found to be $2=ndf ¼ 32:6=37 ¼ 0:9.

The number of Zcð3900Þ events is determined to be
N½Zcð3900Þ%) ¼ 307% 48. The production ratio is

calculated to be R ¼ #ðeþe$ ! !%Zcð3900Þ* !
!þ!$J=c Þ=#ðeþe$ ! !þ!$J=c Þ ¼ ð21:5 % 3:3Þ%,
where the efficiency correction has been applied. The
statistical significance is calculated by comparing the fit
likelihoods with and without the signal. Besides the nomi-
nal fit, the fit is also performed by changing the fit range,
the signal shape, or the background shape. In all cases, the
significance is found to be greater than 8#.
Fitting the Mð!þJ=c Þ and Mð!$J=c Þ distributions

separately, one obtains masses, widths, and production
rates of the Zcð3900Þþ and Zcð3900Þ$ that agree with
each other within statistical errors. Dividing the sample
into two different Mð!þ!$Þ regions [below and above
M2ð!þ!$Þ ¼ 0:7 GeV2=c4] allows us to check the
robustness of the Zcð3900Þ signal in the presence of two
different sets of interfering !þ!$J=c amplitudes. In both
samples, the Zcð3900Þ is significant and the observed mass
can shift by as much as 14% 5 MeV=c2 from the nominal
fit, and the width can shift by ð20% 11Þ MeV. We attribute
the systematic shifts in mass and width to interference
between the Zcð3900Þ! and ð!þ!$ÞJ=c amplitudes. In
fitting the !%J=c projection of the Dalitz plot, our analy-
sis averages over the entire !þ!$ spectrum, and our
measurement of the Zcð3900Þ mass, width, and produc-
tion fraction neglects interference with other !þ!$J=c
amplitudes.
The systematic errors for the resonance parameters of

the Zcð3900Þ come from the mass calibration, parametri-
zation of the signal and background shapes, and the mass
resolution. The uncertainty from the mass calibration can
be estimated using the difference between the measured
and known J=c masses (reconstructed from eþe$

and "þ"$) and D0 masses (reconstructed from K$!þ).
The differences are ð1:4% 0:2Þ MeV=c2 and $ð0:7%
0:2Þ MeV=c2, respectively. Since our signal topology has
one low momentum pion, as inD0 decay, and a pair of high
momentum tracks from the J=c decay, we assume these
differences added in quadrature is the systematic error of
the Zcð3900Þ mass measurement due to tracking. Doing a
fit by assuming a P wave between the Zcð3900Þ and the !,
and between the J=c and ! in the Zcð3900Þ system, yields
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FIG. 3 (color online). One dimensional projections of the Mð!þJ=c Þ, Mð!$J=c Þ, and Mð!þ!$Þ invariant mass distributions in
eþe$ ! !þ!$J=c for data in the J=c signal region (dots with error bars), data in the J=c sideband region (shaded histograms), and
MC simulation results from #ð500Þ, f0ð980Þ, and nonresonant !þ!$ amplitudes (red dotted-dashed histograms). The pink blank
histograms show a MC simulation of the Zcð3900Þ signal with arbitrary normalization.
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• Clear evidence for a charged 
charmonium-like state !

a mass difference of 2:1 MeV=c2, a width difference of
3.7 MeV, and production ratio difference of 2.6% absolute.
Assuming the Zcð3900Þ couples strongly with D !D# results
in an energy dependence of the total width [22], and the fit
yields a difference of 2:1 MeV=c2 for mass, 15.4 MeV for
width, and no change for the production ratio. We estimate
the uncertainty due to the background shape by changing to
a third-order polynomial or a phase space shape, varying
the fit range, and varying the requirements on the !2 of the
kinematic fit. We find differences of 3:5 MeV=c2 for mass,
12.1 MeV for width, and 7.1% absolute for the production
ratio. Uncertainties due to the mass resolution are esti-
mated by increasing the resolution determined by MC
simulations by 16%, which is the difference between the
MC simulated and measured mass resolutions of the J=c
and D0 signals. We find the difference is 1.0 MeV in the
width, and 0.2% absolute in the production ratio, which are
taken as the systematic errors. Assuming all the sources of
systematic uncertainty are independent, the total system-
atic error is 4:9 MeV=c2 for mass, 20 MeV for width and
7.5% for the production ratio.

