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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)

BaBar 2010

γγ → DD̄
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I. INTRODUCTION

Interest in the field of charmonium spectroscopy has
been renewed with the recent discovery of numerous
charmonium and charmonium-like states [1–11]. How-
ever very little is known about the first radially ex-
cited χcJ(2P ) states which are expected to exist in the
mass region from 3.9 to 4.0GeV/c2, just above the DD
threshold [12]. The Belle collaboration has observed the
Z(3930) state in γγ production of the DD system [13],
and this is considered a strong candidate for the χc2(2P )
state; indeed it is so-labelled in Ref. [14]. The Belle
analysis obtained a mass of m = (3929 ± 5 ± 2)MeV/c2

and a total width of Γ = (29 ± 10 ± 2)MeV, with
quantum numbers JPC = 2++ preferred. The par-
tial width Γγγ × B(Z(3930) → DD) was determined as
(0.18± 0.05± 0.03) keV, where Γγγ is the radiative width
of the Z(3930) state, under the assumption that J = 2.
The observation of this state has not been confirmed so
far [14].
In this paper the process γγ → DD, illustrated by

the Feynman diagram shown in Fig. 1, is studied in a
search for the Z(3930) state. In Fig. 1, the initial state
positron, e+ (electron, e−), emits the virtual photon γ∗1
(γ∗2 ), yielding the final state positron, e+′ (electron, e−′);
the momentum transfer to γ∗1 (γ∗2 ) is q1 (q2). The virtual
photons interact to produce the DD final state. When
the e+′ and the e−′ are emitted along the beam directions
the values of q21 and q22 are predominantly close to zero,
and the two photons can be considered to be quasi-real.
Since in this case neither the e+′ nor the e−′ are detected,
the analysis is termed untagged.
The data sample used in this analysis corresponds

to an integrated luminosity of 384 fb−1 recorded at the
Υ(4S) resonance (10.58GeV) and at a center of mass
(c.m.) energy of 10.54GeV by the BABAR detector at the
PEP-II asymmetric-energy e+e− collider.
The BABAR detector is described briefly in Sec. II, and

the principal criteria used in the selection of candidate
two-photon-interaction events are discussed in Sec. III.
The reconstruction of DD pair events is presented in
Sec. IV, and the relevant Monte Carlo simulations are
detailed in Sec. V. The purity and reconstruction effi-
ciency of the γγ → DD event sample are considered in
Secs. VI and VII, respectively, and the DD signal yield
and invariant mass resolution are presented in Sec. VIII;
the mass and total width for the Z(3930) state are ob-
tained from a fit to the DD invariant mass distribution.
The angular distribution in the DD rest frame for the
Z(3930) mass region is studied in Sec. IX, and the impli-
cations for the spin of the Z(3930) state are discussed. In
Sec. X the partial radiative width of the Z(3930) state is
extracted. Sources of systematic uncertainty are detailed
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FIG. 1: Two-photon production of the DD system.

in Sec. XI, and the results of the analysis are summarized
in Sec. XII.

II. THE BABAR DETECTOR

The BABAR detector is described in detail else-
where [15]. Charged particles are detected, and their
momenta measured, with a combination of five layers
of double-sided silicon microstrip detectors (SVT) and
a 40-layer cylindrical drift chamber (DCH), both coaxial
with the cryostat of a superconducting solenoidal mag-
net which produces a magnetic field of 1.5 T. Charged
particle identification is achieved by measurements of the
energy loss dE/dx in the tracking devices and by means
of an internally reflecting, ring-imaging Cherenkov de-
tector (DIRC). Photons and electrons are detected and
their energies measured with a CsI(Tl) electromagnetic
calorimeter (EMC), covering 90% of the 4π solid angle
in the Υ(4S) rest frame. The instrumented flux return
of the magnetic field is used to identify muons and K0

L
.

