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Everything is fine with χc2(2P)

4

JETSET7.3 decay routines [9] for the D meson decays
(using PDG2004 [10] values for the decay branching frac-
tions). We find from the MC study that the product of
the efficiency and branching fractions of the two D decay
modes in the D+D− channel is about 50% of that in the
D0D̄0 channel.
The results of the fit for the resonance mass, width

and total yield of the resonance are M = 3929 ±
5(stat) MeV/c2, Γ = 29 ± 10(stat) MeV and 64 ±
18(stat) events, respectively. The mass resolution, which
is estimated by MC to be 3 MeV/c2 is taken into account
in the fit. The statistical significance of the peak is 5.3σ,
which is derived from

√

2 ln(Lmax/L0), where Lmax and
L0 are the logarithmic-likelihoods for fits with and with-
out a resonance peak component, shown in Fig. 2(c) as
solid and dashed curves, respectively.
Systematic errors for the parameters M and Γ are

2 MeV/c2 and 2 MeV, respectively. The former is par-
tially due to the uncertainties on the D meson masses
(1 MeV/c2 for the resonance mass). We also consider
the effect of choosing different Breit-Wigner functional
forms for spin 0 and 2 resonances and wave functions in
this error.
The Pt(DD̄) distribution in the peak region,

3.91 GeV/c2 < M(DD̄) < 3.95 GeV/c2, is shown in
Fig. 3. Here the Pt requirement has been relaxed. The
experimental data are fitted by a shape that is expected
for exclusive two-photon DD̄ production plus a linear
background. We expect non-charm and non-exclusive
backgrounds to be nearly linear in Pt(DD̄). The fit
uses a binned-maximum likelihood method with the nor-
malizations of the two components treated as free pa-
rameters. The linear-background component, 1.8 ± 0.6
events for Pt(DD̄) < 0.05 GeV/c2, and the goodness
of fit, χ2/d.o.f = 14.2/18, indicate that the events in
the peak region originate primarily from exclusive two-
photon events.
The Pt(DD̄) distribution produced by DD̄∗ and D∗D̄∗

events is expected to be distorted by the transverse mo-
mentum of the undetected slow pion(s), which peaks
around 0.05 GeV/c (dashed histogram in Fig. 3). Such a
distortion is not seen in the observed Pt distribution.
We investigate possible backgrounds from non-DD̄

sources using D-sideband events. The histogram in
Fig. 2(c) shows the invariant mass distribution for events
where theD-meson is replaced by a hadron system from a
D-signal mass sideband regions above and below the sig-
nal region with the same width as the signal mass region.
Here we use two types of sideband events: one where one
D-meson candidate is in the signal mass region, and an-
other where both entries are from the sidebands. Since
there is no significant event excess in the former type over
the latter, we conclude that the sideband events are domi-
nated by non-charm backgrounds. We combine them and
appropriately scale in order to compare to the DD̄ signal
yield. We conclude that the candidate events are domi-

FIG. 2: Invariant mass distributions for the (a) D0D̄0 chan-
nels and (b) the D+D− mode. (c) The combined M(DD̄)
distribution. The curves show the fits with (solid) and with-
out (dashed) a resonance component. The histogram shows
the distribution of the events from the D-mass sidebands (see
the text).

nated by DD̄ (inclusive or exclusive) events in the entire
mass region.

Figures 4(a) and (b) show the M(DD̄) distributions
for events with | cos θ∗| < 0.5 and | cos θ∗| > 0.5, respec-
tively, where θ∗ is the angle of a D meson relative to
the beam axis in the γγ c.m. frame. It is apparent that
the events in the 3.93 GeV/c2 peak tend to concentrate
at small | cos θ∗| values. The points with error bars in
Fig. 4(c) show the event yields in the 3.91 GeV/c2 to
3.95 GeV/c2 region versus | cos θ∗|. Background, esti-
mated from events in the M(DD̄) sideband, is indicated
by the histogram. The solid curve in Fig. 4(c) shows
the expectation using sin4 θ∗ to represent the signal from
a spin-2 meson produced with helicity-2 along the inci-
dent axis [11, 12]. A term proportional to 1 + a cos2 θ∗

that interpolates the background (dotted curve) is also
included. A small nonuniformity of the signal acceptance
in the c.m. angle is taken into account. The comparison
to the data has χ2/d.o.f. = 1.9/9. Here the functions
are normalized to the numbers of signal and background
events obtained from the fit of the invariant mass dis-
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FIG. 9: (a) Detector resolution ∆mres for channel C6; the fitted curve is described in the text; (b) mass-dependence of the
resolution function parameter σ0; (c) mass-dependence of the FWHM of the resolution function.
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FIG. 10: Efficiency-corrected mean DD mass distribution
with standard fit. The dashed curve shows the background
lineshape (see Sec. VIII).

obtained from fits to the DD̄ mass spectrum for ten re-
gions of |cos θ|. The data have been weighted by a cos θ-
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 fixed to the values found in
Sec. VIII, and Eq. (14) has been used to describe the
background. Other background models have been tried,
obtaining distributions fully consistent with Fig. 11.
The function describing the decay angular distribution

for spin 2 has been calculated using the helicity formalism
and has the form

dN

d cos θ
∝ sin4 θ. (16)
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FIG. 11: Signal yield as a function of |cos θ| derived from fits
to the efficiency-corrected DD spectrum. The solid curve is
the expected distribution for spin 2 with dominating helicity-2
contribution, the dotted straight line is for spin 0.

It has been assumed that the dominating amplitude has
helicity 2. This is in agreement with previous measure-
ments [34] and theoretical predictions [24, 30]. The dis-
tribution of Eq. (16) was fitted to the experimental an-
gular distribution, and a χ2/NDF value of 5.63/9 was
obtained, with NDF indicating the number of degrees of
freedom. For a flat distribution, which is expected for
spin 0, a χ2/NDF = 15.55/9 was obtained. It follows
that the preferred JPC assignment is 2++.

X. TWO-PHOTON WIDTH OF THE Z(3930)
STATE

From the efficiency-corrected number of observed sig-
nal events, NεB , we determine the total experimental
cross-section

σexp(e
+e− → e+e−γγ, γγ → Z(3930), Z(3930)→ DD)

= NεB/

∫

Ldt = 741± 166 fb (17)

γγ → DD̄

Belle 2006 BaBar 2010

γγ → DD̄

LHCb, 2019:  
LHCb, 2020:  

pp → DD̄ + anything
B+ → D+D−K+

=
χc2(3930)

X(3930) PDG 2022
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is  a  ?X(3915) χc0(2P)

[Belle 2005]  :    
later confirmed by [BaBar 2008, 2010]

B → J/ψωK : X(3915)

[Belle 2010]   
[BaBar 2012] spin-parity analysis :  
(assuming helicity-2 dominance of tensor resonance)

γγ → X(3915) → J/ψω
JPC = 0++

Problems: [Brambilla et al. 2011, Olsen 2015, …] 
• No decay mode to DD (S-wave) was observed 
• The  decay should be OZI suppressed  
• Narrow, width of ~20 MeV   
• Small mass splitting with  
• Might actually be the same state as   [Zhou et al. 2015]

X(3915) → J/ψω

χc2(3930)
χc2(3930)

[LHCb 2021]   
found narrow  resonance around ~3.92 GeV 
(amplitude analysis)

B+ → D+D−K+

JPC = 0++

?
χc0(3915)

X(3915) PDG 2022
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γγ → DD̄

though the Hamiltonian terms responsible for the
fine splitting are proportional to 1=m2

Q, with mQ the

heavy quark mass.
So where should the !c0ð2PÞ be? There have been a few

lattice calculations on the mass spectrum of excited char-
monium states. For the !c0ð2PÞ state, a quenched calcula-
tion gives a mass of 4091# 61 MeV [14], while it is
predicted to be around 4 GeV in full QCD with a pion as
large as 1 GeV [15]. However, effects due to light sea
quarks/large pion masses could be significant for the
excited P-wave charmonia nearby open-charm thresholds
[16]. Results calculated with a lower pionmass, though still
around 400 MeV, are presented in Ref. [17]. The authors
calculated the mass differences between the excited char-
monia and the "c in order to reduce the systematic uncer-
tainty due to tuning the charm quark mass. The results are
972# 9 and 1041# 12 MeV for the !c0ð2PÞ and the
!c2ð2PÞ, respectively. If the experimental mass of the "c

is used, the mass of the !c0ð2PÞ would be 3953# 9 MeV,
and meanwhile the !c2ð2PÞ would be about 100 MeV
heavier than the measured mass. However, one may extract
the fine splitting between the !c2ð2PÞ and the !c0ð2PÞ from
their calculation, which is 69# 15 MeV. Using the experi-
mental mass of the !c2ð2PÞ, one gets M!c0ð2PÞ ¼ 3858#
15 MeV. We regard this value as the most reliable lattice
estimate of the mass of the !c0ð2PÞ obtained so far. Quark
model predictions are in the same region. For instance, the
masses of the !c0ð2PÞ and the !c2ð2PÞ are predicted to be
3916 and 3979 MeV in the Godfrey-Isgur relativized quark
model [18,19], respectively. Shifting the !c2ð2PÞ to the
observed mass and keeping the value of the fine splitting
would give 3856MeV for the mass of the!c0ð2PÞ. A recent
quark model calculation using a screened potential [20]
predicts a mass of 3842 MeV for the !c0ð2PÞ; meanwhile,
the prediction for the !c2ð2PÞ, 3937 MeV, agrees with the
experimental value.

In the data of the process ## ! D !D from both Belle and
BABAR, there is a broad bump below the narrow peak of

the !c2ð2PÞ. The Belle Collaboration fits the D !D invariant
mass spectrum in the region 3:80 GeV<w< 4:2 GeV
with a Breit-Wigner function for the !c2ð2PÞ plus a back-
ground function / w%$ [2], with w the invariant mass of
the D !D pair. The BABAR Collaboration fits the spectrum
starting from theD !D threshold with a background function

/
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
w2 %m2

t

p
ðw%mtÞ$ exp½%%ðw%mtÞ', where the D !D

threshold is represented bymt [3]. However, if the !c0ð2PÞ
has a mass around 3850 MeVas estimated above, it would
lie in the region of the broad bump, and it could get hidden
in such fits. In this paper, we try to fit both data sets with
two Breit-Wigner functions. Our results indicate that the
!c0ð2PÞ could have a mass around 3840 MeV.
Because of the quality of the present data, we are not

aiming at a precise determination of the properties of the
!c0ð2PÞ. We will simply assume that all the cross sections
of the D !D production in photon-photon collisions are due
to resonant structures. This means that we will neglect
backgrounds due to nonresonant contribution and semi-
inclusive D !DX with undetected X (X can be soft pions or
photons). Because of much smaller phase space, the
branching fraction of the !c2ð2PÞ into D !D( þ c:c: should
be much smaller than that into D !D.3 Hence, the contribu-
tion of !c2ð2PÞ ! D !D( þ c:c: ! D !D&, with the & being
undetected, will be neglected, too. We use the same Breit-
Wigner function for the resonances as the one used by the
BABAR Collaboration [3]. Taking into account both the
phase space and Blatt-Weisskopf centrifugal barrier factor
FL, the function reads as

BLðwÞ ¼
"
p

p0

#
2Lþ1 M

w

F2
LðwÞ

ðw2 %M2Þ2 þ "2ðwÞM2 ; (1)
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FIG. 1 (color online). Fit to the BABAR (left) and Belle (right) data separately. The D-mass sidebands have been subtracted from the
Belle data. The dashed and dotted lines represent the contributions from the !c0ð2PÞ and the !c2ð2PÞ, respectively.