In Summary, we have studied eþe% ! "þ"%J=c at a
c.m. energy of 4.26 GeV. The cross section is measured to
be ð62:9& 1:9& 3:7Þ pb, which agrees with the existing
results from the BABAR [5], Belle [3], and CLEO [4]
experiments. In addition, a structure with a mass of
ð3899:0& 3:6& 4:9Þ MeV=c2 and a width of ð46& 10&
20Þ MeV is observed in the "&J=c mass spectrum. This
structure couples to charmonium and has an electric
charge, which is suggestive of a state containing more
quarks than just a charm and anticharm quark. Similar
studies were performed in B decays, with unconfirmed
structures reported in the "&c ð3686Þ and "&!c1 systems
[23–26]. It is also noted that model-dependent calculations
exist that attempt to explain the charged bottomonium-
like structures which may also apply to the charmonium-
like structures, and there were model predictions of

charmoniumlike structures near the D !D# and D# !D#

thresholds [27].
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FIG. 4 (color online). Fit to the Mmaxð"&J=c Þ distribution as
described in the text. Dots with error bars are data; the red solid
curve shows the total fit, and the blue dotted curve the back-
ground from the fit; the red dotted-dashed histogram shows the
result of a phase space (PHSP) MC simulation; and the green
shaded histogram shows the normalized J=c sideband events.
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Observation of Zc(3900) 

Observation of Zc(3900)r 

2014/7/15 Wenbiao Yan @ Beauty2014 10 

BESIIII 
M = 3899.0r3.6r4.9 MeV 

* = 46r10r20 MeV 
307 r 48 events, >8V 

BELLE 
M = 3894.5r6.6r4.5 MeV 

* = 63r24r26 MeV 
159 r 49 events, >5.2V 

CLEO-c Data 
M = 3886r4r2 MeV 
* = 37r4r8 MeV 

81 r 16 events, >5V 
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Summary of Zc states 
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e�e�oS0(DD*) 0 

Discovery of 2 Charmonium-like Isospin Triplets

• States observed via open charm decays and via pion decay have compatible mass 
and width

• Suggestion: we are seeing two isospin triplets in two different decay modes 

Summary on Zc states 

23 
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What are these states ?

(Slide stolen from Christoph Hanhart)22

Proposals

Tetraquark

→ Compact object formed from (Qq) and (Q̄q̄)

Hybrid

→ Compact with active gluons and Q̄Q

Hadro-Quarkonium

→ Compact (Q̄Q) surrounded by light quarks

Glueball

→ Compact object just made off gluons

Hadronic-Molecule

→ Extended object made of (Q̄q) and (Qq̄)

The XYZ-states - a new particle zoo? – p. 12/20

….or…mixtures of such configurations with/without conventional 
charmonium states



    Charmed Baryons: 

• Measurement of absolute breaching fractions for Cabibbo- 
favored hadronic decays using double-tagged data

23

4

probabilities of three hypotheses with L(p) > L(K) and
L(p) > L(π), while chargedK(π) is identified by compar-2

ing the probabilities of two hypotheses with L(K) > L(π)
(L(π) > L(K)).4

Showers in EMC, not associated with any charged
tracks, are identified as photon candidates after fullfill-6

ing the following requirements. The deposited energy
is required to be larger than 25 (50)MeV in the bar-8

rel (end cap) region. To suppress electronic noise and
event-unrelated tracks, the EMC time deviation from the10

event start time is required to be within (0, 700) ns. The
π0 candidates are reconstructed from photon pairs. The12

invariant mass is required to satisfy 115 < M(γγ) <
150MeV/c2. To improve momentum resolution, a mass-14

constrained fit to π0 nominal mass is applied to the pho-
ton pairs and the constrained kinematic of π0 is retained16

in later analysis procedure.
Candidates of K0

S and Λ are formed by combining two18

oppositely charged final states π+π− and pπ−, respec-
tively. For these two tracks, their polar angles in MDC20

must satisfy |cosθ| < 0.93, and distances of closest ap-
proaches to the IP must be within ±20 cm along the22

beam direction. No distance constraints in the trans-
verse plane are required. π± is not subjected to the PID24

criteria, while p PID is implemented. The two daughter
tracks are constrained to originate from a common decay26

vertex by requiring the χ2 of the vertex fit to be less than
100. The fitted momenta of π+π− and pπ− are used in28

further analysis. The decay vertex is required to be sep-
arated from the IP by a distance of at least twice of the30

fitted vertex resolution. We impose 487 < M(π+π−) <
511 MeV/c2 and 1111 < M(pπ−) < 1121 MeV/c2 that32

are within about 3 standard deviations from the nominal
K0

S and Λ masses, respectively.34

To detect Σ0, Σ+ and ω candidates, requirements
on the invariant masses of the following combinations,36