III. SELECTION OF
TWO-PHOTON-INTERACTION EVENTS

The selection of two-photon-interaction events for an
untagged analysis is based on established procedures (see
for instance Refs. [16, 17]). Due to the small scattering
angles involved, most of the incoming beam energy is
carried away by the e+′ and e−′ (see Fig. 1). This results
in a large value of the missing mass squared

m2
miss = (pe+ + pe− − pD − pD)2 (1)

where pe± are the four-momenta of the beam electron
and positron and pD, pD are the four-momenta of the
final state D and D mesons, respectively. In addition,
for these events, the resultant transverse momentum of
the DD system pt(DD) is limited to small values.
In order to establish selection criteria for γγ → DD

events, the reaction

e+e− → K+K−π+π−X (2)

is studied first using a data sample corresponding to an
integrated luminosity of 235 fb−1. The system X con-
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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)

BaBar 2010

=
χc2(3930)

γγ → DD̄

JPC = 2++

Mχc2(3930) = 3922.2 ± 1.0 MeV
+ LHCbΓχc2(2P) = 35.3 ± 2.8 MeV
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tial width Γγγ × B(Z(3930) → DD) was determined as
(0.18± 0.05± 0.03) keV, where Γγγ is the radiative width
of the Z(3930) state, under the assumption that J = 2.
The observation of this state has not been confirmed so
far [14].
In this paper the process γγ → DD, illustrated by

the Feynman diagram shown in Fig. 1, is studied in a
search for the Z(3930) state. In Fig. 1, the initial state
positron, e+ (electron, e−), emits the virtual photon γ∗1
(γ∗2 ), yielding the final state positron, e+′ (electron, e−′);
the momentum transfer to γ∗1 (γ∗2 ) is q1 (q2). The virtual
photons interact to produce the DD final state. When
the e+′ and the e−′ are emitted along the beam directions
the values of q21 and q22 are predominantly close to zero,
and the two photons can be considered to be quasi-real.
Since in this case neither the e+′ nor the e−′ are detected,
the analysis is termed untagged.
The data sample used in this analysis corresponds

to an integrated luminosity of 384 fb−1 recorded at the
Υ(4S) resonance (10.58GeV) and at a center of mass
(c.m.) energy of 10.54GeV by the BABAR detector at the
PEP-II asymmetric-energy e+e− collider.
The BABAR detector is described briefly in Sec. II, and

the principal criteria used in the selection of candidate
two-photon-interaction events are discussed in Sec. III.
The reconstruction of DD pair events is presented in
Sec. IV, and the relevant Monte Carlo simulations are
detailed in Sec. V. The purity and reconstruction effi-
ciency of the γγ → DD event sample are considered in
Secs. VI and VII, respectively, and the DD signal yield
and invariant mass resolution are presented in Sec. VIII;
the mass and total width for the Z(3930) state are ob-
tained from a fit to the DD invariant mass distribution.
The angular distribution in the DD rest frame for the
Z(3930) mass region is studied in Sec. IX, and the impli-
cations for the spin of the Z(3930) state are discussed. In
Sec. X the partial radiative width of the Z(3930) state is
extracted. Sources of systematic uncertainty are detailed
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FIG. 1: Two-photon production of the DD system.

in Sec. XI, and the results of the analysis are summarized
in Sec. XII.

II. THE BABAR DETECTOR

The BABAR detector is described in detail else-
where [15]. Charged particles are detected, and their
momenta measured, with a combination of five layers
of double-sided silicon microstrip detectors (SVT) and
a 40-layer cylindrical drift chamber (DCH), both coaxial
with the cryostat of a superconducting solenoidal mag-
net which produces a magnetic field of 1.5 T. Charged
particle identification is achieved by measurements of the
energy loss dE/dx in the tracking devices and by means
of an internally reflecting, ring-imaging Cherenkov de-
tector (DIRC). Photons and electrons are detected and
their energies measured with a CsI(Tl) electromagnetic
calorimeter (EMC), covering 90% of the 4π solid angle
in the Υ(4S) rest frame. The instrumented flux return
of the magnetic field is used to identify muons and K0

L
.