3This statement is supported by quark model calculations. The
ratio Bð!c2ð2PÞ ! D !D( þ c:c:Þ=Bð!c2ð2PÞ ! D !DÞ ¼ 0:33 in
Ref. [11], and it is 0.31 if we use the partial widths of the
!c2ð2PÞ calculated in Ref. [19] with the mass shifted down to the
experimental value.
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though the Hamiltonian terms responsible for the
fine splitting are proportional to 1=m2

Q, with mQ the

heavy quark mass.
So where should the !c0ð2PÞ be? There have been a few

lattice calculations on the mass spectrum of excited char-
monium states. For the !c0ð2PÞ state, a quenched calcula-
tion gives a mass of 4091# 61 MeV [14], while it is
predicted to be around 4 GeV in full QCD with a pion as
large as 1 GeV [15]. However, effects due to light sea
quarks/large pion masses could be significant for the
excited P-wave charmonia nearby open-charm thresholds
[16]. Results calculated with a lower pionmass, though still
around 400 MeV, are presented in Ref. [17]. The authors
calculated the mass differences between the excited char-
monia and the "c in order to reduce the systematic uncer-
tainty due to tuning the charm quark mass. The results are
972# 9 and 1041# 12 MeV for the !c0ð2PÞ and the
!c2ð2PÞ, respectively. If the experimental mass of the "c

is used, the mass of the !c0ð2PÞ would be 3953# 9 MeV,
and meanwhile the !c2ð2PÞ would be about 100 MeV
heavier than the measured mass. However, one may extract
the fine splitting between the !c2ð2PÞ and the !c0ð2PÞ from
their calculation, which is 69# 15 MeV. Using the experi-
mental mass of the !c2ð2PÞ, one gets M!c0ð2PÞ ¼ 3858#
15 MeV. We regard this value as the most reliable lattice
estimate of the mass of the !c0ð2PÞ obtained so far. Quark
model predictions are in the same region. For instance, the
masses of the !c0ð2PÞ and the !c2ð2PÞ are predicted to be
3916 and 3979 MeV in the Godfrey-Isgur relativized quark
model [18,19], respectively. Shifting the !c2ð2PÞ to the
observed mass and keeping the value of the fine splitting
would give 3856MeV for the mass of the!c0ð2PÞ. A recent
quark model calculation using a screened potential [20]
predicts a mass of 3842 MeV for the !c0ð2PÞ; meanwhile,
the prediction for the !c2ð2PÞ, 3937 MeV, agrees with the
experimental value.

In the data of the process ## ! D !D from both Belle and
BABAR, there is a broad bump below the narrow peak of

the !c2ð2PÞ. The Belle Collaboration fits the D !D invariant
mass spectrum in the region 3:80 GeV<w< 4:2 GeV
with a Breit-Wigner function for the !c2ð2PÞ plus a back-
ground function / w%$ [2], with w the invariant mass of
the D !D pair. The BABAR Collaboration fits the spectrum
starting from theD !D threshold with a background function

/
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
w2 %m2

t

p
ðw%mtÞ$ exp½%%ðw%mtÞ', where the D !D

threshold is represented bymt [3]. However, if the !c0ð2PÞ
has a mass around 3850 MeVas estimated above, it would
lie in the region of the broad bump, and it could get hidden
in such fits. In this paper, we try to fit both data sets with
two Breit-Wigner functions. Our results indicate that the
!c0ð2PÞ could have a mass around 3840 MeV.
Because of the quality of the present data, we are not

aiming at a precise determination of the properties of the
!c0ð2PÞ. We will simply assume that all the cross sections
of the D !D production in photon-photon collisions are due
to resonant structures. This means that we will neglect
backgrounds due to nonresonant contribution and semi-
inclusive D !DX with undetected X (X can be soft pions or
photons). Because of much smaller phase space, the
branching fraction of the !c2ð2PÞ into D !D( þ c:c: should
be much smaller than that into D !D.3 Hence, the contribu-
tion of !c2ð2PÞ ! D !D( þ c:c: ! D !D&, with the & being
undetected, will be neglected, too. We use the same Breit-
Wigner function for the resonances as the one used by the
BABAR Collaboration [3]. Taking into account both the
phase space and Blatt-Weisskopf centrifugal barrier factor
FL, the function reads as

BLðwÞ ¼
"
p

p0

#
2Lþ1 M

w

F2
LðwÞ

ðw2 %M2Þ2 þ "2ðwÞM2 ; (1)
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FIG. 1 (color online). Fit to the BABAR (left) and Belle (right) data separately. The D-mass sidebands have been subtracted from the
Belle data. The dashed and dotted lines represent the contributions from the !c0ð2PÞ and the !c2ð2PÞ, respectively.

3This statement is supported by quark model calculations. The
ratio Bð!c2ð2PÞ ! D !D( þ c:c:Þ=Bð!c2ð2PÞ ! D !DÞ ¼ 0:33 in
Ref. [11], and it is 0.31 if we use the partial widths of the
!c2ð2PÞ calculated in Ref. [19] with the mass shifted down to the
experimental value.
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γγ → DD̄

Another possibility for  ?χc0(2P)
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γγ → DD̄

though the Hamiltonian terms responsible for the
fine splitting are proportional to 1=m2

Q, with mQ the

heavy quark mass.
So where should the !c0ð2PÞ be? There have been a few

lattice calculations on the mass spectrum of excited char-
monium states. For the !c0ð2PÞ state, a quenched calcula-
tion gives a mass of 4091# 61 MeV [14], while it is
predicted to be around 4 GeV in full QCD with a pion as
large as 1 GeV [15]. However, effects due to light sea
quarks/large pion masses could be significant for the
excited P-wave charmonia nearby open-charm thresholds
[16]. Results calculated with a lower pionmass, though still
around 400 MeV, are presented in Ref. [17]. The authors
calculated the mass differences between the excited char-
monia and the "c in order to reduce the systematic uncer-
tainty due to tuning the charm quark mass. The results are
972# 9 and 1041# 12 MeV for the !c0ð2PÞ and the
!c2ð2PÞ, respectively. If the experimental mass of the "c

is used, the mass of the !c0ð2PÞ would be 3953# 9 MeV,
and meanwhile the !c2ð2PÞ would be about 100 MeV
heavier than the measured mass. However, one may extract
the fine splitting between the !c2ð2PÞ and the !c0ð2PÞ from
their calculation, which is 69# 15 MeV. Using the experi-
mental mass of the !c2ð2PÞ, one gets M!c0ð2PÞ ¼ 3858#
15 MeV. We regard this value as the most reliable lattice
estimate of the mass of the !c0ð2PÞ obtained so far. Quark
model predictions are in the same region. For instance, the
masses of the !c0ð2PÞ and the !c2ð2PÞ are predicted to be
3916 and 3979 MeV in the Godfrey-Isgur relativized quark
model [18,19], respectively. Shifting the !c2ð2PÞ to the
observed mass and keeping the value of the fine splitting
would give 3856MeV for the mass of the!c0ð2PÞ. A recent
quark model calculation using a screened potential [20]
predicts a mass of 3842 MeV for the !c0ð2PÞ; meanwhile,
the prediction for the !c2ð2PÞ, 3937 MeV, agrees with the
experimental value.

In the data of the process ## ! D !D from both Belle and
BABAR, there is a broad bump below the narrow peak of

the !c2ð2PÞ. The Belle Collaboration fits the D !D invariant
mass spectrum in the region 3:80 GeV<w< 4:2 GeV
with a Breit-Wigner function for the !c2ð2PÞ plus a back-
ground function / w%$ [2], with w the invariant mass of
the D !D pair. The BABAR Collaboration fits the spectrum
starting from theD !D threshold with a background function

/
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
w2 %m2

t

p
ðw%mtÞ$ exp½%%ðw%mtÞ', where the D !D

threshold is represented bymt [3]. However, if the !c0ð2PÞ
has a mass around 3850 MeVas estimated above, it would
lie in the region of the broad bump, and it could get hidden
in such fits. In this paper, we try to fit both data sets with
two Breit-Wigner functions. Our results indicate that the
!c0ð2PÞ could have a mass around 3840 MeV.
Because of the quality of the present data, we are not

aiming at a precise determination of the properties of the
!c0ð2PÞ. We will simply assume that all the cross sections
of the D !D production in photon-photon collisions are due
to resonant structures. This means that we will neglect
backgrounds due to nonresonant contribution and semi-
inclusive D !DX with undetected X (X can be soft pions or
photons). Because of much smaller phase space, the
branching fraction of the !c2ð2PÞ into D !D( þ c:c: should
be much smaller than that into D !D.3 Hence, the contribu-
tion of !c2ð2PÞ ! D !D( þ c:c: ! D !D&, with the & being
undetected, will be neglected, too. We use the same Breit-
Wigner function for the resonances as the one used by the
BABAR Collaboration [3]. Taking into account both the
phase space and Blatt-Weisskopf centrifugal barrier factor
FL, the function reads as

BLðwÞ ¼
"
p

p0

#
2Lþ1 M

w

F2
LðwÞ

ðw2 %M2Þ2 þ "2ðwÞM2 ; (1)
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FIG. 1 (color online). Fit to the BABAR (left) and Belle (right) data separately. The D-mass sidebands have been subtracted from the
Belle data. The dashed and dotted lines represent the contributions from the !c0ð2PÞ and the !c2ð2PÞ, respectively.

