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1.  Make precision measurements of radiative transitions.

2.  Probe differences between charmonium decays.

3.  Untangle the excited  states.

4.  Establish the  and  states.

5.  Confirm the  states.
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Radiative transitions are sensitive probes of meson wave functions.

Absolute branching fractions require inclusive
measurements.

Measurements are systematics limited [O(3%)]
due to signal and background shapes.

similar way as the inclusive photon background distribution
but using the exclusive event selection on the ψð3686ÞMC
event sample.
Shown in Fig. 6 is the simultaneous fit of data for the

region 0.08 < Eγ < 0.5 GeV for the inclusive photon
energy distribution and the region 0.08 < Eγ < 0.35 GeV

for the exclusive photon energy distribution. The fit to the
inclusive photon energy distribution and the corresponding
pull distribution are shown in the top set of plots. The bottom
set of plots are those for the exclusive photon energy
distribution. The pull distributions are reasonable, except
in the vicinity of the ψð3686Þ → γχc1 and γχc2 peaks. The
chi squares per degree of freedom (ndf) are 3.5 and 2.7 for
the inclusive and exclusive distribution fits, respectively.
The chi square is determined using χ2 ¼ Σiððni − nfi Þ=σiÞ2,
whereni,n

f
i , and σi are the number of data events in bin i, the

result of the fit at bin i, and the statistical uncertainty of ni,
respectively, and the sum is over all histogram bins.
A fit is also done to the MC inclusive energy distribution.

The MC shapes are used without convolved asymmetric
Gaussians for the ψð3686Þ → γχcJ peaks. Since only MC
shapes are used, it is not useful to do a simultaneous fit as there
are no common parameters to be determined in such a fit. The
fit matches the inclusive photon energy distribution almost
perfectlywith a chi square close to zero.This is not unexpected
since the signal and background shapes come from the MC
and when combined reconstruct the MC distribution.

VII. BRANCHING FRACTION DETERMINATIONS

The branching fractions are calculated using the follow-
ing equations:

Bðψð3686Þ → γχcJÞ ¼
Nψð3686Þ→γχcJ

ϵψð3686Þ→γχcJ × Nψð3686Þ
; ð1Þ

where Bðψð3686Þ → γχcJÞ is the branching fraction of
ψð3686Þ → γχcJ, Nψð3686Þ→γχcJ is the number of events in
data from the fit, ϵψð3686Þ→γχcJ is the efficiency determined
from MC, and Nψð3686Þ is the number of ψð3686Þ events
[17]. The product branching fraction for ψð3686Þ →
γχcJ; χcJ → γJ=ψ is given by

Bðψð3686Þ → γχcJÞ × BðχcJ → γJ=ψÞ

¼
NχcJ→γJ=ψ

ϵχcJ→γJ=ψ × Nψð3686Þ
; ð2Þ
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FIG. 6. Simultaneous fits to the photon energy distributions of
data. (Top set) Inclusive distribution fit and corresponding pulls,
and (bottom set) exclusive distribution fit and pull distribution.
Peaks from left to right in the top set are ψð3686Þ → γχc2, γχc1,
and γχc0 and χc1 and χc2 → γJ=ψ . The χc0 → γJ=ψ peak is not
visible. The smooth curves in the two plots are the fit results. The
dashed-dotted and dashed curves in the top plot are the back-
ground distribution from the inclusive ψð3686Þ MC with radi-
ative photons removed and the total background, respectively.
The background in the exclusive fit plot is not visible.

TABLE II. Branching fraction results. The indicated uncertainties are statistical only.

Branching Fraction Events (×106) Efficiency Branching Fraction (%)

Bðψð3686Þ → γχc0Þ 4.6871$ 0.0068 0.4692 9.389$ 0.014
Bðψð3686Þ → γχc1Þ 4.9957$ 0.0054 0.4740 9.905$ 0.011
Bðψð3686Þ → γχc2Þ 4.2021$ 0.0055 0.4104 9.621$ 0.013

Bðψð3686Þ → γχc0Þ × Bðχc0 → γJ=ψÞ 0.0123$ 0.0081 0.4920 0.024$ 0.015
Bðψð3686Þ → γχc1Þ × Bðχc1 → γJ=ψÞ 1.8881$ 0.0053 0.5155 3.442$ 0.010
Bðψð3686Þ → γχc2Þ × Bðχc2 → γJ=ψÞ 0.9828$ 0.0041 0.5150 1.793$ 0.008

Bðχc0 → γJ=ψÞ 0.25$ 0.16
Bðχc1 → γJ=ψÞ 34.75$ 0.11
Bðχc2 → γJ=ψÞ 18.64$ 0.08

BRANCHING FRACTION MEASUREMENTS OF … PHYSICAL REVIEW D 96, 032001 (2017)

032001-9

 (2S) ! �X (inclusive) at BESIII
PRD 96, 032001 (2017)

<latexit sha1_base64="pvw+o/Wgc+0YlktsNQK2b70WbpQ="></latexit>

E1 transitions
106M  (2S)

<latexit sha1_base64="knkC5q9yWS9nNLej2oJGf4JFAZs="></latexit>

�c2
<latexit sha1_base64="z+8154X297+O/B9A/q5etcryJbo="></latexit>

�c1
<latexit sha1_base64="TLXB572x1vqCu3Me4X0oAJYwgTg="></latexit>

�c0
<latexit sha1_base64="RT570Fgg2oSdowQhUXxy4lMvsSg="></latexit>

�c1,2 ! �J/ 
<latexit sha1_base64="+8r1johHI+L31F86nDpp5Z0IC5Y="></latexit>



Experimental Challenges in Conventional Charmonium — Ryan Mitchell (Indiana University)

1.  Make precision measurements of radiative transitions.

4

M1 transitions to the  are even harder.ηc

Systematic uncertainties are O(10%).
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Radiative transitions are sensitive probes of meson wave functions.

394 V.V. Anashin et al. / Physics Letters B 738 (2014) 391–396

Fig. 2. a) The fit of the inclusive photon spectrum in the energy range 55–420 MeV. 
b) The photon spectrum after background subtraction.

reconstruction and TOF counters, a small part of charged particles 
is misidentified as neutrals, so the scaled histogram of charged par-
ticles was added to the background function during the fit of the 
photon spectrum. In the fit, parameters of the polynomial and c
coefficient were varied freely. The number of signal photons deter-
mined from the fit is equal to Nsig = (45.4 ± 2.9) × 103, while the 
number of the multihadron events selected is Nsel

mh = 4.70 × 106.
The fit gives the following values of the ηc mass, width 

and branching fraction of J/ψ → γ ηc decay: Mηc = (2982.6 ±
1.7) MeV/c2, Γηc = (27.2 ± 3.1) MeV and B( J/ψ → γ ηc) =
(3.40 ± 0.33)%. The mass and width values are determined from 
the spectrum shape in the region of the resonance peak, thus for 
them the model uncertainty related to lineshape is small. At the 
same time this uncertainty for the branching fraction is mainly 
determined by the tail of the spectrum and is much larger. The 
fit of the spectrum using the lineshape (2) with f (ω) ≡ 1 gives 
B( J/ψ → γ ηc) = (10.3 ±0.6)%, i.e. the decay rate can, in principle, 
be determined just by the tail. Thus, the large model uncertainty 
for the branching fraction makes its measurement hardly mean-
ingful.

However, it is possible to define another quantity, which char-
acterizes the decay rate and is less model-dependent. To do that, 
let us write the photon spectrum of decay in the form

dΓ

dω
= dΓ

dω
(ω0)

(
ω

ω0

)3 f (ω)

f (ω0)

BW(ω)

BW(ω0)

= Γ 0
γ ηc

(
ω

ω0

)3 f (ω)

f (ω0)
BW(ω), (7)

where

Γ 0
γ ηc

= 1
BW(ω0)

dΓ

dω
(ω0) = Γγηc

fcor
, (8)

fcor =
Mψ /2∫

0

(
ω

ω0

)3 f (ω)

f (ω0)
BW(ω)dω. (9)

The resonance height in the fit weakly depends on the lineshape 
chosen, because due to the ω3 factor the spectrum quickly tends 
to zero to the left of the resonance. Thus, the measured Γ 0

γ ηc
value 

has small model uncertainty. Besides, if the resonance width tends 
to zero, the factor fcor tends to unity, i.e. Γ 0

γ ηc
is the partial de-

cay width in the case of a narrow resonance, and can be directly 
compared to theoretical calculations [6–13]. Thus, this quantity has 
clear physical meaning and can be used as a characteristic of the 
decay rate. For our lineshape model the factor fcor is about 1.12 
and Γ 0

γ ηc
= 2.86 ± 0.28 keV.

A statistical error of the ηc width obtained in the fit is much 
larger than the accuracy of its world average of (29.7 ± 1.0) MeV, 
therefore the final values for mass and Γ 0

γ ηc
are obtained from 

the fit with fixed Γηc = 29.7 MeV: Mηc = (2983.5 ± 1.4) MeV/c2, 
Γ 0

γ ηc
= 2.98 ± 0.18 keV. A systematic error related to the uncer-

tainty of the ηc width is estimated varying this value in the fit by 
1.0 MeV.