III. SELECTION OF
TWO-PHOTON-INTERACTION EVENTS

The selection of two-photon-interaction events for an
untagged analysis is based on established procedures (see
for instance Refs. [16, 17]). Due to the small scattering
angles involved, most of the incoming beam energy is
carried away by the e+′ and e−′ (see Fig. 1). This results
in a large value of the missing mass squared

m2
miss = (pe+ + pe− − pD − pD)2 (1)

where pe± are the four-momenta of the beam electron
and positron and pD, pD are the four-momenta of the
final state D and D mesons, respectively. In addition,
for these events, the resultant transverse momentum of
the DD system pt(DD) is limited to small values.
In order to establish selection criteria for γγ → DD

events, the reaction

e+e− → K+K−π+π−X (2)

is studied first using a data sample corresponding to an
integrated luminosity of 235 fb−1. The system X con-

X(3930)
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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. 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)

BaBar 2010

γγ → DD̄
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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
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3.8 3.9 4.0 4.1 4.2
0

5

10

15

20

25

30

35

M DD GeV

E
ve

nt
s

10
M

eV

BABAR data

3.8 3.9 4.0 4.1 4.2
0

5

10

15

20

25

M DD GeV

E
ve

nt
s

10
M

eV

Belle data

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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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
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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
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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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So where should the !c0ð2PÞ be? There have been a few
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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
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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
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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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[Guo 2012]

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

2 Breit-Wigner functions, mass and width of  fixed to experimental value
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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

MX(3860) = 3862+26+40
−32−13 MeV

ΓX(3860) = 201+154+88
−67−82  MeV

=
χc0(3860)

PDG (2021)
X(3860)
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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

MX(3860) = 3862+26+40
−32−13 MeV

ΓX(3860) = 201+154+88
−67−82  MeV

?
χc0(3860)

PDG (2021)
X(3860)

But there are some problems:


• The  statistics is rather limited;

• BW parametrisation does not respect -matrix constraints; 

• Unitary analysis  &  [Wang 2020]: no , bound state
• LHCb  collisions: no ;  and  at the same position

e+e− → J/ψDD̄
S

e+e− → J/ψDD̄ γγ → DD̄ X(3860)
pp X(3860) χc0(3930) χc2(3930)
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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)

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++)
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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 in 
the -wave we need  an approach, which 
respects unitarity & analyticity 
properties of the -matrix
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−1 − i 21(3)+2
−4 MeV bound state

[D., Danilkin, Vanderhaeghen 2020]
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•  in  scattering (real & lattice data)κ /K*(700) πK

sf0(980) = 993(2)+2
−1 − i 21(3)+2

−4 MeV bound state

[D., Danilkin, Vanderhaeghen 2020]

ξ�

ξ�

ξ�

ξ�

��� ��� ��� ��� ��� ���
�

�

��

��

��

� [����]

�
(�
)

���������� �� ���
����� �� ���
������ �� ���

��� ��� ��� ���

�

��

��

��

��

��

� [���]

δ(
�)

�� Ω
�� Ω

��� ��� ��� ��� ��� ���
���

���

���

���

� [���]

Ω
(�
)

ξ�

ξ�

ξ�

��� ��� ��� ��� ���

��

��

��

� [����]

�
(�
)

������ �� ���

���� ���� ���� ���� ���� ���� ����
���

���

���

���

���

���

���

�� [����]

��
��
δ(
�)

�� Ω
�� Ω

��� ��� ��� ��� ��� ��� ���
���

���

���

���

� [���]

Ω
(�
)

ξ�

ξ�

ξ�

ξ�

��� ��� ��� ��� ��� ���
�

�

��

��

��

� [����]

�
(�
)

���������� �� ���
����� �� ���
������ �� ���

��� ��� ��� ���

�

��

��

��

��

��

� [���]

δ(
�)

�� Ω
�� Ω

��� ��� ��� ��� ��� ���
���

���

���

���

� [���]

Ω
(�
)

ξ�

ξ�

ξ�

��� ��� ��� ��� ���

��

��

��

� [����]

�
(�
)

������ �� ���

���� ���� ���� ���� ���� ���� ����
���

���

���

���

���

���

���

�� [����]

��
��
δ(
�)

�� Ω
�� Ω

��� ��� ��� ��� ��� ��� ���
���

���

���

���

� [���]

Ω
(�
)

sκ = 702(12)+4
−5 − i 285(16)+8

−13 MeV sκ = 747(39)+2
−0 − i 265(16)+7

−6 MeV



Why are we sure we can analyse it? 