3This statement is supported by quark model calculations. The
ratio Bð!c2ð2PÞ ! D !D( þ c:c:Þ=Bð!c2ð2PÞ ! D !DÞ ¼ 0:33 in
Ref. [11], and it is 0.31 if we use the partial widths of the
!c2ð2PÞ calculated in Ref. [19] with the mass shifted down to the
experimental value.
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though the Hamiltonian terms responsible for the
fine splitting are proportional to 1=m2

Q, with mQ the

heavy quark mass.
So where should the !c0ð2PÞ be? There have been a few

lattice calculations on the mass spectrum of excited char-
monium states. For the !c0ð2PÞ state, a quenched calcula-
tion gives a mass of 4091# 61 MeV [14], while it is
predicted to be around 4 GeV in full QCD with a pion as
large as 1 GeV [15]. However, effects due to light sea
quarks/large pion masses could be significant for the
excited P-wave charmonia nearby open-charm thresholds
[16]. Results calculated with a lower pionmass, though still
around 400 MeV, are presented in Ref. [17]. The authors
calculated the mass differences between the excited char-
monia and the "c in order to reduce the systematic uncer-
tainty due to tuning the charm quark mass. The results are
972# 9 and 1041# 12 MeV for the !c0ð2PÞ and the
!c2ð2PÞ, respectively. If the experimental mass of the "c

is used, the mass of the !c0ð2PÞ would be 3953# 9 MeV,
and meanwhile the !c2ð2PÞ would be about 100 MeV
heavier than the measured mass. However, one may extract
the fine splitting between the !c2ð2PÞ and the !c0ð2PÞ from
their calculation, which is 69# 15 MeV. Using the experi-
mental mass of the !c2ð2PÞ, one gets M!c0ð2PÞ ¼ 3858#
15 MeV. We regard this value as the most reliable lattice
estimate of the mass of the !c0ð2PÞ obtained so far. Quark
model predictions are in the same region. For instance, the
masses of the !c0ð2PÞ and the !c2ð2PÞ are predicted to be
3916 and 3979 MeV in the Godfrey-Isgur relativized quark
model [18,19], respectively. Shifting the !c2ð2PÞ to the
observed mass and keeping the value of the fine splitting
would give 3856MeV for the mass of the!c0ð2PÞ. A recent
quark model calculation using a screened potential [20]
predicts a mass of 3842 MeV for the !c0ð2PÞ; meanwhile,
the prediction for the !c2ð2PÞ, 3937 MeV, agrees with the
experimental value.

In the data of the process ## ! D !D from both Belle and
BABAR, there is a broad bump below the narrow peak of

the !c2ð2PÞ. The Belle Collaboration fits the D !D invariant
mass spectrum in the region 3:80 GeV<w< 4:2 GeV
with a Breit-Wigner function for the !c2ð2PÞ plus a back-
ground function / w%$ [2], with w the invariant mass of
the D !D pair. The BABAR Collaboration fits the spectrum
starting from theD !D threshold with a background function

/
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
w2 %m2

t

p
ðw%mtÞ$ exp½%%ðw%mtÞ', where the D !D

threshold is represented bymt [3]. However, if the !c0ð2PÞ
has a mass around 3850 MeVas estimated above, it would
lie in the region of the broad bump, and it could get hidden
in such fits. In this paper, we try to fit both data sets with
two Breit-Wigner functions. Our results indicate that the
!c0ð2PÞ could have a mass around 3840 MeV.
Because of the quality of the present data, we are not

aiming at a precise determination of the properties of the
!c0ð2PÞ. We will simply assume that all the cross sections
of the D !D production in photon-photon collisions are due
to resonant structures. This means that we will neglect
backgrounds due to nonresonant contribution and semi-
inclusive D !DX with undetected X (X can be soft pions or
photons). Because of much smaller phase space, the
branching fraction of the !c2ð2PÞ into D !D( þ c:c: should
be much smaller than that into D !D.3 Hence, the contribu-
tion of !c2ð2PÞ ! D !D( þ c:c: ! D !D&, with the & being
undetected, will be neglected, too. We use the same Breit-
Wigner function for the resonances as the one used by the
BABAR Collaboration [3]. Taking into account both the
phase space and Blatt-Weisskopf centrifugal barrier factor
FL, the function reads as

BLðwÞ ¼
"
p

p0

#
2Lþ1 M

w

F2
LðwÞ

ðw2 %M2Þ2 þ "2ðwÞM2 ; (1)
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FIG. 1 (color online). Fit to the BABAR (left) and Belle (right) data separately. The D-mass sidebands have been subtracted from the
Belle data. The dashed and dotted lines represent the contributions from the !c0ð2PÞ and the !c2ð2PÞ, respectively.

3This statement is supported by quark model calculations. The
ratio Bð!c2ð2PÞ ! D !D( þ c:c:Þ=Bð!c2ð2PÞ ! D !DÞ ¼ 0:33 in
Ref. [11], and it is 0.31 if we use the partial widths of the
!c2ð2PÞ calculated in Ref. [19] with the mass shifted down to the
experimental value.
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γγ → DD̄

BL(s) = ( p(s)
p(m2

R) )
2L+1

mR

s

F2
L(s)

(s − m2
R)2 + m2

R Γ2(s)
, Γ(s) = ΓR ( p(s)

p(m2
R) )

2L+1
mR

s
F2

L(s)

Mχc0(2P) = 3837.6 ± 11.5 MeV , Γχc0(2P) = 221 ± 19 MeV

[Guo Meißner 2010] 
two Breit-Wigner functions: mass and width of  is fixed, and  is fittedχc2(3930) χc0(2P)

Another possibility for  ?χc0(2P)
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FIG. 6. Projections of the signal fit results in the default model onto MDD̄ and angular variables. The points with error bars
are the data, the hatched histograms are the background, the blue solid line is the fit with a new X∗ resonance (JPC = 0++)
and the red dashed line is the fit with nonresonant amplitude only.

TABLE IV. Systematic errors for the X∗(3860) mass (in
MeV/c2) and width (in MeV).

Error source Mass Width

Nonresonant amplitude model +40.2
−0.0

+0.0
−82.0

Signal model +0.0
−10.2

+0.0
−4.0

Fit bias — +32.6
−0

Optimization +0.0
−3.1

+71.1
−0.0

Background mass calculation +0.0
−7.9

+40.0
−0.0

D mass ±0.2 —

Total +40.2
−13.3

+87.9
−82.1

the previous analysis [20] is the variation of selection re-
quirements. There is no straightforward analog of this
uncertainty 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 significance a in Eq. (3) from its default value (5)
by ±1 unit, repeat the global optimization and fitting
with the new target significance and treat the variations
of the X∗(3860) mass and width as the systematic un-
certainty related to the optimization.
The default MDD̄ calculation procedure for the back-

ground events is the same as for the events in the signal
region. We perform a mass-constrained fit to the J/ψ and
D candidates with the candidate mass fixed at mJ/ψ and
mD, respectively. Alternatively, the background region is
divided into smaller rectangular (MJ/ψ,MD) subregions.
The candidate mass is fixed at the center of its subregion.
After the fit with Mrec constrained to mD, the resulting
value of mDD̄ is shifted in such a way that the threshold
of the new distribution is at 2mD. The background dis-
tribution is then calculated in the same way as for the
default mass calculation method; the difference in the fit
results is considered as the background mass calculation
method systematic uncertainty.

The mass also has a systematic error due to the uncer-
tainty in the mass of the X∗(3860) decay products (the
D mesons).

The X∗(3860) global significance for alternative mod-
els is shown in Table V. The minimal global significance
of the X∗(3860) is found to be 6.5σ. Thus, the new state
X∗(3860) is clearly observed, accounting for both statis-
tical and systematic uncertainties.

e+e− → J/ψDD̄
Problems: 

• The  statistics is rather limited 

• LHCb 2021 amplitude analysis of   
see no evidence for broad 

e+e− → J/ψDD̄

B+ → D+D−K+

X(3860)

?
χc0(3860)

X(3860) PDG 2022

Belle 2017
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Theory overview

4

JETSET7.3 decay routines [9] for the D meson decays
(using PDG2004 [10] values for the decay branching frac-
tions). We find from the MC study that the product of
the efficiency and branching fractions of the two D decay
modes in the D+D− channel is about 50% of that in the
D0D̄0 channel.
The results of the fit for the resonance mass, width

and total yield of the resonance are M = 3929 ±
5(stat) MeV/c2, Γ = 29 ± 10(stat) MeV and 64 ±
18(stat) events, respectively. The mass resolution, which
is estimated by MC to be 3 MeV/c2 is taken into account
in the fit. The statistical significance of the peak is 5.3σ,
which is derived from

√

2 ln(Lmax/L0), where Lmax and
L0 are the logarithmic-likelihoods for fits with and with-
out a resonance peak component, shown in Fig. 2(c) as
solid and dashed curves, respectively.
Systematic errors for the parameters M and Γ are

2 MeV/c2 and 2 MeV, respectively. The former is par-
tially due to the uncertainties on the D meson masses
(1 MeV/c2 for the resonance mass). We also consider
the effect of choosing different Breit-Wigner functional
forms for spin 0 and 2 resonances and wave functions in
this error.
The Pt(DD̄) distribution in the peak region,

3.91 GeV/c2 < M(DD̄) < 3.95 GeV/c2, is shown in
Fig. 3. Here the Pt requirement has been relaxed. The
experimental data are fitted by a shape that is expected
for exclusive two-photon DD̄ production plus a linear
background. We expect non-charm and non-exclusive
backgrounds to be nearly linear in Pt(DD̄). The fit
uses a binned-maximum likelihood method with the nor-
malizations of the two components treated as free pa-
rameters. The linear-background component, 1.8 ± 0.6
events for Pt(DD̄) < 0.05 GeV/c2, and the goodness
of fit, χ2/d.o.f = 14.2/18, indicate that the events in
the peak region originate primarily from exclusive two-
photon events.
The Pt(DD̄) distribution produced by DD̄∗ and D∗D̄∗

events is expected to be distorted by the transverse mo-
mentum of the undetected slow pion(s), which peaks
around 0.05 GeV/c (dashed histogram in Fig. 3). Such a
distortion is not seen in the observed Pt distribution.
We investigate possible backgrounds from non-DD̄

sources using D-sideband events. The histogram in
Fig. 2(c) shows the invariant mass distribution for events
where theD-meson is replaced by a hadron system from a
D-signal mass sideband regions above and below the sig-
nal region with the same width as the signal mass region.
Here we use two types of sideband events: one where one
D-meson candidate is in the signal mass region, and an-
other where both entries are from the sidebands. Since
there is no significant event excess in the former type over
the latter, we conclude that the sideband events are domi-
nated by non-charm backgrounds. We combine them and
appropriately scale in order to compare to the DD̄ signal
yield. We conclude that the candidate events are domi-

FIG. 2: Invariant mass distributions for the (a) D0D̄0 chan-
nels and (b) the D+D− mode. (c) The combined M(DD̄)
distribution. The curves show the fits with (solid) and with-
out (dashed) a resonance component. The histogram shows
the distribution of the events from the D-mass sidebands (see
the text).

nated by DD̄ (inclusive or exclusive) events in the entire
mass region.