The above results were obtained without taking into account 
interference effects. However, decays J/ψ → γ ηc, ηc → X can in-
terfere with other radiative decays of J/ψ into the same final 
multihadron state X . At first glance, for the inclusive spectrum 
these effects should be small due to a lot (many dozens) of ηc
decay channels and different relative phases of interference. How-
ever, recently the BESIII Collaboration published [25] results of a 
measurement of the ηc mass and width analyzing six exclusive 
decay modes of ψ(2S) → γ ηc decay, where it was found that the 
phases of interference with nonresonant background are close to 
each other for all decay modes. If the same holds for J/ψ → γ ηc
decays, then the interference effects for the inclusive spectrum 
may be not small and should be also taken into account.

First of all, note that the J/ψ → γ ηc → γ X decay amplitude 
can interfere with the amplitude of the J/ψ → γ gg → γ X decay. 
Since the ηc meson also decays mainly through two gluons, the 
lower-order Feynman diagrams for these processes are the same. 
Therefore it can be assumed that in these decays the relative in-
terference phases are close for all decay channels (if the quantum 
numbers of the final systems are the same). Second, processes 
J/ψ → qq̄ → (γ )X , J/ψ → ggg → (γ )X , when one of the final 
hadrons radiates an additional photon (FSR), should be also taken 
into account. However, in this case the diagrams of these processes 
are different, therefore it is reasonable to assume that the relative 
phases are different as well.

According to this, the inclusive photon spectrum in the J/ψ →
γ ηc decay taking into account interference with J/ψ → γ gg →
γ X decays can be written in the form

dΓ (ω)

dω
∼

∑

k

|Sk + Nk|2

= S2 + N2 + 2S N cos(γ − φ)
∑

k

|Sk|
S

|Nk|
N

, (10)

where Sk = x3/2 f (ω)1/2
√

sΓk
s−M2

ηc +i
√

sΓηc
are resonant amplitudes, 

Nk nonresonant amplitudes of the k-th channel of J/ψ decays 
through γ gg , x = ω

ω0
, s = M2

ψ − 2ωMψ , S =
√∑

k |Sk|2, N =
√∑

k |Nk|2, γ and φ are resonant and nonresonant phase, respec-
tively. Partial widths for these decays are known for few decay 
channels, so we can only estimate an upper bound of this interfer-
ence contribution, replacing the sum 

∑
k

|Sk |
S

|Nk |
N in the expression 

with unity. After that (10) takes the form which is analogous to 
interference in the single decay channel:

dΓ (ω)

dω
∼

∣∣Seiγ + x1/2N(ω0)eiφ
∣∣2

, (11)

6M J/ 
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Exclusive radiative 
transitions can help better 
constrain the  shape.ηc

And other processes also 
provide crucial input.

Keep improving our understanding of charmonium states below threshold.

C. Fit strategy

Since the composition of the nonresonant contribution is
not known a priori, different hypotheses are fitted to the
selected dataset. These contain the ηc component and one
up to a maximum of four different nonresonant compo-
nents. The nonresonant components are assumed to have
the JP quantum numbers 0−, 0þ, 1þ, or 2þ, so that the most
simple hypothesis is given as fηc; 0−g, and the most
complex one by fηc; 0−; 0þ; 1þ; 2þg. We also perform fits
including higher spin contributions (JP ¼ 4þ) and the
contribution of a spin-4 component is found to be not
significant. Similarly, fits with contributions carrying exotic
quantum numbers (e.g., JPC ¼ 1−þ) as well as pseudo
tensor contributions (JPC ¼ 2−þ) are tested and found to be
insignificant. In total, about 45 hypotheses with different
combinations of contributing waves were tested.
In order to be able to compare the quality of fits with

different, generally not nested, hypotheses with different
numbers of free parameters, two information criteria from
model selection theory are utilized. The Bayesian informa-
tion criterion (BIC) depends on the maximized value of the
likelihood L, the number of free parameters k, as well as
the number of data points n, which is given by the sum of
the Q-factors. It is defined as

BIC ¼ −2 · lnðLÞ þ k · lnðnÞ: ð12Þ

The BIC is based on the assumption that the number of data
points n is much larger than the number of free parameters
k [29]. This assumption is fulfilled for all fits per-
formed here.
The second criterion is the Akaike information criterion

(AIC), which provides a different penalty factor compared
to the BIC. It is defined as

AIC ¼ −2 · lnðLÞ þ 2 · k; ð13Þ

thus it is independent from the sample size n. In compari-
son to the BIC, the penalty term is much weaker, which
increases the probability of overfitting.
Theoretical considerations show [29] that in general AIC

should be preferred over BIC due to reasons of accurate-
ness as well as practical performance.

As for the likelihood, also for BIC and AIC, a more
negative value indicates a better fit. The results for the five
best hypotheses are listed in Table I. The overall best
hypothesis is determined to be

H0 ¼ fηc; 0−; 1þ; 2þg; ð14Þ

for which 21 parameters are free in the fit. A projection of
this fit to the ωω invariant mass and other kinematically
relevant variables is shown in Figs. 5 and 6. These figures
also show efficiency-corrected versions of all mass spectra
and angular distributions. The correction is performed
using the PWA software and is therefore done in all
dimensions of the phase-space simultaneously. The fit
yields a total of 1705% 58 ηc events, which is the number
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FIG. 5. Projection of the best fit and its individual components
to the invariant ωωmass. The residuals are shown below the mass
spectrum in units of the statistical error. The lower plot shows an
efficiency and acceptance corrected version of the same invariant
mass spectrum.

TABLE I. Results of PWA fits for the best five hypotheses.

i
Hypothesis

Hi − lnðLÞ
Number of

free parameters BIC AIC

0 ηc;0−;1þ;2þ −4150.44 21 −8124.28 −8258.88
1 ηc;0−;2þ −4130.97 17 −8118.98 −8227.94
2 ηc;0−;0þ;2þ −4130.93 21 −8085.26 −8219.86
3 ηc;0−;0þ;1þ −4113.13 13 −8116.95 −8200.27
4 ηc;0−;0þ −4058.43 9 −8041.17 −8098.85

OBSERVATION OF ηc → ωω IN J=ψ → γωω PHYS. REV. D 100, 052012 (2019)
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background processes, but do find dozens of decay modes
that each make small additional contributions to the back-
ground. These decays typically have additional or fewer
photons in their final states. The sum of these background
events is used to estimate the contribution from other
c ð3686Þ decays. Backgrounds from the eþe$ ! q !q con-
tinuum process are studied using a data sample taken atffiffiffi
s

p ¼ 3:65 GeV. Continuum backgrounds are found to be
small and uniformly distributed in MðXiÞ. There is also an
irreducible nonresonant background, c ð3686Þ ! !Xi, that
has the same final state as signal events. A nonresonant
component is included in the fit to the "c invariant mass.

Figure 1 shows the "c invariant mass distributions for
selected "c candidates, together with the estimated #0Xi

backgrounds, the continuum backgrounds normalized by
luminosity, and other c ð3686Þ decay backgrounds esti-
mated from the inclusive MC sample. A clear "c signal
is evident in every decay mode. We note that all of the "c

signals have an obviously asymmetric shape: there is a
long tail on the low-mass side; while on the high-mass side,
the signal drops rapidly and the data dips below the ex-
pected level of the smooth background. This behavior of
the signal suggests possible interference with the nonreso-
nant !Xi amplitude. In this analysis, we assume 100% of
the nonresonant amplitude interferes with the "c.

The solid curves in Fig. 1 show the results of an un-
binned simultaneous maximum likelihood fit in the range
from 2.7 to 3:2 GeV=c2 with three components: signal,
nonresonant background, and a combined background

consisting of #0Xi decays, continuum, and other
c ð3686Þ decays. The signal is described by a Breit-
Wigner function convolved with a resolution function.
The nonresonant amplitude is real, and is described by an
expansion to second order in Chebyshev polynomials de-
fined and normalized over the fitting range. The combined
background is fixed at its expected intensity, as described
earlier. The fitting probability density function as a func-
tion of mass (m) reads

FðmÞ ¼ $ & ½%ðmÞjei&E7=2
! SðmÞ þ 'N ðmÞj2( þBðmÞ;

where SðmÞ, N ðmÞ, and BðmÞ are the signal, the non-
resonant !Xi component, and the combined background,
respectively; E! is the photon energy,$ is the experimental
resolution, and %ðmÞ is the mass-dependent efficiency. The
E7
! multiplying jSðmÞj2 reflects the expected energy depen-

dence of the hindered-M1 transition [16], which partially
contributes to the "c low-mass tail as well as the interfer-
ence effect. The interference phase & and the strength of
the nonresonant component ' are allowed to vary in the fit.
The mass-dependent efficiencies are determined from

phase space distributed MC simulations of the "c decays.
Efficiencies obtained from MC samples that include inter-
mediate states change the resulting mass and width by
negligible amounts. MC studies indicate that the resolution
is almost constant over the fitting range. Thus, a mass-
independent resolution is used in the fit. The detector
resolution is primarily determined by MC simulation for
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FIG. 1 (color). The MðXiÞ invariant mass distributions for the decays KSK
þ#$, KþK$#0, "#þ#$, KSK