Partial wave dispersion relation approach:

•  in  scattering (real & lattice data);   in  σ/f0(500) ππ f0(980) {ππ, KK̄}

ξ�

ξ�

ξ�

ξ�

��� ��� ��� ��� ��� ��� ���

�

��

��

��

� [����]

�
��
(�
)

����/�
������ �� ��� ���� �
�������� �� ���
������-������ �� ���

�/� + ���
�/� + ����

��� ��� ��� ��� ���
�

��

���

���

���

���

���

� [���]

δ �
(�
)

�� Ω��
�� Ω��

��� ��� ��� ��� ��� ���
-���

���

���

���

���

� [���]

Ω
(�
)

ξ�

ξ�

��� ��� ��� ��� ��� ��� ���

�

�

��

��

��

� [����]

�
��
(�
)

����� �� ���
����� �� ���
�������� �� ���
������ �� ��� ����
������ �� ��� ����
�������� �� ���

�/� + ���
�/� + ����

��� ��� ��� ��� ���
�

�

�

�

�

� [���]

|� �
�(
�)
|

�� Ω��
�� Ω��
�� Ω��
�� Ω��

��� ��� ��� ��� ��� ���

-�

-�

-�

-�

�

�

� [���]

Ω
(�
)

ξ�

ξ�

ξ�

��� ��� ��� ��� ���
��

��

��

���

���

���

���

� [����]

�
��
(�
)

������ �� ���
����� �� ���
������ �� ���

�/� + ���
�/� + ����

���� ���� ���� ���� ����
�

��

���

���

���

���

� [���]

δ �
�(
�)

�� Ω��
�� Ω��

��� ��� ��� ��� ��� ���
-�

-�

�

�

�

�

�

� [���]

Ω
(�
)

ξ�

ξ�

ξ�

ξ�

��� ��� ��� ��� ��� ��� ���

�

��

��

��

� [����]
�
(�
)

����/�
������ �� ��� ���� �
�������� �� ���
������-������ �� ���

�/� + ���
�/� + ����

��� ��� ��� ��� ���
�

��

���

���

���

���

���

� [���]

δ(
�)

�� Ω
�� Ω

��� ��� ��� ��� ��� ���
���

���

���

���

���

���

���

���

� [���]

Ω
(�
)

ξ�

ξ�

ξ�

��� ��� ��� ��� ��� ���

�

�

��

��

��

� [����]

�
(�
)

������� �� ���

���� ���� ���� ���� ���� ���� ����
���
���
���
���
���
���

�� [����]

��
��
δ(
�)

������� �� ���

��� ��� ��� ���
�
��
��
��
��

� [���]

δ(
�)

�� Ω
�� Ω

��� ��� ��� ��� ��� ���
���

���

���

���

���

���

� [���]

Ω
(�
)

ξ�

ξ�

ξ�

��� ��� ��� ���

��

��

��

��

��

��

� [����]

�
(�
)

������� �� ���
-���� ���� ���� ����

-���
-���
-���
-���
-���
���

�� [����]

��
��
δ(
�)

������� �� ���
���� ���� ���� ���� ����

�

��

���

���

� [���]

δ(
�)

�� Ω
�� Ω

��� ��� ��� ��� ��� ��� ���

-���

���

���

���

� [���]

Ω
(�
)

ξ�

ξ�

ξ�

ξ�

��� ��� ��� ��� ��� ��� ���

�

��

��

��

� [����]

�
(�
)

����/�
������ �� ��� ���� �
�������� �� ���
������-������ �� ���

�/� + ���
�/� + ����

��� ��� ��� ��� ���
�

��

���

���

���

���

���

� [���]

δ(
�)

�� Ω
�� Ω

��� ��� ��� ��� ��� ���
���

���

���

���

���

���

���

���

� [���]

Ω
(�
)

ξ�

ξ�

ξ�

��� ��� ��� ��� ��� ���

�

�

��

��

��

� [����]

�
(�
)

������� �� ���

���� ���� ���� ���� ���� ���� ����
���
���
���
���
���
���

�� [����]

��
��
δ(
�)

������� �� ���

��� ��� ��� ���
�
��
��
��
��

� [���]

δ(
�)

�� Ω
�� Ω

��� ��� ��� ��� ��� ���
���

���

���

���

���

���

� [���]