Figures 4(a) and (b) show the M(DD̄) distributions
for events with | cos θ∗| < 0.5 and | cos θ∗| > 0.5, respec-
tively, where θ∗ is the angle of a D meson relative to
the beam axis in the γγ c.m. frame. It is apparent that
the events in the 3.93 GeV/c2 peak tend to concentrate
at small | cos θ∗| values. The points with error bars in
Fig. 4(c) show the event yields in the 3.91 GeV/c2 to
3.95 GeV/c2 region versus | cos θ∗|. Background, esti-
mated from events in the M(DD̄) sideband, is indicated
by the histogram. The solid curve in Fig. 4(c) shows
the expectation using sin4 θ∗ to represent the signal from
a spin-2 meson produced with helicity-2 along the inci-
dent axis [11, 12]. A term proportional to 1 + a cos2 θ∗

that interpolates the background (dotted curve) is also
included. A small nonuniformity of the signal acceptance
in the c.m. angle is taken into account. The comparison
to the data has χ2/d.o.f. = 1.9/9. Here the functions
are normalized to the numbers of signal and background
events obtained from the fit of the invariant mass dis-
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FIG. 9: (a) Detector resolution ∆mres for channel C6; the fitted curve is described in the text; (b) mass-dependence of the
resolution function parameter σ0; (c) mass-dependence of the FWHM of the resolution function.
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FIG. 10: Efficiency-corrected mean DD mass distribution
with standard fit. The dashed curve shows the background
lineshape (see Sec. VIII).

obtained from fits to the DD̄ mass spectrum for ten re-
gions of |cos θ|. The data have been weighted by a cos θ-
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 fixed to the values found in
Sec. VIII, and Eq. (14) has been used to describe the
background. Other background models have been tried,
obtaining distributions fully consistent with Fig. 11.
The function describing the decay angular distribution

for spin 2 has been calculated using the helicity formalism
and has the form

dN

d cos θ
∝ sin4 θ. (16)
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FIG. 11: Signal yield as a function of |cos θ| derived from fits
to the efficiency-corrected DD spectrum. The solid curve is
the expected distribution for spin 2 with dominating helicity-2
contribution, the dotted straight line is for spin 0.

It has been assumed that the dominating amplitude has
helicity 2. This is in agreement with previous measure-
ments [34] and theoretical predictions [24, 30]. The dis-
tribution of Eq. (16) was fitted to the experimental an-
gular distribution, and a χ2/NDF value of 5.63/9 was
obtained, with NDF indicating the number of degrees of
freedom. For a flat distribution, which is expected for
spin 0, a χ2/NDF = 15.55/9 was obtained. It follows
that the preferred JPC assignment is 2++.

X. TWO-PHOTON WIDTH OF THE Z(3930)
STATE

From the efficiency-corrected number of observed sig-
nal events, NεB , we determine the total experimental
cross-section

σexp(e
+e− → e+e−γγ, γγ → Z(3930), Z(3930)→ DD)

= NεB/

∫

Ldt = 741± 166 fb (17)

γ γ → DD̄

Belle 2006 BaBar 2010

γ γ → DD̄
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FIG. 6. Projections of the signal fit results in the default model onto MDD̄ and angular variables. The points with error bars
are the data, the hatched histograms are the background, the blue solid line is the fit with a new X∗ resonance (JPC = 0++)
and the red dashed line is the fit with nonresonant amplitude only.

TABLE IV. Systematic errors for the X∗(3860) mass (in
MeV/c2) and width (in MeV).

Error source Mass Width

Nonresonant amplitude model +40.2
−0.0

+0.0
−82.0

Signal model +0.0
−10.2

+0.0
−4.0

Fit bias — +32.6
−0

Optimization +0.0
−3.1

+71.1
−0.0

Background mass calculation +0.0
−7.9

+40.0
−0.0

D mass ±0.2 —

Total +40.2
−13.3

+87.9
−82.1

the previous analysis [20] is the variation of selection re-
quirements. There is no straightforward analog of this
uncertainty 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 significance a in Eq. (3) from its default value (5)
by ±1 unit, repeat the global optimization and fitting
with the new target significance and treat the variations
of the X∗(3860) mass and width as the systematic un-
certainty related to the optimization.
The default MDD̄ calculation procedure for the back-

ground events is the same as for the events in the signal
region. We perform a mass-constrained fit to the J/ψ and
D candidates with the candidate mass fixed at mJ/ψ and
mD, respectively. Alternatively, the background region is
divided into smaller rectangular (MJ/ψ,MD) subregions.
The candidate mass is fixed at the center of its subregion.
After the fit with Mrec constrained to mD, the resulting
value of mDD̄ is shifted in such a way that the threshold
of the new distribution is at 2mD. The background dis-
tribution is then calculated in the same way as for the
default mass calculation method; the difference in the fit
results is considered as the background mass calculation
method systematic uncertainty.

The mass also has a systematic error due to the uncer-
tainty in the mass of the X∗(3860) decay products (the
D mesons).

The X∗(3860) global significance for alternative mod-
els is shown in Table V. The minimal global significance
of the X∗(3860) is found to be 6.5σ. Thus, the new state
X∗(3860) is clearly observed, accounting for both statis-
tical and systematic uncertainties.

Belle 2017
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[Guo Meißner 2010] Breit-Wigner analysis of : found a broad γγ → DD̄ χc0(3860)

4

JETSET7.3 decay routines [9] for the D meson decays
(using PDG2004 [10] values for the decay branching frac-
tions). We find from the MC study that the product of
the efficiency and branching fractions of the two D decay
modes in the D+D− channel is about 50% of that in the
D0D̄0 channel.
The results of the fit for the resonance mass, width

and total yield of the resonance are M = 3929 ±
5(stat) MeV/c2, Γ = 29 ± 10(stat) MeV and 64 ±
18(stat) events, respectively. The mass resolution, which
is estimated by MC to be 3 MeV/c2 is taken into account
in the fit. The statistical significance of the peak is 5.3σ,
which is derived from

√

2 ln(Lmax/L0), where Lmax and
L0 are the logarithmic-likelihoods for fits with and with-
out a resonance peak component, shown in Fig. 2(c) as
solid and dashed curves, respectively.
Systematic errors for the parameters M and Γ are

2 MeV/c2 and 2 MeV, respectively. The former is par-
tially due to the uncertainties on the D meson masses
(1 MeV/c2 for the resonance mass). We also consider
the effect of choosing different Breit-Wigner functional
forms for spin 0 and 2 resonances and wave functions in
this error.
The Pt(DD̄) distribution in the peak region,

3.91 GeV/c2 < M(DD̄) < 3.95 GeV/c2, is shown in
Fig. 3. Here the Pt requirement has been relaxed. The
experimental data are fitted by a shape that is expected
for exclusive two-photon DD̄ production plus a linear
background. We expect non-charm and non-exclusive
backgrounds to be nearly linear in Pt(DD̄). The fit
uses a binned-maximum likelihood method with the nor-
malizations of the two components treated as free pa-
rameters. The linear-background component, 1.8 ± 0.6
events for Pt(DD̄) < 0.05 GeV/c2, and the goodness
of fit, χ2/d.o.f = 14.2/18, indicate that the events in
the peak region originate primarily from exclusive two-
photon events.
The Pt(DD̄) distribution produced by DD̄∗ and D∗D̄∗

events is expected to be distorted by the transverse mo-
mentum of the undetected slow pion(s), which peaks
around 0.05 GeV/c (dashed histogram in Fig. 3). Such a
distortion is not seen in the observed Pt distribution.
We investigate possible backgrounds from non-DD̄

sources using D-sideband events. The histogram in
Fig. 2(c) shows the invariant mass distribution for events
where theD-meson is replaced by a hadron system from a
D-signal mass sideband regions above and below the sig-
nal region with the same width as the signal mass region.
Here we use two types of sideband events: one where one
D-meson candidate is in the signal mass region, and an-
other where both entries are from the sidebands. Since
there is no significant event excess in the former type over
the latter, we conclude that the sideband events are domi-
nated by non-charm backgrounds. We combine them and
appropriately scale in order to compare to the DD̄ signal
yield. We conclude that the candidate events are domi-

FIG. 2: Invariant mass distributions for the (a) D0D̄0 chan-
nels and (b) the D+D− mode. (c) The combined M(DD̄)
distribution. The curves show the fits with (solid) and with-
out (dashed) a resonance component. The histogram shows
the distribution of the events from the D-mass sidebands (see
the text).

nated by DD̄ (inclusive or exclusive) events in the entire
mass region.

Figures 4(a) and (b) show the M(DD̄) distributions
for events with | cos θ∗| < 0.5 and | cos θ∗| > 0.5, respec-
tively, where θ∗ is the angle of a D meson relative to
the beam axis in the γγ c.m. frame. It is apparent that
the events in the 3.93 GeV/c2 peak tend to concentrate
at small | cos θ∗| values. The points with error bars in
Fig. 4(c) show the event yields in the 3.91 GeV/c2 to
3.95 GeV/c2 region versus | cos θ∗|. Background, esti-
mated from events in the M(DD̄) sideband, is indicated
by the histogram. The solid curve in Fig. 4(c) shows
the expectation using sin4 θ∗ to represent the signal from
a spin-2 meson produced with helicity-2 along the inci-
dent axis [11, 12]. A term proportional to 1 + a cos2 θ∗

that interpolates the background (dotted curve) is also
included. A small nonuniformity of the signal acceptance
in the c.m. angle is taken into account. The comparison
to the data has χ2/d.o.f. = 1.9/9. Here the functions
are normalized to the numbers of signal and background
events obtained from the fit of the invariant mass dis-
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FIG. 9: (a) Detector resolution ∆mres for channel C6; the fitted curve is described in the text; (b) mass-dependence of the
resolution function parameter σ0; (c) mass-dependence of the FWHM of the resolution function.
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FIG. 10: Efficiency-corrected mean DD mass distribution
with standard fit. The dashed curve shows the background
lineshape (see Sec. VIII).

obtained from fits to the DD̄ mass spectrum for ten re-
gions of |cos θ|. The data have been weighted by a cos θ-
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 fixed to the values found in
Sec. VIII, and Eq. (14) has been used to describe the
background. Other background models have been tried,
obtaining distributions fully consistent with Fig. 11.
The function describing the decay angular distribution

for spin 2 has been calculated using the helicity formalism
and has the form

dN

d cos θ
∝ sin4 θ. (16)

|θ|cos
0 0.2 0.4 0.6 0.8 1

En
tri

es
 / 

0.
1

-5

0

5

10

15

20

FIG. 11: Signal yield as a function of |cos θ| derived from fits
to the efficiency-corrected DD spectrum. The solid curve is
the expected distribution for spin 2 with dominating helicity-2
contribution, the dotted straight line is for spin 0.