þ#þ#$#$,
KþK$#þ#$#0, and 3ð#þ#$Þ, respectively, with the fit results (for the constructive solution) superimposed. Points are data and
the various curves are the total fit results. Signals are shown as short-dashed lines, the nonresonant components as long-dashed lines,
and the interference between them as dotted lines. Shaded histograms are (in red, yellow, green) for [continuum, #0Xi, other c ð3686Þ
decays] backgrounds. The continuum backgrounds for KSK

þ#$ and "#þ#$ decays are negligible.
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and ηcð2SÞ. The result of the fit for the ηcð1SÞ signal and
background contributions are shown in Fig. 4. The ηcð1SÞ
mass and width are determined to be M ¼ 2984.6$
0.7 MeV=c2 and Γ ¼ 30.8þ2.3

−2.2 MeV, with yields of n1 ¼
945þ38

−37 for the ηππ mode and n2 ¼ 1728þ69
−68 for the

γρ mode.
Figure 5 shows the result of the fit for the ηcð2SÞ region,

which results in a signal with a statistical significance of 5.5σ
and yields of n1 ¼ 41þ9

−8 for the ηππ mode and n2 ¼ 65þ14
−13

for the γρ mode. The ηcð2SÞ mass is determined to be
M ¼ ð3635.1$ 3.7Þ MeV=c2; its width is fixed to the
world-average value of 11.3 MeV [33] in the fit. The

statistical significance for the ηcð2SÞ signal is calculated
with the χ2 distribution −2 lnðL0=LmaxÞ for Ndof degrees of
freedom. Here,Lmax andL0 are the maximum likelihoods of
the fits with the signal yield floating and fixed to zero,
respectively, and Ndof ¼ 2 is the difference in the number of
floating parameters between the nominal fit and the latter fit.
From Eq. (3), with the fitted signal yields as input,

the product of the two-photon decay width and the
branching fraction for the ηcð1SÞ and ηcð2SÞ are calculated
to be ΓγγBðη0πþπ−Þ ¼ ð65.4$ 2.6Þ eV and ð5.6þ1.2

−1.1Þ eV,
respectively. The fit results for the ηcð1SÞ and ηcð2SÞ are
summarized in Table I.
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FIG. 4. The invariant mass distribution for the η0πþπ− candidates for (a) the ηππ mode and (b) the γρ mode, in the ηcð1SÞ region. The
dots with error bars are data. The red solid line is the fit; the blue dashed line is fitted signal for ηcð1SÞ. The green dot, cyan long-dashed,
and magenta dashed-dot lines are the NR, η0-sdb and bany (bany þ η0-sdb merged into the magenta dashed-dot line for the γρ mode)
background components, respectively.
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Fig. 1. Invariant mass spectrum of the pp̄K + candidates. The total fit curve and 
individual fit components are superimposed on the data.

The parameters of the ARGUS PDF and of the Gaussian resolu-
tion function are fixed to the values obtained from simulation. The 
misidentified background due to B+ → pp̄π+ decays, where the 
charged pion is misidentified as a kaon, is parameterised with a 
bifurcated Gaussian PDF [24] and parameters fixed to the values 
obtained from simulation. The yields of partially reconstructed and 
misidentified backgrounds are determined from data.

The backgrounds observed in the pp̄K + mass distribution are 
subtracted using the sPlot technique [25] to extract the pp̄ mass 
spectrum in B+ → pp̄K + decays. Signal yields for the resonant 
contributions are then determined from an extended unbinned 
maximum likelihood fit to the pp̄ mass spectrum. To improve 
the pp̄ invariant mass resolution, the fit to the B+ decay ver-
tex is performed with the B+ mass constrained to the known 
value [8] and the B+ candidate pointing to the PV [26]. The pp̄
mass spectrum is also used to determine the mass differences 
M J/ψ − Mηc(1S) and Mψ(2S) − Mηc(2S) and the natural width of 
the ηc(1S) state. In order to have accurate mass measurements, 
a calibration is applied to the momenta of the final-state particles. 
Large samples of B+ → J/ψ K + decays with J/ψ → µ+µ− are 
used to calibrate the momentum scale of the spectrometer [27]. 
Possible reflections due to B+ → p$̄ → pp̄K + decays are inves-

tigated using simulations, which show that no narrow structures 
are induced in the pp̄ spectrum. Six charmonium resonances are 
included in the nominal fit to the pp̄ invariant mass spectrum: 
ηc(1S), J/ψ , χc0, χc1, ηc(2S) and ψ(2S). Alternative fits including 
the ψ(3770) or the X(3872) resonances are performed in order 
to estimate upper limits on their branching fractions. The J/ψ
and ψ(2S) peaks are parameterised with a double Gaussian PDF. 
The ηc(1S), ηc(2S), χc0 and ψ(3770) shapes are modelled with a 
relativistic Breit–Wigner PDF convolved with a Gaussian PDF. The 
X(3872) and the χc1 are described with a Gaussian PDF since their 
natural width is much smaller than mass resolution. Due to the 
B+ mass constraint in the vertex fit, the pp̄ mass resolution is ef-
fectively constant in the entire pp̄ spectrum. The mass resolution 
parameter, common to all the charmonium states, is found to be 
σpp̄ = (4.3 ± 0.4) MeV, in good agreement with the simulations. 
The masses of the χc0, χc1, X(3872), ψ(3770) and X(3915) states 
are fixed to the known values [8]. The J/ψ and ψ(2S) peak po-
sitions (M J/ψ and Mψ(2S)), the mass differences (M J/ψ − Mηc(1S)

and Mψ(2S) − Mηc(2S)), and the natural width of the ηc(1S) state 
('ηc(1S)) are free parameters and are obtained from the fit to the 
data. A Gaussian constraint to the average value for the natural 
width of the ηc(2S) is applied [8]. The pp̄ non-resonant compo-
nent is assumed to have no relative orbital angular momentum, 
J = 0. The fit includes a possible interference effect between the 
ηc(1S) state and the J = 0 non-resonant component. The ampli-
tude is given by |A|2 = |Anon-res + f eiδ Aηc(1S)|2, where Anon-res
is the amplitude of the non-resonant component, Aηc(1S) is the 
amplitude of the ηc(1S) state, δ is the phase difference and f a 
normalisation factor. The shape of the non-resonant component in 
the pp̄ mass spectrum follows a phase-space distribution [8]. The 
fit result is shown in Fig. 2. A zoom of the fit result in the range 
3.55–4.00 GeV is shown by the inset in Fig. 2.

Using Wilks’ theorem [28], the statistical significance for the 
ηc(2S) signal is computed from the change in the best fit like-
lihood when omitting the signal under scrutiny, 

√
2 ln(L S+B/LB), 

where L S+B and LB are the likelihoods from the nominal fit and 
from the fit without the ηc(2S) signal component, respectively. 
The statistical significance for the ηc(2S) signal is found to be 
6.4 standard deviations. No evidence for the ψ(3770) and X(3872)

resonances is found. The signal yields are reported in Table 1.

Fig. 2. Invariant mass spectrum of the pp̄ candidates. Background in the B+ → pp̄K + distribution is subtracted using the sPlot technique as described in the text. The total 
fit curve is superimposed. A zoom of the fit result in the range 3.55–4.00 GeV is shown by the inset.

B+ ! pp̄K+
at LHCb

PLB 769, 305 (2017)
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2.  Probe differences between charmonium decays.

6

B( (2S) ! X)

B(J/ ! X)
⇡ 12%

The “12% Rule”:  If the charm quarks of the  and  annihilate to gluons,
and if the hadronization of the gluons is independent of their origin, then:
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2.  Probe differences between charmonium decays.

7

cc̄ ⌘, ⌘0

B(J/ ! �⌘)

B(J/ ! �⌘0)
⇡ B( (2S) ! �⌘)

B( (2S) ! �⌘0)

B(J/ ! �⌘)

B(J/ ! �⌘0)
= (21.4± 0.9)%

B( (2S) ! �⌘)

B( (2S) ! �⌘0)
= (0.66± 0.13± 0.02)%

implies:

but:

and:

Establish decay patterns in other charmonia 
beyond the  and .J/ψ ψ(2S)
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FIG. 1. (color online) Projection of the simultaneous fit to the invariant mass of M(π+π−η) (left) and M(π0π0η) (right). Dots with error
bars show data, the red solid curves show the total fit result, and the blue dashed lines represent the background contributions.
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FIG. 2. (color online) Projection of the simultaneous fit to the invariant mass of M(π+π−π0) (left) and M(π0π0π0) (right). Dots with error
bars represent the data, the red solid curves show the total fit result, and the blue dashed lines correspond to the background contributions.

is observed. An unbinned maximum likelihood fit to the
M(γγ) distribution is performed to detemine the signal yield.
The fit function consists of three components representing
the signal, a smooth background from e+e− → γγ(γISR)
events, and a contribution from ψ(3686) → γχcJ decays
with χcJ → π0π0. The signal is modeled by a MC simulated
shape convoluted with a Gaussian function representing
the resolution difference between the MC simulation and
the data. The parameters of the Gaussian function are
left free in the fit. The shape parameters of the smooth
background are determined from the MC simulation and
the magnitude is determined by the fit to data. The size
and shape of the contribution from ψ(3686) → γχcJ

decays with χcJ → π0π0 are fixed according to the
expectation from MC studies. The results of the maximum
likelihood fit are shown in Fig. 3 and the goodness-of-fit
is χ2/d.o.f = 40.6/46. The signal yield after correcting
for the efficiency, which is 36.8% according to the MC
simulation, and the subsequent decay branching fraction is

423.4 ± 71.4, and the statistical significance of the π0 signal
is 6.7σ (∆(lnL) = 26.1,∆(d.o.f) = 3).