1179 < M(Λγ) < 1203MeV/c2 , 1176 < M(pπ0) <
1200MeV/c2 and 760 < M(π+π−π0) < 800MeV/c2, are38

imposed, respectively.
For the tag modes pK0

Sπ
0, pK0

Sπ
+π− and Σ+π+π−,40

possible backgrounds with Λ → pπ− are rejected by
requiring M(pπ−) outside (1110, 1120)MeV/c2. In ad-42

dition, in the mode pK0
Sπ

0, candidate events with
1170 < M(pπ0) < 1200MeV/c2 are excluded to sup-44

press Σ+ backgrounds. In the modes Λπ+π−π+, Σ+π0,
and Σ+π+π− to remove K0

S candidates, masses of any46

pairs of π+π− and π0π0 are not allowed to lie in (480,
520)MeV/c2.48

To identify signals of Λ+
c candidates, two variables re-

flecting energy and momentum conservation are used.50

First, we calculate energy difference, ∆E ≡ E − Ebeam,
where E is the total measured energy of the Λ+

c can-52

didate and Ebeam is the mean value of the e+ and e−

beams. For each tag mode, candidates are rejected if54

they fail the ∆E requirements in TABLE I, which cor-
respond to about 3 times of the resolutions. Second, we56

define beam-constrained mass MBC of the Λ+
c candidates

by substituting the beam energy Ebeam for the energy E58
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FIG. 1. Fit to the ST MBC distributions in data for different
decay modes. Points with error bars are data, solid lines are
the sum of fit functions, and dashed lines are background
shapes.

of the Λ+
c candidates, M2

BCc
4 ≡ E2

beam − p2c2, where p is
the measured Λ+

c momentum in the center-of-mass sys-60

tem of the head-on e+e− collisions. Figure 1 shows the
MBC distributions for the ST samples , where evident62

Λ+
c signals peak at the nominal Λ+

c mass position. MC
studies show that peaking backgrounds and cross feeds64

among the 12 tagging modes are negligible, as we impose
the fore-mentioned criteria of rejecting possible peaking66

backgrounds.
We implement unbinned maximum likelihood fits to68

the MBC distributions to obtain ST signal yields, as il-
lustrated in Fig. 1. In each fit, the signal shape is de-70

rived from simulated signal MC events convoluted with
a Gaussian function to account for imperfect model-72

ing of the detector resolution and beam energy calibra-
tion. Backgrounds for each mode are well described with74

the ARGUS function [13], as verified with MC simula-
tions. The signal region is defined as 2276 < MBC <76

2300MeV/c2. TABLE I lists the obtained fitted ST
yields and the corresponding detection efficiencies.78

In the signal candidates of the 12 ST modes, a specific
mode Λ−

c → j is formed from the remaining tracks and80

showers, recoiling against the ST Λ+
c . We combine the

12 ST modes to estimate the DT yields NDT
−j and DT82

efficiencies εDT
−j in Eq. (4). Following the same fit strategy

in the ST samples, Fig. 2 shows the fit results for each84

DT mode. The DT results are also given in TABLE I.
Main sources of systematic uncertainties related to the86

measurement of BFs include tracking, PID, reconstruc-
tion of intermediate states and quoted BFs. For the88

∆E and MBC requirements, their uncertainties are neg-
ligible after resolution corrections are applied to inclu-90

sive MC samples. Uncertainties associated with the ef-

5

TABLE I. For each decay mode, ∆E requirement, ST yields,
DT yields and corresponding detection efficiencies. The un-
certainties are statistical only. These efficiencies do not in-
clude any sub decay branching fractions.