It has been assumed that the dominating amplitude has
helicity 2. This is in agreement with previous measure-
ments [34] and theoretical predictions [24, 30]. The dis-
tribution of Eq. (16) was fitted to the experimental an-
gular distribution, and a χ2/NDF value of 5.63/9 was
obtained, with NDF indicating the number of degrees of
freedom. For a flat distribution, which is expected for
spin 0, a χ2/NDF = 15.55/9 was obtained. It follows
that the preferred JPC assignment is 2++.

X. TWO-PHOTON WIDTH OF THE Z(3930)
STATE

From the efficiency-corrected number of observed sig-
nal events, NεB , we determine the total experimental
cross-section

σexp(e
+e− → e+e−γγ, γγ → Z(3930), Z(3930)→ DD)

= NεB/

∫

Ldt = 741± 166 fb (17)

γ γ → DD̄
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FIG. 6. Projections of the signal fit results in the default model onto MDD̄ and angular variables. The points with error bars
are the data, the hatched histograms are the background, the blue solid line is the fit with a new X∗ resonance (JPC = 0++)
and the red dashed line is the fit with nonresonant amplitude only.

TABLE IV. Systematic errors for the X∗(3860) mass (in
MeV/c2) and width (in MeV).

Error source Mass Width

Nonresonant amplitude model +40.2
−0.0

+0.0
−82.0

Signal model +0.0
−10.2

+0.0
−4.0

Fit bias — +32.6
−0

Optimization +0.0
−3.1

+71.1
−0.0

Background mass calculation +0.0
−7.9

+40.0
−0.0

D mass ±0.2 —

Total +40.2
−13.3

+87.9
−82.1

the previous analysis [20] is the variation of selection re-
quirements. There is no straightforward analog of this
uncertainty 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 significance a in Eq. (3) from its default value (5)
by ±1 unit, repeat the global optimization and fitting
with the new target significance and treat the variations
of the X∗(3860) mass and width as the systematic un-
certainty related to the optimization.
The default MDD̄ calculation procedure for the back-

ground events is the same as for the events in the signal
region. We perform a mass-constrained fit to the J/ψ and
D candidates with the candidate mass fixed at mJ/ψ and
mD, respectively. Alternatively, the background region is
divided into smaller rectangular (MJ/ψ,MD) subregions.
The candidate mass is fixed at the center of its subregion.
After the fit with Mrec constrained to mD, the resulting
value of mDD̄ is shifted in such a way that the threshold
of the new distribution is at 2mD. The background dis-
tribution is then calculated in the same way as for the
default mass calculation method; the difference in the fit
results is considered as the background mass calculation
method systematic uncertainty.

The mass also has a systematic error due to the uncer-
tainty in the mass of the X∗(3860) decay products (the
D mesons).

The X∗(3860) global significance for alternative mod-
els is shown in Table V. The minimal global significance
of the X∗(3860) is found to be 6.5σ. Thus, the new state
X∗(3860) is clearly observed, accounting for both statis-
tical and systematic uncertainties.

Belle 2017
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[Guo Meißner 2010] Breit-Wigner analysis of : found a broad γγ → DD̄ χc0(3860)

4

JETSET7.3 decay routines [9] for the D meson decays
(using PDG2004 [10] values for the decay branching frac-
tions). We find from the MC study that the product of
the efficiency and branching fractions of the two D decay
modes in the D+D− channel is about 50% of that in the
D0D̄0 channel.
The results of the fit for the resonance mass, width

and total yield of the resonance are M = 3929 ±
5(stat) MeV/c2, Γ = 29 ± 10(stat) MeV and 64 ±
18(stat) events, respectively. The mass resolution, which
is estimated by MC to be 3 MeV/c2 is taken into account
in the fit. The statistical significance of the peak is 5.3σ,
which is derived from

√

2 ln(Lmax/L0), where Lmax and
L0 are the logarithmic-likelihoods for fits with and with-
out a resonance peak component, shown in Fig. 2(c) as
solid and dashed curves, respectively.
Systematic errors for the parameters M and Γ are

2 MeV/c2 and 2 MeV, respectively. The former is par-
tially due to the uncertainties on the D meson masses
(1 MeV/c2 for the resonance mass). We also consider
the effect of choosing different Breit-Wigner functional
forms for spin 0 and 2 resonances and wave functions in
this error.
The Pt(DD̄) distribution in the peak region,

3.91 GeV/c2 < M(DD̄) < 3.95 GeV/c2, is shown in
Fig. 3. Here the Pt requirement has been relaxed. The
experimental data are fitted by a shape that is expected
for exclusive two-photon DD̄ production plus a linear
background. We expect non-charm and non-exclusive
backgrounds to be nearly linear in Pt(DD̄). The fit
uses a binned-maximum likelihood method with the nor-
malizations of the two components treated as free pa-
rameters. The linear-background component, 1.8 ± 0.6
events for Pt(DD̄) < 0.05 GeV/c2, and the goodness
of fit, χ2/d.o.f = 14.2/18, indicate that the events in
the peak region originate primarily from exclusive two-
photon events.
The Pt(DD̄) distribution produced by DD̄∗ and D∗D̄∗

events is expected to be distorted by the transverse mo-
mentum of the undetected slow pion(s), which peaks
around 0.05 GeV/c (dashed histogram in Fig. 3). Such a
distortion is not seen in the observed Pt distribution.
We investigate possible backgrounds from non-DD̄

sources using D-sideband events. The histogram in
Fig. 2(c) shows the invariant mass distribution for events
where theD-meson is replaced by a hadron system from a
D-signal mass sideband regions above and below the sig-
nal region with the same width as the signal mass region.
Here we use two types of sideband events: one where one
D-meson candidate is in the signal mass region, and an-
other where both entries are from the sidebands. Since
there is no significant event excess in the former type over
the latter, we conclude that the sideband events are domi-
nated by non-charm backgrounds. We combine them and
appropriately scale in order to compare to the DD̄ signal
yield. We conclude that the candidate events are domi-

FIG. 2: Invariant mass distributions for the (a) D0D̄0 chan-
nels and (b) the D+D− mode. (c) The combined M(DD̄)
distribution. The curves show the fits with (solid) and with-
out (dashed) a resonance component. The histogram shows
the distribution of the events from the D-mass sidebands (see
the text).

nated by DD̄ (inclusive or exclusive) events in the entire
mass region.

Figures 4(a) and (b) show the M(DD̄) distributions
for events with | cos θ∗| < 0.5 and | cos θ∗| > 0.5, respec-
tively, where θ∗ is the angle of a D meson relative to
the beam axis in the γγ c.m. frame. It is apparent that
the events in the 3.93 GeV/c2 peak tend to concentrate
at small | cos θ∗| values. The points with error bars in
Fig. 4(c) show the event yields in the 3.91 GeV/c2 to
3.95 GeV/c2 region versus | cos θ∗|. Background, esti-
mated from events in the M(DD̄) sideband, is indicated
by the histogram. The solid curve in Fig. 4(c) shows
the expectation using sin4 θ∗ to represent the signal from
a spin-2 meson produced with helicity-2 along the inci-
dent axis [11, 12]. A term proportional to 1 + a cos2 θ∗

that interpolates the background (dotted curve) is also
included. A small nonuniformity of the signal acceptance
in the c.m. angle is taken into account. The comparison
to the data has χ2/d.o.f. = 1.9/9. Here the functions
are normalized to the numbers of signal and background
events obtained from the fit of the invariant mass dis-
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FIG. 9: (a) Detector resolution ∆mres for channel C6; the fitted curve is described in the text; (b) mass-dependence of the
resolution function parameter σ0; (c) mass-dependence of the FWHM of the resolution function.
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FIG. 10: Efficiency-corrected mean DD mass distribution
with standard fit. The dashed curve shows the background
lineshape (see Sec. VIII).

obtained from fits to the DD̄ mass spectrum for ten re-
gions of |cos θ|. The data have been weighted by a cos θ-
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 fixed to the values found in
Sec. VIII, and Eq. (14) has been used to describe the
background. Other background models have been tried,
obtaining distributions fully consistent with Fig. 11.
The function describing the decay angular distribution

for spin 2 has been calculated using the helicity formalism
and has the form

dN

d cos θ
∝ sin4 θ. (16)
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FIG. 11: Signal yield as a function of |cos θ| derived from fits
to the efficiency-corrected DD spectrum. The solid curve is
the expected distribution for spin 2 with dominating helicity-2
contribution, the dotted straight line is for spin 0.

It has been assumed that the dominating amplitude has
helicity 2. This is in agreement with previous measure-
ments [34] and theoretical predictions [24, 30]. The dis-
tribution of Eq. (16) was fitted to the experimental an-
gular distribution, and a χ2/NDF value of 5.63/9 was
obtained, with NDF indicating the number of degrees of
freedom. For a flat distribution, which is expected for
spin 0, a χ2/NDF = 15.55/9 was obtained. It follows
that the preferred JPC assignment is 2++.

X. TWO-PHOTON WIDTH OF THE Z(3930)
STATE

From the efficiency-corrected number of observed sig-
nal events, NεB , we determine the total experimental
cross-section

σexp(e
+e− → e+e−γγ, γγ → Z(3930), Z(3930)→ DD)

= NεB/

∫

Ldt = 741± 166 fb (17)

γ γ → DD̄

Belle 2006 BaBar 2010
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FIG. 6. Projections of the signal fit results in the default model onto MDD̄ and angular variables. The points with error bars
are the data, the hatched histograms are the background, the blue solid line is the fit with a new X∗ resonance (JPC = 0++)
and the red dashed line is the fit with nonresonant amplitude only.

TABLE IV. Systematic errors for the X∗(3860) mass (in
MeV/c2) and width (in MeV).