In the above three analyses, the branching fractions are
obtained using the signal yields N cor

sig , corrected for the
detection efficiency and the subsequent branching fraction,

and the total number of ψ(3686) events Nψ(3686)
tot according

to B =
Ncor

sig

N
ψ(3686)
tot

. The results are summarized in Table I.

IV. SYSTEMATIC UNCERTAINTIES

The main sources of systematic uncertainty in the
branching fraction measurements stem from the data-
simulation differences in the track reconstruction efficiency,
the photon detection efficiency, the η and π0 reconstruction
efficiency, and the kinematic fit, and the uncertainties from

 (2S) ! �⌘0 at BESIII
PRD 96, 052003 (2017)
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is observed. An unbinned maximum likelihood fit to the
M(γγ) distribution is performed to detemine the signal yield.
The fit function consists of three components representing
the signal, a smooth background from e+e− → γγ(γISR)
events, and a contribution from ψ(3686) → γχcJ decays
with χcJ → π0π0. The signal is modeled by a MC simulated
shape convoluted with a Gaussian function representing
the resolution difference between the MC simulation and
the data. The parameters of the Gaussian function are
left free in the fit. The shape parameters of the smooth
background are determined from the MC simulation and
the magnitude is determined by the fit to data. The size
and shape of the contribution from ψ(3686) → γχcJ

decays with χcJ → π0π0 are fixed according to the
expectation from MC studies. The results of the maximum
likelihood fit are shown in Fig. 3 and the goodness-of-fit
is χ2/d.o.f = 40.6/46. The signal yield after correcting
for the efficiency, which is 36.8% according to the MC
simulation, and the subsequent decay branching fraction is

423.4 ± 71.4, and the statistical significance of the π0 signal
is 6.7σ (∆(lnL) = 26.1,∆(d.o.f) = 3).

In the above three analyses, the branching fractions are
obtained using the signal yields N cor

sig , corrected for the
detection efficiency and the subsequent branching fraction,

and the total number of ψ(3686) events Nψ(3686)
tot according

to B =
Ncor

sig

N
ψ(3686)
tot

. The results are summarized in Table I.

IV. SYSTEMATIC UNCERTAINTIES

The main sources of systematic uncertainty in the
branching fraction measurements stem from the data-
simulation differences in the track reconstruction efficiency,
the photon detection efficiency, the η and π0 reconstruction
efficiency, and the kinematic fit, and the uncertainties from

 (2S) ! �⌘ at BESIII
PRD 96, 052003 (2017)
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3.  Untangle the excited  states.ψ

8

Charmonium Spectrum
predictions based on PRD 72, 054026 (2005)

measurements from PDG 2018
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Table 1
The resonance parameters of the high mass charmonia in this work together with the values in PDG2004 [11], PDG2006 [12] and Seth’s evaluations [13] based on
Crystal Ball and BES data. The total width Γtot ≡ Γr (M) in Eq. (9)

ψ(3770) ψ(4040) ψ(4160) ψ(4415)

M (MeV/c2) PDG2004 3769.9±2.5 4040±10 4159±20 4415±6
PDG2006 3771.1±2.4 4039±1 4153±3 4421±4
CB (Seth) – 4037±2 4151±4 4425±6
BES (Seth) – 4040±1 4155±5 4455±6
BES (this work) 3772.0±1.9 4039.6±4.3 4191.7±6.5 4415.1±7.9

Γtot (MeV) PDG2004 23.6±2.7 52±10 78±20 43±15
PDG2006 23.0±2.7 80±10 103±8 62±20
CB (Seth) – 85±10 107±10 119±16
BES (Seth) – 89±6 107±16 118±35
BES (this work) 30.4±8.5 84.5±12.3 71.8±12.3 71.5±19.0

Γee (keV) PDG2004 0.26±0.04 0.75±0.15 0.77±0.23 0.47±0.10
PDG2006 0.24±0.03 0.86±0.08 0.83±0.07 0.58±0.07
CB (Seth) – 0.88±0.11 0.83±0.08 0.72±0.11
BES (Seth) – 0.91±0.13 0.84±0.13 0.64±0.23
BES (this work) 0.22±0.05 0.83±0.20 0.48±0.22 0.35±0.12

δ (degree) BES (this work) 0 130±46 293±57 234±88

ψ(3770) is set to zero. The parameters of the ψ(2S) in Eq. (5)
are fixed to the values given in PDG2006.

3. Results and discussion

The values of the resonance parameters of the high mass
charmonium states determined in this work, together with those
in PDG2004, PDG2006 and the results given in Ref. [13] are
listed in Table 1. The fitted parameters for the continuum com-
ponent are C0 = 2.14 ± 0.10, C1 = (1.69 ± 0.23) × 10−3,
and C2 = −(0.66 ± 0.25) × 10−6. And the scale factor is
fc = 1.002 ± 0.033. The updated R values between 3.7 and
5.0 GeV (the percentage errors are the same as in Refs. [14,
15]) and the fitting curves are shown in Fig. 1. The quality of
the global fitting is indicated by χ2/d.o.f. = 1.08 (the number
of energy-points is 78, the number of the free parameters is 19,
and χ2 = 63.60) with a fit probability of 31.8%.

It should be noted that the ψ(4160) mass in this work is
about 30 MeV/c2 higher than the PDG2006 value, a differ-
ence that is much larger than the quoted errors. If the interfer-
ence terms in Eq. (4) all have their phase angles δr fixed to 0,
then the obtained mass parameters of the resonances ψ(4040),
ψ(4160), and ψ(4415) are 4048.4 ± 3.2, 4156.2 ± 4.4 and
4405.2 ± 5.7 MeV, respectively, with a larger χ2/d.o.f. = 1.39
corresponding to a probability of 2.3%. These comparisons
show that the influence of the phase angles on the resonance
parameters is significant.

In order to understand the model-dependent uncertainties
and to estimate the systematic errors, alternative choices and
combinations of Breit–Wigner forms, energy dependence of the
full width predicted by the quantum mechanics model [20] or
the effective interaction theory [23], and continuum charm pro-
duction described by a second order polynomial or the phenom-
enological form used by DASP [6] are used. We find the results
are also somewhat sensitive to the form of the energy-dependent
total width, but not sensitive to the continuum parameterization.

Fig. 1. The fit to the R values for the high mass charmonia structure. The dots
with error bars are the updated R values. The solid curve shows the best fit,
and the other curves show the contributions from each resonance RBW, the
interference Rint, the summation of the four resonances Rres = RBW + Rint,
and the continuum background Rcon respectively.

The DASP background function has six continuum production
channels, while the effective interaction theory predicts a dif-
ferent energy-dependent partial width for each one. However,
in both cases the best fits give unreasonable values for some pa-
rameters. This may be understood as being due to the fact that
the inclusive data does not supply enough information to de-
termine the relative width of different decay channels, nor the
phase angles of the hadronic final states (if they exist). To un-
derstand the detailed structure and components of the high mass
charmonium states, it is necessary to collect data at each energy
point with sufficiently high statistics, and to develop more reli-
able physical models. This is one of the physics tasks for a tau
charm factory, and may be further studied with BESIII that is
now under construction.

e+e� ! hadrons at BESII
PLB 660, 315 (2008)
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In R, all looks okay with the quark model:
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3.  Untangle the excited  states.ψ

9

Measure more open-charm final states
and perform a more global analysis.
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In exclusive channels, things become much more complicated…
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is used, corresponding to the value given in Ref. [33]. The
mass-dependent width is given by

!m ¼ !r

!
pm

pm0

"
2Lþ1

!
m0

m

"
F2
r (13)

with !r the total width of the resonance. Here the existence
of other possible decay modes is ignored. The momentum
of a given D candidate in the D "D center of mass frame is
denoted by pm; pm0

is the corresponding value for m ¼
m0. In the standard fit, spin J ¼ 2 (L ¼ 2) is chosen on the
basis of the angular distribution analysis described in
Sec. IX.