Ω
(�
)

ξ�

ξ�

ξ�

��� ��� ��� ���

��

��

��

��

��

��

� [����]

�
(�
)

������� �� ���
-���� ���� ���� ����

-���
-���
-���
-���
-���
���

�� [����]

��
��
δ(
�)

������� �� ���
���� ���� ���� ���� ����

�

��

���

���

� [���]

δ(
�)

�� Ω
�� Ω

��� ��� ��� ��� ��� ��� ���

-���

���

���

���

� [���]

Ω
(�
)

sσ = 498(21)+12
−19 − i 138(13)+5

−10 MeV sσ = 758(5)(0) MeVsσ = 458(10)+7
−15 − i 256(9)+5

−8 MeV

•  in  scattering (real & lattice data)κ /K*(700) πK

sf0(980) = 993(2)+2
−1 − i 21(3)+2

−4 MeV bound state

[D., Danilkin, Vanderhaeghen 2020]
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Can search for resonances & 
bound states given the data input



Partial wave dispersion relation

Unitarity relation for the partial wave amplitudes  guarantees that p.w. amplitudes behave 
asymptotically no worse than a constant

Disc tab(s) = ∑
c

tac(s) ρc(s) t*cb(s)

From the maximal analyticity principle one can write dispersion relation

tab(s) = ∫
sL

−∞

ds′￼

π
Disc tab(s′￼)

s′￼− s
+ ∫

∞

sth

ds′￼

π
Disc tab(s′￼)

s′￼− s

BE BEWhich we subtract once in accordance with unitarity bound

tab(s) = Uab(s) +
s − sM

π ∫
∞

sth

ds′￼

s′￼− sM

Disc tab(s′￼)
s′￼− s
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Unitarity relation for the partial wave amplitudes  guarantees that p.w. amplitudes behave 
asymptotically no worse than a constant

Disc tab(s) = ∑
c

tac(s) ρc(s) t*cb(s)

From the maximal analyticity principle one can write dispersion relation

tab(s) = ∫
sL

−∞

ds′￼

π
Disc tab(s′￼)

s′￼− s
+ ∫

∞

sth

ds′￼

π
Disc tab(s′￼)

s′￼− s

BE BEWhich we subtract once in accordance with unitarity bound

tab(s) = Uab(s) +
s − sM

π ∫
∞

sth

ds′￼

s′￼− sM

Disc tab(s′￼)
s′￼− s

included subtraction constant and left-hand cuts,  
asymptotically bounded unknown function



N/D method 

tab(s) = Uab(s) +
s
π ∫

∞

sth

ds′￼

s′￼

Disc tab(s′￼)
s′￼− s

Once-subtracted p.w. dispersion relation

can be solved using N/D method with input from  above thresholdUab(s)

tab(s) = ∑
c

D−1
ac Ncb(s)

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
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π ∫

∞
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ds′￼
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Disc tab(s′￼)
s′￼− s

Once-subtracted p.w. dispersion relation

can be solved using N/D method with input from  above thresholdUab(s)

tab(s) = ∑
c

D−1
ac Ncb(s)

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

-wave  amplitude is the off-diagonal term of the coupled-channel  
system with 
s γγ → DD̄ {γγ, DD̄}

1 = γγ, 2 = DD̄

t12(s) = U12(s) + D−1
22 (s)(−

s
π ∫

∞

4m2
D

ds′￼

s′￼

Disc(D22(s′￼))U12(s′￼)
s′￼− s )

hadronic part left-hand cuts



Left-hand cuts 

We approximate left-hand cuts as an expansion in a conformal mapping variable ξ(s)

U22(s) = t22(0) +
s
π ∫

sL

−∞

ds′￼

s′￼

Im t22(s′￼)
s′￼− s

≃
∞

∑
n=0

Cn ξn(s)

to be determined from the fits

[Gasparyan, Lutz 2010]

The exact form of the conformal map 

ξ(s) =
s − sL − sE − sL

s − sL + sE − sL
sE =

1
2 ( sth + smax)

sL = 4(m2
D − m2

π)
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We approximate left-hand cuts as an expansion in a conformal mapping variable ξ(s)