Error source Mass Width

Nonresonant amplitude model +40.2
−0.0

+0.0
−82.0

Signal model +0.0
−10.2

+0.0
−4.0

Fit bias — +32.6
−0

Optimization +0.0
−3.1

+71.1
−0.0

Background mass calculation +0.0
−7.9

+40.0
−0.0

D mass ±0.2 —

Total +40.2
−13.3

+87.9
−82.1

the previous analysis [20] is the variation of selection re-
quirements. There is no straightforward analog of this
uncertainty 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 significance a in Eq. (3) from its default value (5)
by ±1 unit, repeat the global optimization and fitting
with the new target significance and treat the variations
of the X∗(3860) mass and width as the systematic un-
certainty related to the optimization.
The default MDD̄ calculation procedure for the back-

ground events is the same as for the events in the signal
region. We perform a mass-constrained fit to the J/ψ and
D candidates with the candidate mass fixed at mJ/ψ and
mD, respectively. Alternatively, the background region is
divided into smaller rectangular (MJ/ψ,MD) subregions.
The candidate mass is fixed at the center of its subregion.
After the fit with Mrec constrained to mD, the resulting
value of mDD̄ is shifted in such a way that the threshold
of the new distribution is at 2mD. The background dis-
tribution is then calculated in the same way as for the
default mass calculation method; the difference in the fit
results is considered as the background mass calculation
method systematic uncertainty.

The mass also has a systematic error due to the uncer-
tainty in the mass of the X∗(3860) decay products (the
D mesons).

The X∗(3860) global significance for alternative mod-
els is shown in Table V. The minimal global significance
of the X∗(3860) is found to be 6.5σ. Thus, the new state
X∗(3860) is clearly observed, accounting for both statis-
tical and systematic uncertainties.

Belle 2017

e+e− → J/ψDD̄
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[Wang et al. 2021, Gemerman et al. 2007] Unitary approach (BSE) found that  & 
 data do not contradict dynamics with the encoded bound state:  

no broad  is needed
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χc0(3860)
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[Guo Meißner 2010] Breit-Wigner analysis of : found a broad γγ → DD̄ χc0(3860)

4

JETSET7.3 decay routines [9] for the D meson decays
(using PDG2004 [10] values for the decay branching frac-
tions). We find from the MC study that the product of
the efficiency and branching fractions of the two D decay
modes in the D+D− channel is about 50% of that in the
D0D̄0 channel.
The results of the fit for the resonance mass, width

and total yield of the resonance are M = 3929 ±
5(stat) MeV/c2, Γ = 29 ± 10(stat) MeV and 64 ±
18(stat) events, respectively. The mass resolution, which
is estimated by MC to be 3 MeV/c2 is taken into account
in the fit. The statistical significance of the peak is 5.3σ,
which is derived from

√

2 ln(Lmax/L0), where Lmax and
L0 are the logarithmic-likelihoods for fits with and with-
out a resonance peak component, shown in Fig. 2(c) as
solid and dashed curves, respectively.
Systematic errors for the parameters M and Γ are

2 MeV/c2 and 2 MeV, respectively. The former is par-
tially due to the uncertainties on the D meson masses
(1 MeV/c2 for the resonance mass). We also consider
the effect of choosing different Breit-Wigner functional
forms for spin 0 and 2 resonances and wave functions in
this error.
The Pt(DD̄) distribution in the peak region,

3.91 GeV/c2 < M(DD̄) < 3.95 GeV/c2, is shown in
Fig. 3. Here the Pt requirement has been relaxed. The
experimental data are fitted by a shape that is expected
for exclusive two-photon DD̄ production plus a linear
background. We expect non-charm and non-exclusive
backgrounds to be nearly linear in Pt(DD̄). The fit
uses a binned-maximum likelihood method with the nor-
malizations of the two components treated as free pa-
rameters. The linear-background component, 1.8 ± 0.6
events for Pt(DD̄) < 0.05 GeV/c2, and the goodness
of fit, χ2/d.o.f = 14.2/18, indicate that the events in
the peak region originate primarily from exclusive two-
photon events.
The Pt(DD̄) distribution produced by DD̄∗ and D∗D̄∗

events is expected to be distorted by the transverse mo-
mentum of the undetected slow pion(s), which peaks
around 0.05 GeV/c (dashed histogram in Fig. 3). Such a
distortion is not seen in the observed Pt distribution.
We investigate possible backgrounds from non-DD̄

sources using D-sideband events. The histogram in
Fig. 2(c) shows the invariant mass distribution for events
where theD-meson is replaced by a hadron system from a
D-signal mass sideband regions above and below the sig-
nal region with the same width as the signal mass region.
Here we use two types of sideband events: one where one
D-meson candidate is in the signal mass region, and an-
other where both entries are from the sidebands. Since
there is no significant event excess in the former type over
the latter, we conclude that the sideband events are domi-
nated by non-charm backgrounds. We combine them and
appropriately scale in order to compare to the DD̄ signal
yield. We conclude that the candidate events are domi-

FIG. 2: Invariant mass distributions for the (a) D0D̄0 chan-
nels and (b) the D+D− mode. (c) The combined M(DD̄)
distribution. The curves show the fits with (solid) and with-
out (dashed) a resonance component. The histogram shows
the distribution of the events from the D-mass sidebands (see
the text).

nated by DD̄ (inclusive or exclusive) events in the entire
mass region.

Figures 4(a) and (b) show the M(DD̄) distributions
for events with | cos θ∗| < 0.5 and | cos θ∗| > 0.5, respec-
tively, where θ∗ is the angle of a D meson relative to
the beam axis in the γγ c.m. frame. It is apparent that
the events in the 3.93 GeV/c2 peak tend to concentrate
at small | cos θ∗| values. The points with error bars in
Fig. 4(c) show the event yields in the 3.91 GeV/c2 to
3.95 GeV/c2 region versus | cos θ∗|. Background, esti-
mated from events in the M(DD̄) sideband, is indicated
by the histogram. The solid curve in Fig. 4(c) shows
the expectation using sin4 θ∗ to represent the signal from
a spin-2 meson produced with helicity-2 along the inci-
dent axis [11, 12]. A term proportional to 1 + a cos2 θ∗

that interpolates the background (dotted curve) is also
included. A small nonuniformity of the signal acceptance
in the c.m. angle is taken into account. The comparison
to the data has χ2/d.o.f. = 1.9/9. Here the functions
are normalized to the numbers of signal and background
events obtained from the fit of the invariant mass dis-
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FIG. 9: (a) Detector resolution ∆mres for channel C6; the fitted curve is described in the text; (b) mass-dependence of the
resolution function parameter σ0; (c) mass-dependence of the FWHM of the resolution function.
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FIG. 10: Efficiency-corrected mean DD mass distribution
with standard fit. The dashed curve shows the background
lineshape (see Sec. VIII).

obtained from fits to the DD̄ mass spectrum for ten re-
gions of |cos θ|. The data have been weighted by a cos θ-
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 fixed to the values found in
Sec. VIII, and Eq. (14) has been used to describe the
background. Other background models have been tried,
obtaining distributions fully consistent with Fig. 11.
The function describing the decay angular distribution

for spin 2 has been calculated using the helicity formalism
and has the form

dN

d cos θ
∝ sin4 θ. (16)
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FIG. 11: Signal yield as a function of |cos θ| derived from fits
to the efficiency-corrected DD spectrum. The solid curve is
the expected distribution for spin 2 with dominating helicity-2
contribution, the dotted straight line is for spin 0.

It has been assumed that the dominating amplitude has
helicity 2. This is in agreement with previous measure-
ments [34] and theoretical predictions [24, 30]. The dis-
tribution of Eq. (16) was fitted to the experimental an-
gular distribution, and a χ2/NDF value of 5.63/9 was
obtained, with NDF indicating the number of degrees of
freedom. For a flat distribution, which is expected for
spin 0, a χ2/NDF = 15.55/9 was obtained. It follows
that the preferred JPC assignment is 2++.

X. TWO-PHOTON WIDTH OF THE Z(3930)
STATE

From the efficiency-corrected number of observed sig-
nal events, NεB , we determine the total experimental
cross-section

σexp(e
+e− → e+e−γγ, γγ → Z(3930), Z(3930)→ DD)

= NεB/

∫

Ldt = 741± 166 fb (17)

γ γ → DD̄

Belle 2006 BaBar 2010

γ γ → DD̄
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FIG. 6. Projections of the signal fit results in the default model onto MDD̄ and angular variables. The points with error bars
are the data, the hatched histograms are the background, the blue solid line is the fit with a new X∗ resonance (JPC = 0++)
and the red dashed line is the fit with nonresonant amplitude only.

TABLE IV. Systematic errors for the X∗(3860) mass (in
MeV/c2) and width (in MeV).

Error source Mass Width

Nonresonant amplitude model +40.2
−0.0

+0.0
−82.0

Signal model +0.0
−10.2

+0.0
−4.0

Fit bias — +32.6
−0

Optimization +0.0
−3.1

+71.1
−0.0

Background mass calculation +0.0
−7.9

+40.0
−0.0

D mass ±0.2 —

Total +40.2
−13.3

+87.9
−82.1

the previous analysis [20] is the variation of selection re-
quirements. There is no straightforward analog of this
uncertainty 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 significance a in Eq. (3) from its default value (5)
by ±1 unit, repeat the global optimization and fitting
with the new target significance and treat the variations
of the X∗(3860) mass and width as the systematic un-
certainty related to the optimization.
The default MDD̄ calculation procedure for the back-

ground events is the same as for the events in the signal
region. We perform a mass-constrained fit to the J/ψ and
D candidates with the candidate mass fixed at mJ/ψ and
mD, respectively. Alternatively, the background region is
divided into smaller rectangular (MJ/ψ,MD) subregions.
The candidate mass is fixed at the center of its subregion.
After the fit with Mrec constrained to mD, the resulting
value of mDD̄ is shifted in such a way that the threshold
of the new distribution is at 2mD. The background dis-
tribution is then calculated in the same way as for the
default mass calculation method; the difference in the fit
results is considered as the background mass calculation
method systematic uncertainty.

The mass also has a systematic error due to the uncer-
tainty in the mass of the X∗(3860) decay products (the
D mesons).

The X∗(3860) global significance for alternative mod-
els is shown in Table V. The minimal global significance
of the X∗(3860) is found to be 6.5σ. Thus, the new state
X∗(3860) is clearly observed, accounting for both statis-
tical and systematic uncertainties.