The signal function is convolved with the mass- and
decay-mode-dependent resolution model parametrized as
discussed previously in this section. The background is
parametrized by the function

DðmÞ /
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2 %m2

t

q
ðm%mtÞ! exp½%"ðm%mtÞ' (14)

which takes theD "D thresholdmt into account. In the lower
mass region, the line shape does not describe the back-
ground exactly. Other functional forms were tried
(Sec. XI), but no improvement was obtained. The data
and the curves which result from the standard (J ¼ 2) fit
are shown in Fig. 10.

From the unbinned maximum likelihood fit to the five
mass spectra the Zð3930Þ values m0 ¼ ð3925:8(
2:7Þ MeV=c2 and !r ¼ ð21:3( 6:8Þ MeV are obtained
for the mass and total width, respectively (all errors in
this section are statistical only). The mass is corrected by
þ0:9 MeV=c2 as described above, resulting in a final mass
value of ð3926:7( 2:7Þ MeV=c2. The efficiency-corrected
yield amounts to N ¼ ð76( 17Þ signal events. This value
is based on weights around 1 as discussed in Sec. VII;
taking the constant used to scale the efficiency into account
[see Eq. (8)], this corresponds to a total Zð3930Þ signal of
N#B ¼ ð285( 64Þ ) 103 events.

The statistical significance of the peak is 5:8$ and is
derived from the difference # lnL between the negative
logarithmic likelihood of the nominal fit and that of a fit
where the parameter for the signal yield is fixed to zero.
This is then used to evaluate a p value:

p ¼
Z 1

2# lnL
fðz;ndÞdz; (15)

where fðz; ndÞ is the %2 probability density function and nd
is the number of degrees of freedom, 3 in this case. We then
determine the equivalent one-dimensional significance
from this p value.

IX. ANGULAR DISTRIBUTION AND SPIN OF THE
Zð3930Þ STATE

General conservation laws limit the possibilities for the
JPC values of the Zð3930Þ state. For two-photon production
the initial state has positive C parity and hence the final
state must have positive C parity also. For the D "D final
state, C ¼ ð%1ÞLþS ¼ ð%1ÞL since the total spin S is zero.
Positive C parity then implies that the D "D system must
have orbital angular momentum L which is even, and
hence have even parity. It follows that for the Zð3930Þ state
JPC ¼ Jþþ with J ¼ 0; 2; 4; . . . In order to investigate the
possible values of J, we have compared the decay angular
distribution measured in the Zð3930Þ signal region to the
distributions expected for J ¼ 0 and J ¼ 2; higher spin
values are very unlikely for a state only 200 MeV=c2

above threshold.
The decay angle & is defined as the angle of theDmeson

in theD "D system relative to theD "D lab momentum vector.
Figure 11 shows the Zð3930Þ signal yield obtained from fits
to the D "D mass spectrum for ten regions of j cos&j. The
data have been weighted by a cos&-dependent efficiency,
which was determined in a similar manner as described in
Sec. VII for the mass-dependent efficiency (Fig. 12). In
these fits, the mass and width of the resonance have been
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FIG. 10 (color online). Efficiency-corrected mean D "D mass
distribution with standard fit. The dashed curve shows the
background line shape (see Sec. VIII).
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FIG. 11. Signal yield as a function of j cos&j derived from fits
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expected distribution for spin 2 with dominating helicity-2
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4.  Establish the  and  states.χcJ(2P) hc(2P)
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How are the ,
, and 

related?

And how do they
relate to the

 and ?

X(3915)
χc0(3930) χc2(3930)

χc0(2P) χc2(2P)

There’s now a “square”
of measurements…

wi ¼ 5
2 ð1# 3cos2!iÞ. The sum of the !-Dalitz-plot

weights is consistent with the number of events in the
J=c! signal region, thus consistent with the hypothesis
that most of the observed events do indeed arise from true
! ! "þ"#"0 decays.

To improve the mass resolution, we define the recon-
structed J=c!mass asmðJ=c!Þ ¼ mð‘þ‘#"þ"#"0Þ #
mð‘þ‘#Þ þmðJ=c ÞPDG. The non-J=c! background is
estimated from the J=c and ! sidebands defined in
Fig. 2. The ! sidebands are defined as ½0:55; 0:59' and
½1:00; 1:04' GeV=c2. The J=c sidebands are defined as
½2:805; 2:900' and ½3:170; 3:265' GeV=c2 for the eþe#

channel and ½2:970; 3:015' and ½3:170; 3:215' GeV=c2 for
the #þ## channel. With these definitions, each sideband
size is half of the signal size. The mðJ=c!Þ spectrum of
this background in the J=c! signal region is obtained by
Bð5Þ¼Bð2ÞþBð4ÞþBð6ÞþBð8Þ#ðBð1ÞþBð3ÞþBð7Þþ
Bð9ÞÞ, where BðiÞ is the mðJ=c!Þ spectrum in the ith
region shown in Fig. 2. The estimated background from
this method is 5( 3 in good agreement with the estimate
from the fit to the pT distribution. The residual background
from c ð2SÞ ! J=c"þ"# decay is estimated by using the
values of the integrated luminosity, MC efficiencies, the
cross section for c ð2SÞ production in ISR events [20], and
the nominal branching fractions for the relevant c ð2SÞ
and J=c decays [8]. The expected number of background
events from such process is smaller than 0.9 at 90% con-
fidence level (C.L.).

The detection efficiency depends on mðJ=c!Þ and !)‘,
where !)‘ is the angle between the direction of the posi-
tively charged lepton from J=c decay (‘þ) and the beam
axis in the J=c! rest frame. Since we select events in
which the eþ and e# beam particles are scattered at small
angles, the two-photon axis is approximately the same
as the beam axis. Therefore we use the beam axis to
determine !)‘.

We parameterize the efficiency dependence with a two-
dimensional [mðJ=c!Þ, !)‘] histogram. We label MC
events where the reconstructed decay particles are success-
fully matched to the generated ones as truth-matched
events. The detection efficiency in each histogram bin is
defined as the ratio between the number of truth-matched
MC events that satisfy the selection criteria and the number
of MC events that were generated for that bin.

The mðJ=c!Þ spectrum is shown in Fig. 4, where each
event is weighted to account for detector efficiency, which
is almost uniform as a function of the J=c! mass. The
event weight is equal to !"="ðmðJ=c!Þ; !)‘Þ, where
"ðmðJ=c!Þ; !)‘Þ is the mðJ=c!Þ- and !)‘-dependent effi-
ciency value and !" is a common scaling factor that ensures
all the weights areOð1Þ, since weights far from 1 can cause
the estimate of the statistical uncertainty to be incorrect
[21]. We observe a prominent peak near 3915 MeV=c2

over a small background. No evident structure is observed
around 3872 MeV=c2.

We perform an extended unbinned maximum-likelihood
fit to the efficiency-corrected mðJ=c!Þ spectrum to ex-
tract the resonance yield and parameters. In the likelihood
functionL there are two components: one for the Xð3915Þ
signal and one for the nonresonant (NR) J=c! contribu-
tion. The probability density function (PDF) for the signal
component is defined by the convolution of an S-wave
relativistic Breit-Wigner distribution with a detector-
resolution function. The NR contribution is taken to be
proportional to P bgðmÞ ¼ p)ðmÞ * exp½#$p)ðmÞ', where
p)ðmÞ is the J=c momentum in the rest frame of a J=c!
system with an invariant mass m, $ is a fit parameter, and
m ¼ mðJ=c!Þ. The signal and NR yields, the Xð3915Þ
mass and width, and $ are free parameters in the fit.
We use truth-matched MC events to determine the signal

PDF detector-resolution function. The signal detector-
resolution PDF is described by the sum of two Gaussian
shapes for the Xð3915Þ and the sum of a Gaussian plus a
Crystal Ball function [22] for the Xð3872Þ. The parameters
of the resolution functions are determined from fits to
truth-matched MC events. The widths of the Gaussian
core components are 5.7 and 4.5 MeV, respectively, for
Xð3915Þ and Xð3872Þ. No significant difference in the
resolution function parameters is observed for the different
J=c decay modes. The parameters of the resolution func-
tions are fixed to their MC values in the maximum-
likelihood fit.
The fitted distribution from the maximum-likelihood fit

to the efficiency-corrected mðJ=c!Þ spectrum is shown in
Fig. 4. We observe 59( 10 signal events; the measured
Xð3915Þ mass and width are ð3919:4( 2:2Þ MeV=c2 and
ð13( 6Þ MeV, respectively, where the uncertainties are
statistical only. We add an Xð3872Þ component, modeled
as a P-wave relativistic Breit-Wigner with mass
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FIG. 4 (color online). The efficiency-corrected mðJ=c!Þ dis-
tribution of selected events (solid points). The solid line repre-
sents the total fit function. The dashed line is the NR
contribution. The shaded histogram is the non-J=c! back-
ground defined in the text as Bð5Þ and estimated from sidebands.
The vertical dashed (red) line is placed at mðJ=c!Þ ¼
3:872 GeV=c2.
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in each m3! interval to obtain the Gaussian and ARGUS
normalization parameter values, and hence to extract the
B-meson signal.