U22(s) = t22(0) +
s
π ∫

sL

−∞

ds′￼

s′￼

Im t22(s′￼)
s′￼− s

≃
∞

∑
n=0

Cn ξn(s)

to be determined from the fits

[Gasparyan, Lutz 2010]

The exact form of the conformal map 

ξ(s) =
s − sL − sE − sL

s − sL + sE − sL
sE =

1
2 ( sth + smax)

sL = 4(m2
D − m2

π)

For the -wave,  photon fusion process : Born (also for non-resonant )s I = 0 γγ → DD̄ I = 1

U12(s) = −
2 2 e2m2

D

sβ(s)
log

1 + β(s)
1 − β(s)

, β(s) ≡
2 p(s)

s
= 1 −

4 m2
D

s



Naïve analysis of the combined data 

-wave:   with rescattering,  only Borns I = 0 I = 1
-wave:  Breit-Wigner with fixed  mass and widthd χc2(3930)

⟹ 2 parameters from N/D

+ normalisations  N0, N2
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 MeV3788.6 − 68i



Naïve analysis of the combined data 

sP = 3765.3(11.4) − i 57.3(9.5) MeV

Everything is perfect, right? Wrong.

-wave:   with rescattering,  only Borns I = 0 I = 1
-wave:  Breit-Wigner with fixed  mass and widthd χc2(3930)

 MeV3772.2 − 50i

⟹ 2 parameters from N/D

+ normalisations  N0, N2

 MeV3788.6 − 68i



Surprise for the naïve analysis 
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The fit to combined data do not describe charged and neutral channels 
(the same holds for BaBar data) 


Maybe there is something wrong with the data itself? Or maybe we’ve 
already seen something similar?…



Analysis of charged and neutral data 
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sB = 3695(4) MeV
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sB = 3695(4) MeV sB = 3669.4(18.0) MeV



Convergence & angular distribution 
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Good convergence with 3 parameters 
in conformal mapping expansion  
there is no need for more parameters
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Good convergence with 3 parameters 
in conformal mapping expansion  
there is no need for more parameters

⟹
Claims regarding  presence 
also in  data [Chen 2012] : 
no evidence in angular distribution

X(3915)
γγ → DD̄



Analysis of  data
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dσ

d s
= N

λ1/2(s, q2, m2
J/ψ) λ1/2(s, m2

D, m2
D)

q6 s
D−1

22 (s)
2

the only fitting parameter

Only 6 data points below 4 GeV

Minus one point at  
GeV where  resides = 5 
points


No realistic estimates can be done 
from this data alone; full 
experimental dataset is needed

∼ 3.93 GeV
χc2(3930)

Now  is in PDG ¯\_(ツ)_/¯χc2(3860)

Also lattice [Prelovsek 2020] but ~100 
MeV bigger (maybe )X(3915)

$λ(x, y, z) ≡ x2 + y2 + z2 − 2(xy + xz + yz)$

Our analysis of  is consistentγγ → DD̄



Comparison with the  case 

Consider again  coupled channel system and switch off  channel   
becomes a  bound state with 

{ππ, KK̄} ππ ⟹ f0(980)
KK̄ sB = 961 MeV
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What’s next?

Dispersive analysis of the  data


Consistency check with the  data


No broad resonance corresponding to  found


Bound state below the  threshold,  molecule 

γγ → D+D−, D0D̄0

e+e− → J/ψDD̄

X(3860)

DD̄ ∼ DD̄
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N/D application to many other exciting processes


Light: ;  HLBL contributions 


Coupled-channel analysis? 


   scattering LHC?


 Bottom systems?

γγ → π0η, KK̄ (g − 2)μ

J/ψJ/ψ



What’s next?

Dispersive analysis of the  data


Consistency check with the  data


No broad resonance corresponding to  found


Bound state below the  threshold,  molecule 

γγ → D+D−, D0D̄0

e+e− → J/ψDD̄

X(3860)

DD̄ ∼ DD̄

N/D application to many other exciting processes


Light: ;  HLBL contributions 


Coupled-channel analysis? 


   scattering LHC?


 Bottom systems?

γγ → π0η, KK̄ (g − 2)μ

J/ψJ/ψ

Thank you!