Belle 2017

e+e− → J/ψDD̄

9

[Wang et al. 2021, Gemerman et al. 2007] Unitary approach (BSE) found that  & 
 data do not contradict dynamics with the encoded bound state:  

no broad  is needed

γγ → DD̄
e+e− → J/ψDD̄

χc0(3860)

[Prelovsek et al. 2022] Lattice analysis of  with  found 3 states with  
1)  bound state  
2) broad state likely related to  
3)  quasi-bound state (i.e. bound state if  is off) which might be  or 

{DD̄, DsD̄s} mπ = 280 MeV 0++

DD̄
χc0(3860)

DsD̄s DD̄ χc0(3915) X(3960)



Theory overview

[Guo Meißner 2010] Breit-Wigner analysis of : found a broad γγ → DD̄ χc0(3860)

4

JETSET7.3 decay routines [9] for the D meson decays
(using PDG2004 [10] values for the decay branching frac-
tions). We find from the MC study that the product of
the efficiency and branching fractions of the two D decay
modes in the D+D− channel is about 50% of that in the
D0D̄0 channel.
The results of the fit for the resonance mass, width

and total yield of the resonance are M = 3929 ±
5(stat) MeV/c2, Γ = 29 ± 10(stat) MeV and 64 ±
18(stat) events, respectively. The mass resolution, which
is estimated by MC to be 3 MeV/c2 is taken into account
in the fit. The statistical significance of the peak is 5.3σ,
which is derived from

√

2 ln(Lmax/L0), where Lmax and
L0 are the logarithmic-likelihoods for fits with and with-
out a resonance peak component, shown in Fig. 2(c) as
solid and dashed curves, respectively.
Systematic errors for the parameters M and Γ are

2 MeV/c2 and 2 MeV, respectively. The former is par-
tially due to the uncertainties on the D meson masses
(1 MeV/c2 for the resonance mass). We also consider
the effect of choosing different Breit-Wigner functional
forms for spin 0 and 2 resonances and wave functions in
this error.
The Pt(DD̄) distribution in the peak region,

3.91 GeV/c2 < M(DD̄) < 3.95 GeV/c2, is shown in
Fig. 3. Here the Pt requirement has been relaxed. The
experimental data are fitted by a shape that is expected
for exclusive two-photon DD̄ production plus a linear
background. We expect non-charm and non-exclusive
backgrounds to be nearly linear in Pt(DD̄). The fit
uses a binned-maximum likelihood method with the nor-
malizations of the two components treated as free pa-
rameters. The linear-background component, 1.8 ± 0.6
events for Pt(DD̄) < 0.05 GeV/c2, and the goodness
of fit, χ2/d.o.f = 14.2/18, indicate that the events in
the peak region originate primarily from exclusive two-
photon events.
The Pt(DD̄) distribution produced by DD̄∗ and D∗D̄∗

events is expected to be distorted by the transverse mo-
mentum of the undetected slow pion(s), which peaks
around 0.05 GeV/c (dashed histogram in Fig. 3). Such a
distortion is not seen in the observed Pt distribution.
We investigate possible backgrounds from non-DD̄

sources using D-sideband events. The histogram in
Fig. 2(c) shows the invariant mass distribution for events
where theD-meson is replaced by a hadron system from a
D-signal mass sideband regions above and below the sig-
nal region with the same width as the signal mass region.
Here we use two types of sideband events: one where one
D-meson candidate is in the signal mass region, and an-
other where both entries are from the sidebands. Since
there is no significant event excess in the former type over
the latter, we conclude that the sideband events are domi-
nated by non-charm backgrounds. We combine them and
appropriately scale in order to compare to the DD̄ signal
yield. We conclude that the candidate events are domi-

FIG. 2: Invariant mass distributions for the (a) D0D̄0 chan-
nels and (b) the D+D− mode. (c) The combined M(DD̄)
distribution. The curves show the fits with (solid) and with-
out (dashed) a resonance component. The histogram shows
the distribution of the events from the D-mass sidebands (see
the text).

nated by DD̄ (inclusive or exclusive) events in the entire
mass region.

Figures 4(a) and (b) show the M(DD̄) distributions
for events with | cos θ∗| < 0.5 and | cos θ∗| > 0.5, respec-
tively, where θ∗ is the angle of a D meson relative to
the beam axis in the γγ c.m. frame. It is apparent that
the events in the 3.93 GeV/c2 peak tend to concentrate
at small | cos θ∗| values. The points with error bars in
Fig. 4(c) show the event yields in the 3.91 GeV/c2 to
3.95 GeV/c2 region versus | cos θ∗|. Background, esti-
mated from events in the M(DD̄) sideband, is indicated
by the histogram. The solid curve in Fig. 4(c) shows
the expectation using sin4 θ∗ to represent the signal from
a spin-2 meson produced with helicity-2 along the inci-
dent axis [11, 12]. A term proportional to 1 + a cos2 θ∗

that interpolates the background (dotted curve) is also
included. A small nonuniformity of the signal acceptance
in the c.m. angle is taken into account. The comparison
to the data has χ2/d.o.f. = 1.9/9. Here the functions
are normalized to the numbers of signal and background
events obtained from the fit of the invariant mass dis-
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FIG. 9: (a) Detector resolution ∆mres for channel C6; the fitted curve is described in the text; (b) mass-dependence of the
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FIG. 10: Efficiency-corrected mean DD mass distribution
with standard fit. The dashed curve shows the background
lineshape (see Sec. VIII).

obtained from fits to the DD̄ mass spectrum for ten re-
gions of |cos θ|. The data have been weighted by a cos θ-
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 fixed to the values found in
Sec. VIII, and Eq. (14) has been used to describe the
background. Other background models have been tried,
obtaining distributions fully consistent with Fig. 11.
The function describing the decay angular distribution

for spin 2 has been calculated using the helicity formalism
and has the form

dN

d cos θ
∝ sin4 θ. (16)
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FIG. 11: Signal yield as a function of |cos θ| derived from fits
to the efficiency-corrected DD spectrum. The solid curve is
the expected distribution for spin 2 with dominating helicity-2
contribution, the dotted straight line is for spin 0.

It has been assumed that the dominating amplitude has
helicity 2. This is in agreement with previous measure-
ments [34] and theoretical predictions [24, 30]. The dis-
tribution of Eq. (16) was fitted to the experimental an-
gular distribution, and a χ2/NDF value of 5.63/9 was
obtained, with NDF indicating the number of degrees of
freedom. For a flat distribution, which is expected for
spin 0, a χ2/NDF = 15.55/9 was obtained. It follows
that the preferred JPC assignment is 2++.

X. TWO-PHOTON WIDTH OF THE Z(3930)
STATE

From the efficiency-corrected number of observed sig-
nal events, NεB , we determine the total experimental
cross-section

σexp(e
+e− → e+e−γγ, γγ → Z(3930), Z(3930)→ DD)

= NεB/

∫

Ldt = 741± 166 fb (17)

γ γ → DD̄

Belle 2006 BaBar 2010

γ γ → DD̄
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FIG. 6. Projections of the signal fit results in the default model onto MDD̄ and angular variables. The points with error bars
are the data, the hatched histograms are the background, the blue solid line is the fit with a new X∗ resonance (JPC = 0++)
and the red dashed line is the fit with nonresonant amplitude only.

TABLE IV. Systematic errors for the X∗(3860) mass (in
MeV/c2) and width (in MeV).

Error source Mass Width

Nonresonant amplitude model +40.2
−0.0

+0.0
−82.0

Signal model +0.0
−10.2

+0.0
−4.0

Fit bias — +32.6
−0

Optimization +0.0
−3.1

+71.1
−0.0

Background mass calculation +0.0
−7.9

+40.0
−0.0

D mass ±0.2 —

Total +40.2
−13.3

+87.9
−82.1

the previous analysis [20] is the variation of selection re-
quirements. There is no straightforward analog of this
uncertainty 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 significance a in Eq. (3) from its default value (5)
by ±1 unit, repeat the global optimization and fitting
with the new target significance and treat the variations
of the X∗(3860) mass and width as the systematic un-
certainty related to the optimization.
The default MDD̄ calculation procedure for the back-

ground events is the same as for the events in the signal
region. We perform a mass-constrained fit to the J/ψ and
D candidates with the candidate mass fixed at mJ/ψ and
mD, respectively. Alternatively, the background region is
divided into smaller rectangular (MJ/ψ,MD) subregions.
The candidate mass is fixed at the center of its subregion.
After the fit with Mrec constrained to mD, the resulting
value of mDD̄ is shifted in such a way that the threshold
of the new distribution is at 2mD. The background dis-
tribution is then calculated in the same way as for the
default mass calculation method; the difference in the fit
results is considered as the background mass calculation
method systematic uncertainty.

The mass also has a systematic error due to the uncer-
tainty in the mass of the X∗(3860) decay products (the
D mesons).

The X∗(3860) global significance for alternative mod-
els is shown in Table V. The minimal global significance
of the X∗(3860) is found to be 6.5σ. Thus, the new state
X∗(3860) is clearly observed, accounting for both statis-
tical and systematic uncertainties.

Belle 2017

In order to figure out what is going on with  we employ a data driven dispersive analysis of 
 and 

0++

γγ → DD̄ e+e− → J/ψDD̄

e+e− → J/ψDD̄

9

[Wang et al. 2021, Gemerman et al. 2007] Unitary approach (BSE) found that  & 
 data do not contradict dynamics with the encoded bound state:  

no broad  is needed

γγ → DD̄
e+e− → J/ψDD̄

χc0(3860)

[Prelovsek et al. 2022] Lattice analysis of  with  found 3 states with  
1)  bound state  
2) broad state likely related to  
3)  quasi-bound state (i.e. bound state if  is off) which might be  or 

{DD̄, DsD̄s} mπ = 280 MeV 0++

DD̄
χc0(3860)

DsD̄s DD̄ χc0(3915) X(3960)
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Formalism



partial wave dispersion relation (S wave)

BE BE

Uab(s)

Full p.w. dispersion relation (causality, crossing, unitarity)

Unitarity relation

Assuming  we subtract the dispersion relation oncet(∞) → const

tab(s) = ∫
sL

−∞

ds′ 

π
Im tab(s′ )

s′ − s
+ ∫

∞

sth

ds′ 

π
Im tab(s′ )

s′ − s

Im tab(s) = ∑
c

tac(s) ρc(s) t*cb(s)

−
1

2ρ1
≤ Re t11(s) ≤

1
2ρ1

, 0 < Im t11(s) ≤
1
ρ1

, . . .

tab(s) = tab(0) +
s
π ∫

sL

−∞

ds′ 

s′ 

Im tab(s′ )
s′ − s

+
s
π ∑

c
∫

∞

sth

ds′ 

s′ 

tac(s′ ) ρc(s′ ) t*cb(s′ )
s′ − s

(asymptotically bounded  
unknown function)
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partial wave dispersion relation (S wave)

Once-subtracted p.w. dispersion relation
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tab(s) = ∑
c

D−1
ac Ncb(s)

can be solved using N/D method with input from Uab(s) above threshold Chew, Mandelstam (1960) 
Luming (1964) 
Johnson, Warnock (1981)

the obtained N/D solution can be checked  
that it fulfils the p.w. dispersion relation

Nab(s) = Uab(s) +
s
π ∑

c
∫

∞

sth

ds′ 

s′ 

Nac(s′ ) ρc(s′ ) (Ucb(s′ ) − Ucb(s))
s′ − s

Dab(s) = δab −
s
π ∫

∞

sth

ds′ 

s′ 

Nab(s′ ) ρb(s′ )
s′ − s



partial wave dispersion relation (S wave)