In Fig. 1 there is a small, but clear, "-meson signal, a
large !-meson signal, and nothing of significance in be-
tween. The J=c" mass distribution shows no significant
structure, and will not be discussed any further.

In the !-meson region, the signal extends down to
!0:74 GeV=c2; there is also a high-mass tail above
!0:8 GeV=c2, and possibly some small nonresonant con-
tribution in this region. When we assign !-Dalitz-plot
weights [29] to the events in the region 0:74–
0:80 GeV=c2, the sum of weights (1030" 90) is consistent
with the signal size (1160" 60), indicating that any non-!
background is small, and so we ignore such contributions.
Similar behavior is observed for B0 decay, but with a
selected-event sample which is about 6 times smaller. In
the following, we define the lower limit of the !-meson
mass region as 0:74 GeV=c2, but leave the upper limit at
0.7965 and 0:8055 GeV=c2 for the Bþ and B0 samples
[23], respectively, in order to focus on the impact of this
one change on the observed J=c! mass distribution. The
extension of the m3! region toward lower values increases
the efficiency slightly.

The J=c! mass distributions for B0;þ ! J=c!K0;þ

candidates are obtained by using the same fit procedure
used to obtain the m3! distribution. We then correct the
observed signal yields for selection efficiency. Events cor-
responding to B0;þ ! J=c!K0;þ decay are created by
MC simulation, based on GEANT4 [30], in order to provide
uniform coverage of the entiremJ=c! range. The generated
events are subjected to the reconstruction and selection
procedures applied to the data. For Bþ (B0) decay it is
found that the efficiency increases (decreases) gradually
from !6% (! 5%) close to mJ=c! threshold to !7%
(! 4%) for mJ=c! ! 4:8 GeV=c2. Comparison of gener-
ated and reconstructed mJ=c! values within each recon-
structed mJ=c! mass interval enables the measurement of
the mJ=c! dependence of the mass resolution. From a
single-Gaussian fit to each distribution, the rms deviation
is found to degrade gradually from 6:5 MeV=c2 at
mJ=c! ! 3:84 GeV=c2, to 9 MeV=c2 at mJ=c! !
4:8 GeV=c2.

The mJ=c! distributions for Bþ ! J=c!Kþ and B0 !
J=c!K0 decay, after efficiency correction in each mass
interval, are shown in Figs. 2(a) and 2(b) respectively. For
the latter, corrections for K0

L production and K0
S ! !0!0

decay have been incorporated. The mJ=c! range from
3.8425 to 3:9925 GeV=c2 is divided into 10 MeV=c2 in-
tervals, while beyond this 50 MeV=c2 intervals are used.
The same choice of intervals was used in Ref. [23], where
the first two were inaccessible, and the third was only
partly accessible, because of the value of the lower limit
onm3!. Clear enhancements are observed in the vicinity of
the X and Y mesons in the Bþ distribution, and similar

effects are present in the B0 distribution, with lower statis-
tical significance.
The function used to fit the distributions of Fig. 2 is a

sum of three components. The X meson component is a
Gaussian resolution function with fixed rms deviation # ¼
6:7 MeV=c2 obtained from MC simulation; the intrinsic
width of the X meson (estimated to be & 3 MeV [27]) is
ignored. The Y-meson intensity contribution is represented
by a relativistic S-wave Breit-Wigner (BW) function [23].
The nonresonant contribution is described empirically by a
Gaussian function multiplied by mJ=c!. The Y-meson and
nonresonant intensity contributions are multiplied by the
phase space factor p% q, where p is the K momentum in
the B rest frame, and q is the J=c momentum in the rest
frame of the J=c 3! system. A simultaneous $2 fit to the
distributions of Figs. 2(a) and 2(b) is carried out, in which
only the normalization parameters of the three contribu-
tions are allowed to differ between Figs. 2(a) and 2(b). The
fit describes the data well ($2=NDF ¼ 54:7=51, NDF ¼
number of degrees of freedom), as shown by the solid
curves in Fig. 2. The dashed and dotted curves show the
X- and Y-meson contributions, respectively, while the dot-
dashed curves represent the nonresonant distribution.
For the X meson, the fitted mass is 3873:0þ1:8

&1:6ðstatÞ "
1:3ðsystÞ MeV=c2, while the mass and width values for the
Y meson are 3919:1þ3:8

&3:4ðstatÞ " 2:0ðsystÞ MeV=c2 and
31þ10

&8 ðstatÞ " 5ðsystÞ MeV, respectively. These results are
consistent with earlier BABAR measurements [6,23].
From the fits of Fig. 2, we obtain product branching

fraction measurements for B0;þ ! XK0;þ, X ! J=c!.
The resulting Bþ and B0 product branching fraction values
are ½0:6" 0:2ðstatÞ " 0:1ðsystÞ* % 10&5, and ½0:6"
0:3ðstatÞ " 0:1ðsystÞ* % 10&5, respectively.
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FIG. 2 (color online). The corrected mJ=c! distribution for
(a) Bþ, (b) B0 decays; (c) (inset) shows the low-mass region
of (a) in detail. The curves indicate the results of the fit.
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Table 5: Lineshape parameters for the �c0,2(3930) and X0,1(2900) resonances determined from
the fit. The first uncertainty is statistical and the second is the sum in quadrature of all
systematic uncertainties.

Resonance Mass (GeV/c2) Width (MeV)

�c0(3930) 3.9238 ± 0.0015 ± 0.0004 17.4 ± 5.1 ± 0.8

�c2(3930) 3.9268 ± 0.0024 ± 0.0008 34.2 ± 6.6 ± 1.1

X0(2900) 2.866 ± 0.007 ± 0.002 57 ± 12 ± 4

X1(2900) 2.904 ± 0.005 ± 0.001 110 ± 11 ± 4
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Figure 11: Comparison of the data and fit projection in the �cJ(3930) region, shown for the
(a) D+

D
� invariant-mass squared and (b) helicity angle. The di↵erent components are shown

as indicated in the legend of Fig. 10.

the �cJ(3930) region, however it has usually been assumed to arise from the �c2(3930)
resonance. The mass and helicity-angle distributions of candidates in this region, shown
in Fig. 11, clearly demonstrate that both spin-0 and spin-2 contributions are necessary.
The masses and widths of these two components are completely free to vary in the fit;
they are found to have consistent masses while the fit prefers a narrower width for the
spin-0 state. If both spin-0 and spin-2 states are present at the same mass, one would
generically expect the spin-0 state to be broader since its decay to a D

+
D

� pair is in
S wave, as compared to D wave for the spin-2 state, and therefore is not suppressed by any
angular momentum barrier. This expected pattern is seen in some explicit calculations of
the properties of the �cJ(2P ) states [11], however the observed pattern is consistent with
other theoretical predictions [13]. Moreover, the fitted �c0(3930) parameters are consistent
with those of the X(3915) state.

The �c0(3930) state is the only component in the D+
D

� S wave in the baseline model.
The broad �c0(3860) state, reported by the Belle collaboration [53], has been included
in alternative fit models but is disfavoured. Fits in which additional S-wave structure
is introduced e.g. through a nonresonant component, have been attempted but tend
to destabilise the fit, which is understood as a consequence of there being too much
freedom in the S wave. In fact the nonresonant component in the D�

K
+ projection covers

most of the m(D+
D

�) range, as can be seen in Fig. 10 top row, but only allows a small
contribution at low m(D+

D
�) values.
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Pinning down these
conventional states would
help us understand the
extra ones, hopefully…
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also look for: 
  ?e+e− → J/ψ (J/ψω)

Study all of these same processes with
more data.  Connect channels.
Also look for an  candidate.  hc(2P)

Extra pieces to the 2P puzzle…

nonresonant-amplitude model dependence. We perform a
fit with all nonresonant-amplitude models and consider the
maximal variations of the X!ð3860Þ mass and width as the
systematic uncertainty. Note that there are two solutions for
both fits with the NRQCD and M−4

DD̄ nonresonant ampli-
tudes in the case of JPC ¼ 0þþ; all solutions are included in
the calculation of the maximal variations. The systematic
error related to the alternative signal model defined in
Eq. (20) is included separately.
A different fit-related systematic uncertainty source is

the fit bias. The fit bias is estimated from the mass and
width distributions in MC pseudoexperiments generated in
accordance with the default fit result. We find that the
position of the peak of the mass distribution is in good
agreement with the fit result in data, while the position of
the peak of the width distribution is shifted from the value
in data. Thus, a fit bias uncertainty is assigned only to the
X!ð3860Þ width.
Another systematic uncertainty source considered in the

previous analysis [20] is the variation of selection require-
ments. There is no straightforward analog of this uncer-
tainty in the new analysis because of the complex selection
optimization procedure. However, its last stage (the
global optimization) can be varied. We change the target
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TABLE III. Comparison of the X!ð3860Þ and known charmo-
niumlike states: exclusion levels for the hypotheses of the
X!ð3860Þ being the indicated state for different nonresonant-
amplitude models.

Nonresonant amplitude

State JPC Constant NRQCD M−4
DD

Xð3915Þ 0þþ 5.2σ 4.3σ 3.3σ
Xð3915Þ 2þþ 6.1σ 6.1σ 4.9σ
χc2ð2PÞ 2þþ 6.8σ 7.0σ 6.2σ
Xð3940Þ 2þþ 6.0σ 5.6σ 5.2σ
Xð4160Þ 0þþ 6.8σ 6.3σ 5.8σ
Xð4160Þ 2þþ 10.7σ 11.0σ 13.5σ
χc0ð2PÞ (lattice) 0þþ 4.3σ 3.6σ 2.7σ

TABLE II. The X!ð3860Þ (JPC ¼ 0þþ) amplitudes in the
default model.

Amplitude Value

ℜH00 1 (fixed)
ℑH00 0 (fixed)
ℜH10 1.00& 0.38
ℑH10 0.01& 0.93

OBSERVATION OF AN ALTERNATIVE χc0ð2PÞ … PHYSICAL REVIEW D 95, 112003 (2017)
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in the likelihood value when the signal and its three asso-
ciated degrees of freedom are removed from the fit. The
nonresonant contributions are consistent with zero within
1! in all fits, except for the case D!rec

!Dassoc (1:6! from
zero). The fit results are shown in Fig. 2 as the solid curves;
the dashed curves are the background functions. The insets
in Figs. 2(a) and 2(b) show the background subtracted
spectra with the signal functions superimposed.

A fit to the M"D !D# distribution finds a broad resonance
near the threshold, which is tentatively denoted asX"3880#,
with a statistical significance of only 3:8!. However, the fit
is not stable under variation of background parameteriza-

tion as well as variation of the bin width. The fit with two
resonances better describes the spectrum and is more sta-
ble, but the significance of the second resonance is lower
than 3!. We conclude that the observed threshold enhance-
ment is not consistent with nonresonant e$e% ! J= D !D
production, but with the present statistics the resonant
structure in this process cannot be reliably determined.
The significance of the X"3940# signal found by the fit to
the M"Drec

!D!assoc# spectrum is 6:0!. The fitted width of
X"3940# is slightly higher than that obtained in our pre-
vious analysis [5]. The mass of the state is in good agree-
ment with the previously reported mass; the signal yield
scales in proportion to luminosity. The X"3940# signal is
also seen in the M"D!rec

!Dassoc# spectrum with a significance
of 2:8!, with parameters in good agreement with those
from the M"Drec

!D!assoc# fit. As this sample is a small sub-
sample of the Drec

!D!assoc case, we use the latter fit only as a
cross check. The M"D! !D!# spectrum has a clear broad
enhancement near threshold, which is seen above the small
combinatorial background and the X"3940# reflection. We
interpret the observed enhancement, which has a statistical
significance of 5:5!, as a new resonance and denote it as
X"4160#. Contamination of this peak due to the process
e$e% ! "!"! ! J=  "4160# is found to be negligible.
Because of the requirement that both the J= and aD!$ be
reconstructed, the efficiency falls to zero for j cos"#!#j *
0:8, where #! is the J= production angle in the c.m.
frame. Any contribution from annihilation via two virtual
photons is strongly concentrated in this region and thus
suppressed. Based on the predicted e$e% ! J=  "2S#
cross section [10], and the ratio of dielectron widths of
the  "2S# and  "4160# [11], we expect only 0:5& 0:3
events due to the e$e% ! J=  "4160# process in our final
sample. Theoretical predictions for two-virtual-photon
processes appear reliable: e$e% ! $0$0 and %$0 cross
sections [12] are consistent with expected values, and
J= J= and J=  "2S# signals are not seen [2], again
consistent with the predicted cross sections [10]. The
present data sample does not allow us to exclude the
possibility that the X"4160# is the result of more than one
state.

The Born cross sections for the processes e$e% !
J= X"3940# [X"4160#] multiplied by BD"!# !D! ' B"X !
D"!# !D!# are calculated from the fitted X"3940# and
X"4160# yields with the procedure used in the previous
analysis [2]:

 !!e$e% ! J= X"3940#"BD! !D ( "13:9$6:4
%4:1 & 2:2# fb;

!!e$e% ! J= X"4160#"BD! !D! ( "24:2$12:8
%8:3 & 5:0# fb:

(1)

From the fits to the Figs. 2(a) and 2(b) distributions includ-
ing an X"4160# term, we find the following upper limits:

TABLE II. Summary of the signal yields, masses [MeV=c2],
widths [MeV] and significances for e$e% ! J= "D"!# !D"!##res.

State Nevents M " N !

X"3880#"Drec
!Dassoc# 63$31

%25 3878& 48 347$316
%143 3.8

X"3940#"Drec
!D!assoc# 52$24

%16 3942$7
%6 37$26

%15 6.0
X"3940#"D!rec

!D!assoc# 5:2$3:4
%2:7 3934$23

%17 57$62
%34 2.8

X"4160#"D!rec
!D!assoc# 23:8$12:3

%8:0 4156$25
%20 139$111

%61 5.5
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FIG. 2. The M"D"!#rec !D"!#assoc# spectra for events tagged and con-
strained as (a) e$e% ! J= D !D, (b),(c) e$e% ! J= D! !D and
(d) e$e% ! J= D! !D! in the data. The solid lines represent the
fit results; the dashed lines are background functions.
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Figure 4. Mass spectra of (top) D0D0 and (bottom) D+D− candidates in the high-mass
3.80 < mDD < 4.20GeV/c2 region. The result of the simultaneous fit described in the text is su-
perimposed.

Nχc2(3930)

[
103

]
mχc2(3930)

[
MeV/c2

]
Γχc2(3930) [MeV]

D0D0 4.7± 0.5
3921.90± 0.55 36.64± 1.88

D+D− 13.0± 0.6

Table 2. Yields, mass and width of the χc2(3920) state from the fit to DD mass spectra in
the high-mass 3.88 < mDD < 4.20GeV/c2 region. Uncertainties are statistical only.

is instead assumed to be spin-0 then the mass decreases by 0.12MeV/c2 while variations in

the width and the uncertainties in the mass and width are negligible.

4.3 Mass region mDD < 3.88GeV/c2

To fit the DD mass spectra in the near-threshold region, mDD < 3.88GeV/c2, com-

ponents for the X(3842) and ψ(3770) decays to DD signals and the background

are included. In the case of the D0D0 mass spectrum, an additional contribu-

– 7 –

pp ! DD̄X (inclusive) at LHCb

JHEP 7, 35 (2019)
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Figure 4. Mass spectra of (top) D0D0 and (bottom) D+D− candidates in the high-mass
3.80 < mDD < 4.20GeV/c2 region. The result of the simultaneous fit described in the text is su-
perimposed.
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]
mχc2(3930)

[
MeV/c2

]
Γχc2(3930) [MeV]

D0D0 4.7± 0.5
3921.90± 0.55 36.64± 1.88

D+D− 13.0± 0.6

Table 2. Yields, mass and width of the χc2(3920) state from the fit to DD mass spectra in
the high-mass 3.88 < mDD < 4.20GeV/c2 region. Uncertainties are statistical only.

is instead assumed to be spin-0 then the mass decreases by 0.12MeV/c2 while variations in

the width and the uncertainties in the mass and width are negligible.

4.3 Mass region mDD < 3.88GeV/c2

To fit the DD mass spectra in the near-threshold region, mDD < 3.88GeV/c2, com-

ponents for the X(3842) and ψ(3770) decays to DD signals and the background

are included. In the case of the D0D0 mass spectrum, an additional contribu-
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quite well with these models. In addition, since no peak
has been seen around Xð3823Þ in the D !D final state [36],
one expects that c 2 does not decay to D !D [34]. The
ratio RB¼ðB½Xð3823Þ!!c2"%=B½Xð3823Þ!!c1"%Þ<
0:41 (at 90% C.L.) is consistent with the expectation
(RB & 0:2) for c 2 [33,37,38]. The limited statistics pre-
clude an angular analysis to determine the JPC of the
Xð3823Þ. The product of branching fractions for the
Xð3823Þ is approximately 2 orders of magnitude lower
than for the c 0, as shown in Table I; it is consistent with
the interpretation of the Xð3823Þ as c 2ð13D2Þ, whose
production rate is suppressed by the factorization [39] in
the two-body B meson decays.

In summary, we obtain the first evidence of a
narrow state Xð3823Þ that decays to !c1" with a mass
of 3823:1' 1:8ðstatÞ ' 0:7ðsystÞ MeV=c2 and a signifi-
cance of 3:8#, including systematic uncertainties. We
measure the branching fraction product B½B'!
Xð3823ÞK'%B½Xð3823Þ!!c1"%¼ð9:7'2:8'1:1Þ(10)6.
No evidence is found for Xð3823Þ ! !c2",
and we set an U.L. on its branching fraction product B
as well as the ratio RB * ðB½Xð3823Þ ! !c2"%=
B½Xð3823Þ ! !c1"%Þ < 0:41 at 90% C.L. The properties

of the Xð3823Þ are consistent with those expected
for the c 2ð13D2c !cÞ state. We also determine an
U.L. on the product of branching fractions B½B'!
Xð3872ÞK'%B½Xð3872Þ!!c1"%<1:9(10)6 at 90% C.L.;
this is less than one quarter of the corresponding value in
Xð3872Þ ! J=c$þ$) [9]. Our results show that the pro-
duction of the Xð3872Þ’s C-odd partner in two-body B
decays and its decay to !cJ" are considerably suppressed.
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an upper limit on its production rate (Table I). The limited
statistics preclude a measurement of the intrinsic width of
Xð3823Þ state. From a fit using a Breit-Wigner function
(with a width parameter that is allowed to float) convolved
with Gaussian resolution, we determine Γ½Xð3823Þ$ <
16 MeV at the 90% confidence level (C.L.) (including
systematic errors).
The Xð3823Þ is a candidate for the ψ2 charmonium state

with JPC ¼ 2−− [13]. In the eþe− → πþπ−ψ2 process, the
πþπ− system is very likely to be dominated by an S wave.
Thus, a D wave between the πþπ− system and ψ2 is
expected, with an angular distribution of 1þ cos2 θ for ψ2

in the eþe− c:m: frame. Figure 3(a) shows the angular
distribution (cos θ) of Xð3823Þ signal events selected by
requiring 3.82 < Mrecoilðπþπ−Þ < 3.83 GeV=c2. The
inset shows the corresponding Mðπþπ−Þ invariant mass
distribution per 20 MeV=c2 bin. A Kolmogorov [23]
test to the angular distribution gives the Kolmogorov
statistic DD

14;obs ¼ 0.217 for the D-wave hypothesis and
DS

14;obs ¼ 0.182 for the S-wave hypotheses. Because of
limited statistics, both hypotheses can be accepted
(DD

14;obs; D
S
14;obs < D14;0.1 ¼ 0.314) at the 90% C.L.

The product of the Born-order cross section and the
branching ratio of Xð3823Þ → γχc1;c2 is calculated
using σB½eþe− → πþπ−Xð3823Þ$B½Xð3823Þ → γχc1;c2$ ¼
Nobs

c1;c2=½Lintð1þ δÞð1=j1 − Πj2ÞϵBc1;c2$, where Nobs
c1;c2 is

the number of Xð3823Þ → γχc1;c2 signal events obtained

from a fit to the Mrecoilðπþπ−Þ distribution, Lint is the
integrated luminosity, ϵ is the detection efficiency, Bc1;c2
is the branching fraction of χc1;c2 → γJ=ψ → γlþl−, and
(1þ δ) is the radiative correction factor, which depends on
the line shape of eþe− → πþπ−Xð3823Þ. Since we observe
large cross sections at

ffiffiffi
s

p
¼ 4.360 and 4.420 GeV, we

assume the eþe− → πþπ−Xð3823Þ cross section follows
that of eþe− → πþπ−ψ 0 over the full energy range of interest
and use the eþe− → πþπ−ψ 0 line shape from published
results [19] as input in the calculation of the efficiency
and radiative correction factor. The vacuum polarization
factor ð1=j1 − Πj2Þ is calculated from QED with 0.5%
uncertainty [24]. The results of these measurements
for the data sets with large luminosities at

ffiffiffi
s

p
¼ 4.230,

4.260, 4.360, 4.420, and 4.600 GeV are listed in Table I.
Since at each single energy the Xð3823Þ signal is not very
significant, upper limits for production cross sections
at the 90% C.L. based on the Bayesian method are given
[systematic effects are included by convolving the Xð3823Þ
signal events yield (nyield) dependent likelihood curves
with a Gaussian with mean value zero and standard
deviation nyieldσsys, where σsys is the systematic uncertainty
of the efficiencies]. The corresponding production ratio of
Rψ 0 ¼ fσB½eþe− → πþπ−Xð3823Þ$B½Xð3823Þ → γχc1$g=
fσB½eþe− → πþπ−ψ 0$B½ψ 0 → γχc1$g is also calculated atffiffiffi
s

p
¼ 4.360 and 4.420 GeV.

We fit the energy-dependent cross sections of eþe− →
πþπ−Xð3823Þ with the Yð4360Þ shape or the ψð4415Þ
shape with their resonance parameters fixed to the Particle
Data Group (PDG) values [2]. Figure 3(b) shows the fit
results, which giveDH1

5;obs ¼ 0.151 for the Yð4360Þ hypoth-
esis (H1) and DH2

5;obs ¼ 0.169 for the ψð4415Þ hypothesis
(H2), based on the Kolmogorov test. Thus, we accept
both the Yð4360Þ and the ψð4415Þ hypotheses (DH1

5;obs;
DH2

5;obs < D5;0.1 ¼ 0.509) at the 90% C.L.
The systematic uncertainties in the Xð3823Þ mass

measurement include those from the absolute mass scale,
resolution, the parameterization of the Xð3823Þ signal, and
the background shape. Since we use the ψ 0 signal to
calibrate the fit, we conservatively take the uncertainty
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FIG. 2 (color online). Simultaneous fit to the Mrecoilðπþπ−Þ
distribution of γχc1 events (left) and γχc2 events (right), respec-
tively. Dots with error bars are data, red solid curves are total fit,
dashed blue curves are background, and the green shaded
histograms are J=ψ mass sideband events.

TABLE I. Number of observed events (Nobs), integrated luminosities (L) [15], detection efficiency (ϵ) for the Xð3823Þ → γχc1 mode,
radiative correction factor (1þ δ), vacuum polarization factor (1=j1 − Πj2), measured Born cross section σB½eþe− → πþπ−Xð3823Þ$
times B1½Xð3823Þ → γχc1$ (σBXB1) and B2½Xð3823Þ → γχc2$ (σBXB2), and measured Born cross section σBðeþe− → πþπ−ψ 0Þ (σBψ 0 ) at
different energies. Other data sets with lower luminosity are not listed. The numbers in the brackets correspond to the upper limit
measurements at the 90% C.L. The relative ratio Rψ 0 ¼ fσB½eþe− → πþπ−Xð3823Þ$BðXð3823Þ → γχc1Þg=fσB½eþe− →
πþπ−ψ 0$Bðψ 0 → γχc1Þg is also calculated. The first errors are statistical, and the second systematic.

ffiffiffi
s

p
(GeV) L (pb−1) Nobs ϵ 1þ δ 1=j1 − Πj2 σBX · B1 (pb) σBX · B2 (pb) σBψ 0 (pb) Rψ 0

4.230 1092 0.7þ1.4
−0.7 ð<3.8Þ 0.168 0.755 1.056 0.12þ0.24

−0.12 ' 0.02 ð<0.64Þ ( ( ( 34.1' 8.1' 4.7 ( ( (
4.260 826 1.1þ1.8

−1.2 ð<4.6Þ 0.178 0.751 1.054 0.23þ0.38
−0.24 ' 0.04 ð<0.98Þ ( ( ( 25.9' 8.1' 3.6 ( ( (

4.360 540 3.9þ2.3
−1.7 ð<8.2Þ 0.196 0.795 1.051 1.10þ0.64

−0.47 ' 0.15 ð<2.27Þ ð<1.92Þ 58.6' 14.2' 8.1 0.20þ0.13
−0.10

4.420 1074 7.5þ3.6
−2.8 ð<13.4Þ 0.145 0.967 1.053 1.23þ0.59

−0.46 ' 0.17 ð<2.19Þ ð<0.54Þ 33.4' 7.8' 4.6 0.39þ0.21
−0.17

4.600 567 1.9þ1.8
−1.1 ð<5.4Þ 0.157 1.075 1.055 0.47þ0.44

−0.27 ' 0.07 ð<1.32Þ ( ( ( 10.4þ6.4
−4.7 ' 1.5 ( ( (
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look good!

ψ2(13D2) ψ3(13D3)
ψ(3770) = ψ1(13D1)

Confirm the  and  assignments.
Also look for the  partner.
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BESIII:   in the charmonium region (current and future)
• charmonium in  decays (  statistics expected soon)
• charmonium above  threshold (now using energies  GeV)
• BEPC3 upgrade (very preliminary) could give  luminosity

Super tau-charm facility (STCF):   in the charmonium region (future)
• advanced designs developed in Russia (BINP) and China (USTC)
• luminosity expected to be BESIII  50

BelleII:   in the bottomonium region (just starting)
• expect 50ab  of data (Belle )
• charmonium in  decays,  collisions, ISR, against …

LHCb, ATLAS, and CMS:   at high energy (current and future)
• future upgrades planned (high-luminosity LHC)
• charmonium in  decays, inclusive  production…

Panda:   in the charmonium region (future)
•  cross sections as interesting as ?  Or more interesting?
• measure lineshapes for narrow resonances

EIC:  high-energy electron-ion collisions (future)
• photoproduction of conventional and exotic charmonium

e+e−

ψ(2S) × 5
DD̄ ≥ 4.6

× 3

e+e−

×

e+e−
−1 × 50

B γγ J/ψ

pp

B pp

pp̄
pp̄ e+e−