Mode ∆E (MeV) NST
i εSTi (%) NDT

−j εDT
−j (%)

pK0
S (−20, 20) 1243± 37 56.0 93± 10 16.7

pK−π+ (−20, 20) 6308± 88 51.6 397± 21 14.2
pK0

Sπ
0 (−30, 20) 558± 33 21.2 40± 7 6.9

pK0
Sπ

+π− (−20, 20) 485± 29 21.9 32± 6 6.4
pK−π+π0 (−30, 20) 1849± 71 20.3 157± 15 7.6
Λπ+ (−20, 20) 706± 27 42.8 59± 8 12.8
Λπ+π0 (−30, 20) 1497± 52 15.9 91± 11 5.5
Λπ+π−π+ (−20, 20) 609± 31 12.2 53± 7 3.6
Σ0π+ (−20, 20) 522± 27 30.8 39± 6 10.0
Σ+π0 (−50, 30) 309± 24 24.5 25± 5 8.1
Σ+π+π− (−30, 20) 1156± 49 24.8 76± 9 8.1
Σ+ω (−30, 20) 157± 22 10.4 13± 4 3.8
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FIG. 2. Fit to the DT MBC distributions in data for different
decay modes.

ficiencies of the tracking and PID of charged particles
are estimated by studying a set of control samples of2

e+e− → π+π+π−π−, K+K−π+π− and pp̄π+π− above√
s = 4.0GeV. Efficiency uncertainty of each π0 is as-4

signed to 1%. The uncertainties of detecting K0
S and Λ

are quoted as 1.2% and 2.5%, respectively. The statis-6

tical errors of MC-determined detection efficiencies are
considered. Branching fractions of intermediate states8

are used in calculating BFs and their uncertainties from
PDG [1] are included. A summary of systematic uncer-10

tainties are given in TABLE II.
We use a least square fitter, which considers statisti-12

cal and systematic correlations among different tagging
modes, to obtain the BFs of 12 Λ+

c decay modes glob-14

ally. Details of this fitter are discussed in Ref. [14]. In

TABLE II. Summary of systematic uncertainties in percent-
age.

Source Tracking PID K0
S Λ π0 MC Intermediate

statistics BF
pK0

S 1.3 0.3 1.2 0.4 0.1
pK−π+ 2.5 3.2 0.2
pK0

Sπ
0 1.1 1.6 1.2 1 0.5 0.1

pK0
Sπ

+π− 2.8 5.4 1.2 0.6 0.1
pK−π+π0 3.3 5.8 1 0.6 0.1
Λπ+ 1 1 2.5 0.8 0.8
Λπ+π0 1 1 2.5 1 0.6 0.8
Λπ+π−π+ 3 3 2.5 1.1 0.8
Σ0π+ 1 1 2.5 1.2 0.8
Σ+π0 1.3 0.3 2 1.2 0.6
Σ+π+π− 3.0 3.7 1 0.6 0.6
Σ+ω 3 3.2 2 1.1 1.0

TABLE III. Comparisons of the measured BFs in this work
with previous results from PDG [1] and Belle [5]. For our
results, the first uncertainty is statistical and the second is
systematic. The BFs do not include any sub decay rates.

Mode This work(%) PDG(%) Belle(%)
pK0

S 1.47± 0.08± 0.03 1.15± 0.30
pK−π+ 5.64± 0.27± 0.22 5.0± 1.3 6.84± 0.24+0.21

−0.27

pK0
Sπ

0 1.75± 0.12± 0.05 1.65± 0.50
pK0

Sπ
+π− 1.46± 0.10± 0.09 1.30± 0.35

pK−π+π0 4.22± 0.23± 0.28 3.4± 1.0
Λπ+ 1.19± 0.07± 0.03 1.07± 0.28
Λπ+π0 6.67± 0.35± 0.19 3.6± 1.3
Λπ+π−π+ 3.66± 0.23± 0.17 2.6± 0.7
Σ0π+ 1.21± 0.08± 0.03 1.05± 0.28
Σ+π0 1.13± 0.09± 0.03 1.00± 0.34
Σ+π+π− 4.05± 0.23± 0.20 3.6± 1.0
Σ+ω 1.50± 0.20± 0.09 2.7± 1.0

the fitter, the precisions of 12 BFs are constrained to a16

common variable, NΛ+
c Λ−

c
, according to Eqs. (1) and (4).

In total, there are 13 free parameters (12 Bi and NΛ+
c Λ−

c
)18

to be estimated. Based on our studies, peaking back-
grounds from non-ST Λ+

c modes and cross feeds among20

12 ST modes are suppressed to a negligible level, and
thus are not considered in the fit.22

The globally fitted BFs are given in TABLE III. The
total number of Λ+

c Λ
−
c pairs produced is estimated to be24

NΛ+
c Λ−

c
= (108.9 ± 5.1 ± 0.7) × 103. The goodness-of-fit

is evaluated as χ2/ndf = 11.3/(24− 13) = 1.0.26

To summarize, we measure 12 Cabibbo-favored Λ+
c de-

cay rates by employing a double tag technique, based on28

a sample of threshold data at
√
s = 4.599GeV at BESIII.

This is the first measurement of the absolute BFs of Λ+
c30

decays at the Λ+
c Λ

−
c mass threshold, after Λ+

c was discov-
ered 30 years ago. The results are shown in TABLE III.32

Their comparisons with previous results from PDG and
Belle are presented. For the golden mode B(pK−π+),34

567/pb  
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Charmed Mesons:  
Form Factors for Semi-leptonic Decays

Measure semi-leptonic decay rate

Two options:

1. Take CKM matrix element (unitarity!) and 

determine FF

1. Important benchmark for LQCD

2. Take FF from LQCD  and determine CKM matrix 

element

24

D-meson semi-leptonic decays

Focus on 𝐃𝟎→ 𝑲−( 𝝅−) 𝒆+𝛎𝒆
Also studied 𝐃+→ 𝝎 𝝓 𝒆+𝛎𝒆 𝒂𝒏𝒅 𝐃+→ 𝑲𝑳 𝒆+𝛎𝒆

For the differential rate:

Opportunity for precision measurements of :
9 From factor  𝑓+𝐃→𝑲

−( 𝝅−) 𝑞2 using |𝑉𝑐(s)𝑑| from the unitarity of CKM matrix

9 CKM matrix elements |𝑉𝑐(s)𝑑| 

using input from 𝑓𝐷0
𝐿𝑄𝐶𝐷

This allows to:
• check LQCD calculations 

− Single pole form

− Modified pole model(BK)

− ISGW2 model

− Series expansion model

3

calculation of their ratio. The measured value of fK(⇡)

+

(0)|Vcs(d)| and the lattice QCD value for

fK(⇡)

+

(0) are used to extract values of the CKM matrix elements of |Vcs| = 0.9601 ± 0.0033 ±
0.0047± 0.0239 and |Vcd| = 0.2155± 0.0027± 0.0014± 0.0094, where the third errors are due to the
uncertainties in lattice QCD calculations of the form factors. Using the LCSR value for f⇡

+

(0)/fK
+

(0),
we determine the ratio |Vcd|/|Vcs| = 0.238 ± 0.004 ± 0.002 ± 0.011, where the third error is from
the uncertainty in the LCSR normalization. In addition, we measure form factor parameters for
three di↵erent theoretical models that describe the weak hadronic charged currents for these two
semileptonic decays. All of these measurements are the most precise to date.

PACS numbers: 13.20.Fc, 12.15.Hh1

I. INTRODUCTION2

In the Standard Model (SM) of particle physics, the3

mixing between the quark flavors in weak interaction is4

parameterized by the unitary 3⇥ 3 Cabibbo-Kobayashi-5

Maskawa (CKM) matrix V̂

CKM

[1, 2]. The CKM matrix6

elements are fundamental parameters of the SM, which7

are needed to be measured in experiments. Beyond the8

SM, some New Physics (NP) e↵ects would also involve9

in the weak interactions of the quark flavors, and modify10

the coupling strength of the quark flavor transitions. Due11

to these two reasons, precise measurements of the CKM12

matrix elements are very important for many tests of the13

SM and searches for NP beyond the SM. Each matrix14

element can be extracted from measurements of di↵erent15

processes supplemented by theoretical calculations of cor-16

responding hadronic matrix elements. Since the e↵ects17

of strong and weak interaction can be well separated in18

semileptonic D

0 ! K

�
e

+

⌫e and D

0 ! ⇡

�
e

+

⌫e decays,19

these processes are well suited for the determination of20

the magnitudes of the CKM matrix elements Vcs and21

Vcd, and also for studies of the weak decay mechanisms22

of charmed mesons. If any significant inconsistency be-23

tween the precisely direct measurements of |Vcd| or |Vcs|24

and those obtained from the SM global fit is observed,25

it may indicate that some NP e↵ects are involved in the26

first two quark generations.27

In the limit of zero positron mass, the di↵erential rate28

for D0 ! K

�(⇡�)e+⌫e decay is given by29

d�

dq

2

=
G

2

F

24⇡3

|Vcs(d)|2|~pK�
(⇡�

)

|3|fK(⇡)
+

(q2)|2, (I.1)30

where GF is the Fermi coupling constant, ~pK�
(⇡�

)

is the31

three-momentum of the K�(⇡�) meson in the rest frame32

of the D

0 meson, and f

K(⇡)
+

(q2) represents the hadron-33

ic form factors of the hadronic weak current that de-34

pend on the square of the four-momenta transfer q =35

pD0 �pK�
(⇡�

)

. These form factors describe strong inter-36

action e↵ects that can be calculated in lattice quantum37

chromodynamics (LQCD).38

In recent years, LQCD provides calculations of these39

form factors with steadily increasing precision. With40

these improvements in precision, experimental validation41

of the computed results are more and more importan-42

t. At present, the main uncertainty of the apex of the43

Bd unitarity triangle (UT) of B meson decays is dom-44

inated by the theoretical errors in the LQCD determi-45

nations of the B meson decay constants fB
(s)

and decay46

form factors fB!⇡
+

(0) [3]. Precision measurements of the47

charmed-sector form factors fK(⇡)
+

(q2) can be used to es-48

tablish the level of reliability of LQCD calculations of49

f

B!⇡
+

(0). If the LQCD calculations of fK(⇡)
+

(q2) agree50

well with measured f

K(⇡)
+

(q2) values, the LQCD calcula-51

tions of the form factors for B meson semileptonic decays52

can be more confidently used to improve measurements53

of B meson semileptonic decay rates. The improved mea-54

surements of B meson semileptonic decay rates would, in55

turn, improve the determination of the Bd UT of B me-56

son decays, with which one can more precisely test the57

SM and search for NP.58

In this paper, we present direct measurements of the59

absolute branching fractions for D

0 ! K

�
e

+

⌫e and60

D

0 ! ⇡

�
e

+

⌫e decays using a 2.92 fb�1 data sample61

taken at 3.773 GeV with the BESIII detector [4] oper-62

ated at the upgraded Beijing Electron Positron Collider63

(BEPCII) [5] during the time period from 2010 to 2011.64

(Throughout this paper, the inclusion of charge conju-65

gate channels is implied.) By analyzing partial decay66

rates for D

0 ! K

�
e

+

⌫e and D

0 ! ⇡

�
e

+

⌫e, we obtain67

the q2 dependence of the form factors fK(⇡)
+

(q2). Further-68

more we extract the form factors fK
+

(0) and f

⇡
+

(0) using69

values of |Vcs| and |Vcd| determined from the CKMfit-70

ter [6]. Conversely, taking LQCD values for f

K
+

(0) and71

f

⇡
+

(0) as inputs, we determine the values of the CKM72

matrix elements of |Vcs| and |Vcd|.73

We review the approaches for describing the dynamics74

of D0 ! K

�
e

+

⌫e and D

0 ! ⇡

�
e

+

⌫e decays in Section I-75

I. We then describe the BESIII detector, the data sample76

and the simulated Monte Carlo events used in this analy-77

sis in Section III. In Section IV, we introduce the analysis78

technique used to identify the semileptonic decay events.79

The measurements of the absolute branching fractions for80

these two decays and study of systematic uncertainties in81

these branching fraction measurements are described in82

Section V. In Section VI, we describe the analysis tech-83

niques of measuring the di↵erential decay rates for these84

two semileptonic decays, and present our measurements85

of the hadronic form factors for these two semileptonic86

decays. The determinations of the CKM matrix elements87

|Vcs| and |Vcd| are discussed in Section VII. We give a88

summary of our measurements for these two semilepton-89

ic decays in Section VIII.90
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F. Comparison of the measured fK(⇡)
+ (q2) with1

LQCD predictions2

Figures 10 (a) and (b) show comparisons between our3

measured form factors and those calculated in LQCD [14]4

for D

0 ! K

�
e

+

⌫e and D

0 ! ⇡

�
e

+

⌫e semileptonic de-5

cays, respectively. From these two figures we find that,6

although our measured values of the form factors fK
+

(q2)7

and f

⇡
+

(q2) are consistent within uncertainties of the8

LQCD predictions, our measured values of the form fac-9

tors significantly deviate from the most probable values10

calculated in LQCD in the regions above 0.75 GeV2

/c

4

11

and 1.5 GeV2

/c

4 for D

0 ! K

�
e

+

⌫e and D

0 ! ⇡

�
e

+

⌫e12

semileptonic decays, respectively. The precisions of the13

measured f

K
+

(q2) and f

⇡
+

(q2) are much more higher than14

those predicted by the LQCD calculations.15

)4/c2 (GeV2q
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)2
(qK +f
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FIG. 10. The comparisons of the measured form factors
(squares with error bars) with the LQCD calculations [14]
(blue lines present the center values, bands present the LQCD
uncertainties).

16

17

G. Comparison of measurements of fK
+ (0) and18

f⇡
+(0)19

Using the measured f

K(⇡)
+

(0)|Vcs(d)| from two-20

paramenter series expansion fits, we obtain21

f

⇡
+

(0)|Vcd|
f

K
+

(0)|Vcs|
= 0.200± 0.003± 0.002, (VI.27)22

where the first error is statistical and second systematic.23

With the values of |Vcs(d)| from the SM constraint fit [6],24

we find25

f

⇡
+

(0)

f

K
+

(0)
= 0.865± 0.013± 0.009, (VI.28)26

where the first error is statistical and second systemat-27

ic. This measured ratio, f⇡
+

(0)/fK
+

(0) = 0.865 ± 0.016,28

is in excellent agreement with the LCSR calculation of29

f

⇡
+

(0)/fK
+

(0) = 0.84±0.04 [41], but the precision is high-30

er than the LCSR calculation by more than a factor of31

2.5.32

Using the f

K
+

(⇡)(0)|Vcs(d)| values from the two-33

parameter series expansion fits and taking the values of34

|Vcs(d)| from the SM constraint fit [6] as inputs, we obtain35

the form factors36

f

K
+

(0) = 0.7368± 0.0026± 0.0036 (VI.29)37

and38

f

⇡
+

(0) = 0.6372± 0.0080± 0.0044, (VI.30)39

where the first errors are statistical and the second sys-40

tematic.41

Tables XVI and XVII show the comparisons of our42

measured form factors with those measured at other ex-43

periments, at which di↵erent form-factor parameteriza-44

tions and values of |Vcs(d)| are used. Our measurements45

of these two form factors are consistent within errors with46

other measurements, but the precisions of our measure-47

ments are higher than those measured at other experi-48

ments.49

VII. EXTRACTION OF |Vcs| AND |Vcd|50

A. Determination of |Vcs| and |Vcd|51

Using the f

K
+

(⇡)(0)|Vcs(d)| values from the two-52

parameter z-series expansion fits and in conjunction with53

f

K
+

(0) = 0.747± 0.011± 0.015 [42] and f

⇡
+

(0) = 0.666±54

0.020± 0.021 [43] calculated in LQCD, we obtain55

|Vcs| = 0.9601± 0.0033± 0.0047± 0.0239 (VII.1)56

and57

|Vcd| = 0.2155± 0.0027± 0.0014± 0.0094, (VII.2)58



Summary and Outlook
• Rich Physics Program at BESIII !

• Charmonium decays as a source of light hadrons for spectroscopy and form factor measurements

• Charmonium spectroscopy is an excellent probe to study QCD in the transition between the 
perturbative and non-perturbative regime

• Within the last 10 years, a whole new class of charmonium -like states has been discovered that 
have properties which cannot be understood in terms of conventional charmonium states

• The structure of these states is not well understood, we know hat the charged 
structures must contain at least two quark/antiquark pairs 

• BESIII has discovered two isospin triplets of such charmonium-like structures 

• This looks like that QCD has to offer more types of bound states than just mesons and 
baryons - see also: Charmonium-like pentaquark at LHCb !!!

• Tetraquarks, meson molecules, pentaquarks….. ???

• BESIII has excellent opportunities in open charm physics: precision measurement of form factors 
and decay constants, charmed baryon decay, …

• Not covered today: precision measurement of the tau lepton mass, R-Value scan, search for BSM 
physics

• The BESIII experiment will be running for many more years, with an upgraded detector 
configuration: expect to see a lot of exciting results in the future!
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