Once-subtracted p.w. dispersion relation

tab(s) = tab(0) +
s
π ∫

sL

−∞

ds′ 

s′ 

Im tab(s′ )
s′ − s

+
s
π ∑

c
∫

∞

sth

ds′ 

s′ 

tac(s′ ) ρc(s′ ) t*cb(s′ )
s′ − s

Uab(s)

12

Bound state case
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sB − s
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sth

ds′ 

s′ 
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det(Dab(sB)) = 0
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D−1
ac Ncb(s)

can be solved using N/D method with input from Uab(s) above threshold Chew, Mandelstam (1960) 
Luming (1964) 
Johnson, Warnock (1981)

the obtained N/D solution can be checked  
that it fulfils the p.w. dispersion relation
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Nab(s′ ) ρb(s′ )
s′ − s



 has  channels, but the coupling of charmed  with 
uncharmed  are strongly suppressed: separately focus on  and 
I = 0 {γγ, ππ, KK̄, . . . , DD̄, . . . } {DD̄, . . . }

{ππ, KK̄, . . } {γγ, DD̄, . . . }
{γγ, ππ, KK̄, . . . }

partial wave dispersion relation (S wave)
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UDD(s) ≃
∞

∑
n=0

Cn ξn(s)

Using the known analytical structure of left-hand cuts, one can approximate Uab(s) as an expansion 
in a conformal mapping variable ξ(s)

⇠(sE) = 0

Gasparyan, Lutz (2010)

to be determined from the fits π π

D D

D D
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Uγγ,DD(s) ≈ Born tγγ,DD(s = 0) = Born
(soft photon theorem)

UDD(s) ≃
∞

∑
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Using the known analytical structure of left-hand cuts, one can approximate Uab(s) as an expansion 
in a conformal mapping variable ξ(s)

⇠(sE) = 0

Gasparyan, Lutz (2010)

to be determined from the fits π π
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How good is Born left-hand cut for ?{γγ, ππ, KK̄}
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γγ →π0π0ππ→ππ Marsiske et al.
Uehara et al.
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Analysis of  and  data γγ → D+D− γγ → D0D̄0
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Analysis of  and  data γγ → D+D− γγ → D0D̄0

15

Fit photon fusion data

fix hadronic part

S-wave:   Born with dispersive rescattering,  only Born 
D-wave:   is a Breit-Wigner hel-2 with PDG mass/width

I = 0 I = 1
χc2(3930)

⟹ 3 parameters from N/D 
+ normalisation ratio (S/D wave)
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Analysis of  and  data γγ → D+D− γγ → D0D̄0

S-wave:   Born with dispersive rescattering,  only Born 
D-wave:   is a Breit-Wigner hel-2 with PDG mass/width

I = 0 I = 1
χc2(3930)

⟹ 3 parameters from N/D 
+ normalisation ratio (S/D wave)
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S-wave:   Born with dispersive rescattering,  only Born 
D-wave:   is a Breit-Wigner hel-2 with PDG mass/width

I = 0 I = 1
χc2(3930)

⟹ 3 parameters from N/D 
+ normalisation ratio (S/D wave)
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sBS = 3695(4) MeV

|gBS→DD̄ | = 27(1) GeV
|gBS→γγ | = 0.011(1) GeV

σc(s) + σn(s)σc(s), σn(s)
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1) Consider again  coupled channel system   
2) Switch off  channel   becomes a  bound state with 

{ππ, KK̄} sf0 = 993 − i 21 MeV
ππ ⟹ f0(980) KK̄ sB = 961 MeV
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Destructive interference 
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Suppression of   channel compared to  is also seen in the full amplitude analysis of  
[Dai Pennington 2014]

K+K− K0K̄0

Born

σ ∼ 5 nb σ ∼ 10 nb

future BESIII data



Prediction for  cross section for unphysical γγ → ππ mπ

mπ = phys mπ = 239 MeV mπ = 391 MeV

sσ = 0.458 − i 0.244 GeV sσ = 0.502 − i 0.140 GeV sσ = 0.758 GeV

Roy-like [Madrid]
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 angular distribution γγ → DD̄
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 data e+e− → J/ψDD̄

No realistic estimates can be done from this data alone; full experimental dataset is needed
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FIG. 6. Projections of the signal fit results in the default model onto MDD̄ and angular variables. The points with error bars
are the data, the hatched histograms are the background, the blue solid line is the fit with a new X∗ resonance (JPC = 0++)
and the red dashed line is the fit with nonresonant amplitude only.

TABLE IV. Systematic errors for the X∗(3860) mass (in
MeV/c2) and width (in MeV).

Error source Mass Width

Nonresonant amplitude model +40.2
−0.0

+0.0
−82.0

Signal model +0.0
−10.2

+0.0
−4.0

Fit bias — +32.6
−0

Optimization +0.0
−3.1

+71.1
−0.0

Background mass calculation +0.0
−7.9

+40.0
−0.0

D mass ±0.2 —

Total +40.2
−13.3

+87.9
−82.1

the previous analysis [20] is the variation of selection re-
quirements. There is no straightforward analog of this
uncertainty 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 significance a in Eq. (3) from its default value (5)
by ±1 unit, repeat the global optimization and fitting
with the new target significance and treat the variations
of the X∗(3860) mass and width as the systematic un-
certainty related to the optimization.
The default MDD̄ calculation procedure for the back-

ground events is the same as for the events in the signal
region. We perform a mass-constrained fit to the J/ψ and
D candidates with the candidate mass fixed at mJ/ψ and
mD, respectively. Alternatively, the background region is
divided into smaller rectangular (MJ/ψ,MD) subregions.
The candidate mass is fixed at the center of its subregion.
After the fit with Mrec constrained to mD, the resulting
value of mDD̄ is shifted in such a way that the threshold
of the new distribution is at 2mD. The background dis-
tribution is then calculated in the same way as for the
default mass calculation method; the difference in the fit
results is considered as the background mass calculation
method systematic uncertainty.

The mass also has a systematic error due to the uncer-
tainty in the mass of the X∗(3860) decay products (the
D mesons).

The X∗(3860) global significance for alternative mod-
els is shown in Table V. The minimal global significance
of the X∗(3860) is found to be 6.5σ. Thus, the new state
X∗(3860) is clearly observed, accounting for both statis-
tical and systematic uncertainties.

e+e− → J/ψDD̄

Belle 2017

only 6 data points  
below 4 GeV

χc2(3930)

Belle
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 data e+e− → J/ψDD̄
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the only fitting parameter

No realistic estimates can be done from this data alone; full experimental dataset is needed
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are the data, the hatched histograms are the background, the blue solid line is the fit with a new X∗ resonance (JPC = 0++)
and the red dashed line is the fit with nonresonant amplitude only.

TABLE IV. Systematic errors for the X∗(3860) mass (in
MeV/c2) and width (in MeV).

Error source Mass Width

Nonresonant amplitude model +40.2
−0.0

+0.0
−82.0

Signal model +0.0
−10.2

+0.0
−4.0

Fit bias — +32.6
−0

Optimization +0.0
−3.1

+71.1
−0.0

Background mass calculation +0.0
−7.9

+40.0
−0.0

D mass ±0.2 —

Total +40.2
−13.3

+87.9
−82.1

the previous analysis [20] is the variation of selection re-
quirements. There is no straightforward analog of this
uncertainty 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 significance a in Eq. (3) from its default value (5)
by ±1 unit, repeat the global optimization and fitting
with the new target significance and treat the variations
of the X∗(3860) mass and width as the systematic un-
certainty related to the optimization.
The default MDD̄ calculation procedure for the back-

ground events is the same as for the events in the signal
region. We perform a mass-constrained fit to the J/ψ and
D candidates with the candidate mass fixed at mJ/ψ and
mD, respectively. Alternatively, the background region is
divided into smaller rectangular (MJ/ψ,MD) subregions.
The candidate mass is fixed at the center of its subregion.
After the fit with Mrec constrained to mD, the resulting
value of mDD̄ is shifted in such a way that the threshold
of the new distribution is at 2mD. The background dis-
tribution is then calculated in the same way as for the
default mass calculation method; the difference in the fit
results is considered as the background mass calculation
method systematic uncertainty.

The mass also has a systematic error due to the uncer-
tainty in the mass of the X∗(3860) decay products (the
D mesons).

The X∗(3860) global significance for alternative mod-
els is shown in Table V. The minimal global significance
of the X∗(3860) is found to be 6.5σ. Thus, the new state
X∗(3860) is clearly observed, accounting for both statis-
tical and systematic uncertainties.

e+e− → J/ψDD̄

Belle 2017

only 6 data points  
below 4 GeV

χc2(3930)

Our results based on  data are consistent with  dataγγ → DD̄ e+e− → J/ψDD̄

Post-diction based on the obtained  Omnes function shows a good description of the S-wave regionDD̄

χc0(3860) ?

bound state



Conclusion and outlook

 Dispersive analysis of the  data, consistency check with the  
data 

 No broad resonance corresponding to  found 

 Bound state below the  threshold,  molecule 

More data is needed:   Belle II , BESIII decay , PANDA …

γγ → D+D−, D0D̄0 e+e− → J/ψDD̄

X(3860)

DD̄ ∼ DD̄

γγ → DD̄ ψ(3770) → DD̄γ

Dispersion theory can be applied to many other exciting processes 

 Light: ;  HLBL contributions  

  scattering LHCb

γγ → π0η, KK̄ (g − 2)μ

{J/ψ J/ψ, J/ψ ψ(2S)}

Thank you!

Still an open question about :  
is it a  molecular or it is a X(3915)?

χc0(2P)
DD̄

DD̄mol.
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How good is Born left-hand cut for ?{γγ, ππ, KK̄}

I.D, Deineka, Vanderhaeghen (2020)

Input:  experimental data/Roy analysis + threshold parameters NNLO + Adler zero NLO
<latexit sha1_base64="uLMoUCQx6OIoWbl61wmx0Aq9RCY="></latexit>

Our results Roy-like analyses

pole position, MeV couplings, GeV pole position, MeV couplings, GeV
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Convergence of conformal expansion
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Good convergence with 3 parameters in 
conformal mapping expansion   
there is no need for more parameters

⟹

UDD(s) ≃
∞

∑
n=0

Cn ξn(s)
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Analysis of  and  data γγ → D+D− γγ → D0D̄0
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Analysis of  and  data γγ → D+D− γγ → D0D̄0
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sB = 3695(4) MeVBound state: sB = 3669(18) MeVBound state:


