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Abstract We perform a calculation of the mass distribution
in the ψ(3770) → γ DD̄ decay, studying both the D+D−

and D0 D̄0 decays. The electromagnetic interaction is such
that the tree level amplitude is null for the neutral chan-
nel, which forces the ψ(3770) → γ D0 D̄0 transition to go
through a loop involving the D+D− → D0 D̄0 scattering
amplitude. We take the results for this amplitude from a the-
oretical model that predicts a DD̄ bound state and find a
D0 D̄0 mass distribution in the decay drastically different
than phase space. The rates obtained are relatively large and
the experiment is easily feasible in the present BESIII facil-
ity. The performance of this experiment could provide an
answer to the issue of this much searched for state, which is
the analogue of the f0(980) resonance.

1 Introduction

Molecular states made from mesons or mesons and baryons
have become some of the important objects in the present
plethora of hadronic states. Reviews on this topic can be
found in [1,2] and more recently in [3– 6]. One of the interest-
ing predicted states is a bound state of DD̄ [7– 9] for which
there is no clear experimental evidence so far. The state is
analogous to the K K̄ bound state which was claimed in [10]
to be a good representation of the f0(980) state. This early
claim found support later with the results of the chiral unitary
approach for the meson-meson interaction [11– 14], where
the meson meson interaction in coupled channels was stud-
ied, and other states, as the f0(500), K ∗

0 (700),a0(980), were
also found dynamically generated from that interaction.
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There has been some search for this state and in [15] it
was shown that an accumulation of strength close to the DD̄
threshold in the e+e− → J/ψDD̄ reaction [16], found a
natural explanation in terms of the predicted bound state of
[7] with a mass of 3730 MeV, yet with large uncertainties
due to the limited experimental precision. Hopes were raised
that an update of the experiment in [17] would put further
constraints on the predictions, but it was shown in [18] that
this is not the case, and there is a large ambiguity in the
conclusions.

In view of this, there has been some work proposing new
reactions that would give evidence for this elusive state. In
[19] the radiative decay of the ψ(3770) resonance into γ

and the DD̄ bound state was proposed and the feasibility
of the reaction with present production rates of the ψ(3770)
was assessed. There is of course the problem of which one
should be the ideal channel to observe the bound state. In [20]
three different reactions were suggested to detect that state.
In [21] the B0 → D0 D̄0K 0 , B+ → D0 D̄0K+ reactions
were suggested to find evidence for the state, looking into
the mass distribution of DD̄ production close to threshold.
The analysis found a good agreement with experiment for the
B+ → D0 D̄0K+ reaction, but it was shown there that the
B0 → D0 D̄0K 0 reaction was better suited to search for the
DD̄ state, because there is no tree level contribution in this
later reaction, and hence the amplitude for that mechanism is
proportional to the DD̄ amplitude which contains the pole of
the DD̄ bound state. The mass distribution then was rather
different to that of phase space, and its precise measurement
close to threshold should give an answer to the question.

In the present work we wish to combine the lessons drawn
from the works of [19,21] and study the DD̄ mass distribu-
tion close to threshold from the ψ(3770) → γ DD̄ decay.
Anticipating the results, we will find an interesting situa-
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Abstract We perform a calculation of the mass distribution
in the ψ(3770) → γ DD̄ decay, studying both the D+D−

and D0 D̄0 decays. The electromagnetic interaction is such
that the tree level amplitude is null for the neutral chan-
nel, which forces the ψ(3770) → γ D0 D̄0 transition to go
through a loop involving the D+D− → D0 D̄0 scattering
amplitude. We take the results for this amplitude from a the-
oretical model that predicts a DD̄ bound state and find a
D0 D̄0 mass distribution in the decay drastically different
than phase space. The rates obtained are relatively large and
the experiment is easily feasible in the present BESIII facil-
ity. The performance of this experiment could provide an
answer to the issue of this much searched for state, which is
the analogue of the f0(980) resonance.

1 Introduction

Molecular states made from mesons or mesons and baryons
have become some of the important objects in the present
plethora of hadronic states. Reviews on this topic can be
found in [1,2] and more recently in [3– 6]. One of the interest-
ing predicted states is a bound state of DD̄ [7– 9] for which
there is no clear experimental evidence so far. The state is
analogous to the K K̄ bound state which was claimed in [10]
to be a good representation of the f0(980) state. This early
claim found support later with the results of the chiral unitary
approach for the meson-meson interaction [11– 14], where
the meson meson interaction in coupled channels was stud-
ied, and other states, as the f0(500), K ∗

0 (700),a0(980), were
also found dynamically generated from that interaction.

a e-mail: dailianrong68@126.com (corresponding author)
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There has been some search for this state and in [15] it
was shown that an accumulation of strength close to the DD̄
threshold in the e+e− → J/ψDD̄ reaction [16], found a
natural explanation in terms of the predicted bound state of
[7] with a mass of 3730 MeV, yet with large uncertainties
due to the limited experimental precision. Hopes were raised
that an update of the experiment in [17] would put further
constraints on the predictions, but it was shown in [18] that
this is not the case, and there is a large ambiguity in the
conclusions.

In view of this, there has been some work proposing new
reactions that would give evidence for this elusive state. In
[19] the radiative decay of the ψ(3770) resonance into γ

and the DD̄ bound state was proposed and the feasibility
of the reaction with present production rates of the ψ(3770)
was assessed. There is of course the problem of which one
should be the ideal channel to observe the bound state. In [20]
three different reactions were suggested to detect that state.
In [21] the B0 → D0 D̄0K 0 , B+ → D0 D̄0K+ reactions
were suggested to find evidence for the state, looking into
the mass distribution of DD̄ production close to threshold.
The analysis found a good agreement with experiment for the
B+ → D0 D̄0K+ reaction, but it was shown there that the
B0 → D0 D̄0K 0 reaction was better suited to search for the
DD̄ state, because there is no tree level contribution in this
later reaction, and hence the amplitude for that mechanism is
proportional to the DD̄ amplitude which contains the pole of
the DD̄ bound state. The mass distribution then was rather
different to that of phase space, and its precise measurement
close to threshold should give an answer to the question.

In the present work we wish to combine the lessons drawn
from the works of [19,21] and study the DD̄ mass distribu-
tion close to threshold from the ψ(3770) → γ DD̄ decay.
Anticipating the results, we will find an interesting situa-
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Abstract We perform a calculation of the mass distribution
in the ψ(3770) → γ DD̄ decay, studying both the D+D−

and D0 D̄0 decays. The electromagnetic interaction is such
that the tree level amplitude is null for the neutral chan-
nel, which forces the ψ(3770) → γ D0 D̄0 transition to go
through a loop involving the D+D− → D0 D̄0 scattering
amplitude. We take the results for this amplitude from a the-
oretical model that predicts a DD̄ bound state and find a
D0 D̄0 mass distribution in the decay drastically different
than phase space. The rates obtained are relatively large and
the experiment is easily feasible in the present BESIII facil-
ity. The performance of this experiment could provide an
answer to the issue of this much searched for state, which is
the analogue of the f0(980) resonance.

1 Introduction

Molecular states made from mesons or mesons and baryons
have become some of the important objects in the present
plethora of hadronic states. Reviews on this topic can be
found in [1,2] and more recently in [3– 6]. One of the interest-
ing predicted states is a bound state of DD̄ [7– 9] for which
there is no clear experimental evidence so far. The state is
analogous to the K K̄ bound state which was claimed in [10]
to be a good representation of the f0(980) state. This early
claim found support later with the results of the chiral unitary
approach for the meson-meson interaction [11– 14], where
the meson meson interaction in coupled channels was stud-
ied, and other states, as the f0(500), K ∗

0 (700),a0(980), were
also found dynamically generated from that interaction.

a e-mail: dailianrong68@126.com (corresponding author)
b e-mail: toledo@fisica.unam.mx
c e-mail: oset@ific.uv.es

There has been some search for this state and in [15] it
was shown that an accumulation of strength close to the DD̄
threshold in the e+e− → J/ψDD̄ reaction [16], found a
natural explanation in terms of the predicted bound state of
[7] with a mass of 3730 MeV, yet with large uncertainties
due to the limited experimental precision. Hopes were raised
that an update of the experiment in [17] would put further
constraints on the predictions, but it was shown in [18] that
this is not the case, and there is a large ambiguity in the
conclusions.

In view of this, there has been some work proposing new
reactions that would give evidence for this elusive state. In
[19] the radiative decay of the ψ(3770) resonance into γ

and the DD̄ bound state was proposed and the feasibility
of the reaction with present production rates of the ψ(3770)
was assessed. There is of course the problem of which one
should be the ideal channel to observe the bound state. In [20]
three different reactions were suggested to detect that state.
In [21] the B0 → D0 D̄0K 0 , B+ → D0 D̄0K+ reactions
were suggested to find evidence for the state, looking into
the mass distribution of DD̄ production close to threshold.
The analysis found a good agreement with experiment for the
B+ → D0 D̄0K+ reaction, but it was shown there that the
B0 → D0 D̄0K 0 reaction was better suited to search for the
DD̄ state, because there is no tree level contribution in this
later reaction, and hence the amplitude for that mechanism is
proportional to the DD̄ amplitude which contains the pole of
the DD̄ bound state. The mass distribution then was rather
different to that of phase space, and its precise measurement
close to threshold should give an answer to the question.

In the present work we wish to combine the lessons drawn
from the works of [19,21] and study the DD̄ mass distribu-
tion close to threshold from the ψ(3770) → γ DD̄ decay.
Anticipating the results, we will find an interesting situa-
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Abstract We perform a calculation of the mass distribution
in the ψ(3770) → γ DD̄ decay, studying both the D+D−

and D0 D̄0 decays. The electromagnetic interaction is such
that the tree level amplitude is null for the neutral chan-
nel, which forces the ψ(3770) → γ D0 D̄0 transition to go
through a loop involving the D+D− → D0 D̄0 scattering
amplitude. We take the results for this amplitude from a the-
oretical model that predicts a DD̄ bound state and find a
D0 D̄0 mass distribution in the decay drastically different
than phase space. The rates obtained are relatively large and
the experiment is easily feasible in the present BESIII facil-
ity. The performance of this experiment could provide an
answer to the issue of this much searched for state, which is
the analogue of the f0(980) resonance.

1 Introduction

Molecular states made from mesons or mesons and baryons
have become some of the important objects in the present
plethora of hadronic states. Reviews on this topic can be
found in [1,2] and more recently in [3– 6]. One of the interest-
ing predicted states is a bound state of DD̄ [7– 9] for which
there is no clear experimental evidence so far. The state is
analogous to the K K̄ bound state which was claimed in [10]
to be a good representation of the f0(980) state. This early
claim found support later with the results of the chiral unitary
approach for the meson-meson interaction [11– 14], where
the meson meson interaction in coupled channels was stud-
ied, and other states, as the f0(500), K ∗

0 (700),a0(980), were
also found dynamically generated from that interaction.

a e-mail: dailianrong68@126.com (corresponding author)
b e-mail: toledo@fisica.unam.mx
c e-mail: oset@ific.uv.es

There has been some search for this state and in [15] it
was shown that an accumulation of strength close to the DD̄
threshold in the e+e− → J/ψDD̄ reaction [16], found a
natural explanation in terms of the predicted bound state of
[7] with a mass of 3730 MeV, yet with large uncertainties
due to the limited experimental precision. Hopes were raised
that an update of the experiment in [17] would put further
constraints on the predictions, but it was shown in [18] that
this is not the case, and there is a large ambiguity in the
conclusions.

In view of this, there has been some work proposing new
reactions that would give evidence for this elusive state. In
[19] the radiative decay of the ψ(3770) resonance into γ

and the DD̄ bound state was proposed and the feasibility
of the reaction with present production rates of the ψ(3770)
was assessed. There is of course the problem of which one
should be the ideal channel to observe the bound state. In [20]
three different reactions were suggested to detect that state.
In [21] the B0 → D0 D̄0K 0 , B+ → D0 D̄0K+ reactions
were suggested to find evidence for the state, looking into
the mass distribution of DD̄ production close to threshold.
The analysis found a good agreement with experiment for the
B+ → D0 D̄0K+ reaction, but it was shown there that the
B0 → D0 D̄0K 0 reaction was better suited to search for the
DD̄ state, because there is no tree level contribution in this
later reaction, and hence the amplitude for that mechanism is
proportional to the DD̄ amplitude which contains the pole of
the DD̄ bound state. The mass distribution then was rather
different to that of phase space, and its precise measurement
close to threshold should give an answer to the question.

In the present work we wish to combine the lessons drawn
from the works of [19,21] and study the DD̄ mass distribu-
tion close to threshold from the ψ(3770) → γ DD̄ decay.
Anticipating the results, we will find an interesting situa-
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tion in which the D0 D̄0 production does not proceed at tree
level, while D+D− has contribution from tree level. As a
consequence, the D0 D̄0 production is directly influenced by
the DD̄ pole below threshold and exhibits a behavior close
to threshold very different from phase space. For the D+D−

production the tree level part is very important and the behav-
ior is quite different and in addition, it shows the infrared
divergence behavior when the photon energy goes to zero,
which, again, is not the case for D0 D̄0 production. The reac-
tion is, thus, suited for investigation of the DD̄ bound state
and the present rates of ψ(3770) production make the exper-
imental investigation feasible.

2 Formalism

The state ψ(3770) decays into DD̄ [22] with a width " =
27.2 MeV, 52% of which goes to D0 D̄0 and 41% to D+D−.
Its shape in e+e− production and the decay width have been
the object of intense study [23– 29,53,54]. In [29] the cc̄
component is allowed to get hadronized into meson-meson
components, and the strength of the hadronization is fitted
to the ψ(3770) lineshape. One of the conclusions in [29]
is that from the experimental data one can induce that the
ψ(3770) is largely a cc̄ state and the weight of the meson-
meson components is only of the order of 15%. The ψ(3770)
state bears some similarity to the φ(1020), which is assumed
to be a ss̄ state and decays into K K̄ . The decay mode
ψ(3770) → DD̄γ necessarily has much resemblance to
the φ → γ K K̄ , γπ0π0 decays, which have also been the
subject of much study [30– 37]. As in the φ → γπ0π0 reac-
tion, which does not proceed via tree level, we shall also see
that ψ(3770) → γ D0 D̄0 does not get contribution from tree
level and both processes proceed via a similar loop mecha-
nism.

2.1 Tree level for ψ(3770) → γ D+D−

The tree level mechanism in ψ(3770) → γ D+D− is shown
diagrammatically in Fig. 1.

The ψ → D+D− elementary vertex is given by

− i tψD+D− = −igψ (pD+ − pD−)µϵµ(ψ) . (1)

The ψ → D+D− decay width is given by

"ψ = 1
8π

1

M2
ψ

|q|
! !

|t |2 , (2)

where the sum and average of |t |2 calculated from Eq. (1)
gives

! !
|t |2 = 4

3
g2
ψ q2 , (3)

and q is the D+ momentum in the ψ decay at rest. Adjust-
ing to the experimental D+D− decay width, assuming all
the width coming from DD̄ decay, we find (we make some
comments and corrections to this assumption at the end of
the results section)

gψ = 13.7 (4)

Considering also the γ D+D− coupling D+(pD+)γ →
D+(p ′

D+)

i tγ D+D− = −i e (pD+ + p ′
D+)µ ϵµ(γ ) , (5)

with e the electron charge, e2/4π = α = 1/137, the ψ →
γ D+D− amplitude of the diagram of Fig. 1 is given by

ta + tb + tc = −2 e gψ ϵµ(ψ)ϵν(γ )

×
"
gµν + p2µ p1ν

1
p1 · k + iϵ

+ p1µ p2ν

1
p2 · k + iϵ

#

(6)

where the term gµν corresponds to the diagram of Fig. 1c
and is introduced to respect gauge invariance. The photon
has zero coupling to D0D0 and hence there is no tree level
for ψ → γ D0 D̄0.

2.2 Loop mechanism

There is, however, a loop mechanism that allows the ψ →
γ D0 D̄0 decay which is depicted in Fig. 2.

This follows exactly the same trend as in [30– 37] for φ →
γπ0π0, where the intermediate state is K+K− and the final
DD̄ are replaced by π0π0. The diagram of Fig. 2d is also
demanded by gauge invariance of the loops. Gauge invariance
plays an important role in this process and thanks to it there
is an efficient computational scheme which requires only
the evaluation of diagrams (a) and (b) of Fig. 2, which give
the same contribution, and shows that the result of the loop
integral is convergent [34,38– 40]. The derivation goes as
follows: The full amplitude for the diagrams of Fig. 2 has the
structure

tL = ϵµ(ψ)ϵν(γ ) Tµν (7)

and Tµν must be a tensor that can be written in terms of the
two independent momenta P and k, the momentum of the ψ

and γ respectively. The most general form for Tµν is given
by

Tµν = a gµν + b PµPν + c Pµkν + d kµPν + e kµkν .

(8)

Gauge invariance, substituting ϵν(γ ) by kν and demanding

Tµνkν = 0 (9)

123

Eur. Phys. J. C          (2020) 80:510 
https://doi.org/10.1140/epjc/s10052-020-8058-8

Regular Article - Theoretical Physics

Searching for a DD̄ bound state with the ψ(3770) → γ D0 D̄0

decay

Lianrong Dai1,2,a, Genaro Toledo3,4,b, Eulogio Oset4,c

1 School of Science, Huzhou University, Huzhou 313000, Zhejiang, China
2 Department of Physics, Liaoning Normal University, Dalian 116029, China
3 Instituto de Física, Universidad Nacional Autónoma de México, AP 20-364, Mexico City, Mexico
4 Departamento de Física Teórica and IFIC, Centro Mixto Universidad de Valencia-CSIC Institutos de Investigación de Paterna, Aptdo.22085,

46071 Valencia, Spain

Received: 17 April 2020 / Accepted: 16 May 2020
© The Author(s) 2020

Abstract We perform a calculation of the mass distribution
in the ψ(3770) → γ DD̄ decay, studying both the D+D−

and D0 D̄0 decays. The electromagnetic interaction is such
that the tree level amplitude is null for the neutral chan-
nel, which forces the ψ(3770) → γ D0 D̄0 transition to go
through a loop involving the D+D− → D0 D̄0 scattering
amplitude. We take the results for this amplitude from a the-
oretical model that predicts a DD̄ bound state and find a
D0 D̄0 mass distribution in the decay drastically different
than phase space. The rates obtained are relatively large and
the experiment is easily feasible in the present BESIII facil-
ity. The performance of this experiment could provide an
answer to the issue of this much searched for state, which is
the analogue of the f0(980) resonance.

1 Introduction

Molecular states made from mesons or mesons and baryons
have become some of the important objects in the present
plethora of hadronic states. Reviews on this topic can be
found in [1,2] and more recently in [3– 6]. One of the interest-
ing predicted states is a bound state of DD̄ [7– 9] for which
there is no clear experimental evidence so far. The state is
analogous to the K K̄ bound state which was claimed in [10]
to be a good representation of the f0(980) state. This early
claim found support later with the results of the chiral unitary
approach for the meson-meson interaction [11– 14], where
the meson meson interaction in coupled channels was stud-
ied, and other states, as the f0(500), K ∗

0 (700),a0(980), were
also found dynamically generated from that interaction.

a e-mail: dailianrong68@126.com (corresponding author)
b e-mail: toledo@fisica.unam.mx
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There has been some search for this state and in [15] it
was shown that an accumulation of strength close to the DD̄
threshold in the e+e− → J/ψDD̄ reaction [16], found a
natural explanation in terms of the predicted bound state of
[7] with a mass of 3730 MeV, yet with large uncertainties
due to the limited experimental precision. Hopes were raised
that an update of the experiment in [17] would put further
constraints on the predictions, but it was shown in [18] that
this is not the case, and there is a large ambiguity in the
conclusions.

In view of this, there has been some work proposing new
reactions that would give evidence for this elusive state. In
[19] the radiative decay of the ψ(3770) resonance into γ

and the DD̄ bound state was proposed and the feasibility
of the reaction with present production rates of the ψ(3770)
was assessed. There is of course the problem of which one
should be the ideal channel to observe the bound state. In [20]
three different reactions were suggested to detect that state.
In [21] the B0 → D0 D̄0K 0 , B+ → D0 D̄0K+ reactions
were suggested to find evidence for the state, looking into
the mass distribution of DD̄ production close to threshold.
The analysis found a good agreement with experiment for the
B+ → D0 D̄0K+ reaction, but it was shown there that the
B0 → D0 D̄0K 0 reaction was better suited to search for the
DD̄ state, because there is no tree level contribution in this
later reaction, and hence the amplitude for that mechanism is
proportional to the DD̄ amplitude which contains the pole of
the DD̄ bound state. The mass distribution then was rather
different to that of phase space, and its precise measurement
close to threshold should give an answer to the question.

In the present work we wish to combine the lessons drawn
from the works of [19,21] and study the DD̄ mass distribu-
tion close to threshold from the ψ(3770) → γ DD̄ decay.
Anticipating the results, we will find an interesting situa-
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tion in which the D0 D̄0 production does not proceed at tree
level, while D+D− has contribution from tree level. As a
consequence, the D0 D̄0 production is directly influenced by
the DD̄ pole below threshold and exhibits a behavior close
to threshold very different from phase space. For the D+D−

production the tree level part is very important and the behav-
ior is quite different and in addition, it shows the infrared
divergence behavior when the photon energy goes to zero,
which, again, is not the case for D0 D̄0 production. The reac-
tion is, thus, suited for investigation of the DD̄ bound state
and the present rates of ψ(3770) production make the exper-
imental investigation feasible.

2 Formalism

The state ψ(3770) decays into DD̄ [22] with a width " =
27.2 MeV, 52% of which goes to D0 D̄0 and 41% to D+D−.
Its shape in e+e− production and the decay width have been
the object of intense study [23– 29,53,54]. In [29] the cc̄
component is allowed to get hadronized into meson-meson
components, and the strength of the hadronization is fitted
to the ψ(3770) lineshape. One of the conclusions in [29]
is that from the experimental data one can induce that the
ψ(3770) is largely a cc̄ state and the weight of the meson-
meson components is only of the order of 15%. The ψ(3770)
state bears some similarity to the φ(1020), which is assumed
to be a ss̄ state and decays into K K̄ . The decay mode
ψ(3770) → DD̄γ necessarily has much resemblance to
the φ → γ K K̄ , γπ0π0 decays, which have also been the
subject of much study [30– 37]. As in the φ → γπ0π0 reac-
tion, which does not proceed via tree level, we shall also see
that ψ(3770) → γ D0 D̄0 does not get contribution from tree
level and both processes proceed via a similar loop mecha-
nism.

2.1 Tree level for ψ(3770) → γ D+D−

The tree level mechanism in ψ(3770) → γ D+D− is shown
diagrammatically in Fig. 1.

The ψ → D+D− elementary vertex is given by

− i tψD+D− = −igψ (pD+ − pD−)µϵµ(ψ) . (1)

The ψ → D+D− decay width is given by

"ψ = 1
8π

1

M2
ψ

|q|
! !

|t |2 , (2)

where the sum and average of |t |2 calculated from Eq. (1)
gives

! !
|t |2 = 4

3
g2
ψ q2 , (3)

and q is the D+ momentum in the ψ decay at rest. Adjust-
ing to the experimental D+D− decay width, assuming all
the width coming from DD̄ decay, we find (we make some
comments and corrections to this assumption at the end of
the results section)

gψ = 13.7 (4)

Considering also the γ D+D− coupling D+(pD+)γ →
D+(p ′

D+)

i tγ D+D− = −i e (pD+ + p ′
D+)µ ϵµ(γ ) , (5)

with e the electron charge, e2/4π = α = 1/137, the ψ →
γ D+D− amplitude of the diagram of Fig. 1 is given by

ta + tb + tc = −2 e gψ ϵµ(ψ)ϵν(γ )

×
"
gµν + p2µ p1ν

1
p1 · k + iϵ

+ p1µ p2ν

1
p2 · k + iϵ

#

(6)

where the term gµν corresponds to the diagram of Fig. 1c
and is introduced to respect gauge invariance. The photon
has zero coupling to D0D0 and hence there is no tree level
for ψ → γ D0 D̄0.

2.2 Loop mechanism

There is, however, a loop mechanism that allows the ψ →
γ D0 D̄0 decay which is depicted in Fig. 2.

This follows exactly the same trend as in [30– 37] for φ →
γπ0π0, where the intermediate state is K+K− and the final
DD̄ are replaced by π0π0. The diagram of Fig. 2d is also
demanded by gauge invariance of the loops. Gauge invariance
plays an important role in this process and thanks to it there
is an efficient computational scheme which requires only
the evaluation of diagrams (a) and (b) of Fig. 2, which give
the same contribution, and shows that the result of the loop
integral is convergent [34,38– 40]. The derivation goes as
follows: The full amplitude for the diagrams of Fig. 2 has the
structure

tL = ϵµ(ψ)ϵν(γ ) Tµν (7)

and Tµν must be a tensor that can be written in terms of the
two independent momenta P and k, the momentum of the ψ

and γ respectively. The most general form for Tµν is given
by

Tµν = a gµν + b PµPν + c Pµkν + d kµPν + e kµkν .

(8)

Gauge invariance, substituting ϵν(γ ) by kν and demanding

Tµνkν = 0 (9)
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Fig. 1 Mechanisms for
ψ → γ D+D−: a, b D pole
mechanisms; c contact term
demanded by gauge invariance.
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Fig. 2 Loop mechanisms for ψ → γ DD̄ production. In parenthesis the momenta of the particles

leads to

a kµ + b Pµ(P · k)+ d kµ(P · k) = 0 (10)

which implies two independent equations

a + d (P · k) = 0 (11)

b = 0. (12)

The b term does not contribute because of the Lorentz con-
dition ϵµ(ψ)Pµ = 0 and the c and e terms do not contribute
because of the Lorentz condition on the photon ϵν(γ )kν = 0.
Hence, only the a and d terms of Eq. (8) contribute to the
amplitude and it is enough to calculate only the a or d coef-
ficient. It is easy to see that only the diagrams (a), (b) of
Fig. 2 contribute to the d coefficient and since two external
momenta Pµkν are factorized out of the integral, for dimen-
sional reasons this means two powers of q less in the integral,
which renders it convergent. In addition, if we work at the
end, as we do, in the Coulomb gauge, ϵ0(γ ) = 0, ϵ(γ )·k = 0,
then the term dPi k jϵ j (ψ)ϵi (γ ) = 0 in the ψ rest frame, and
the whole amplitude is given by

t = aϵµ(ψ)ϵµ(γ ) ; a = −d (P · k) (13)

It is customary to perform the integration of the loop inte-
gral using Feynman parametrization, but here we must divert
from this formalism because the DD̄ → DD̄ scattering
matrix regularized with a cut off, qmax , transfers a structure
%(qmax −|q|)%(qmax −| p|) to the T matrix [41] and we
must implement a cut off in the loop integral. On the other
hand, we can benefit from the fact that the D mesons are
heavy particles, they are close to on-shell in the loops and

we can just keep the positive energy part of their propagators

D(q ) → 1

q 2 −m2
D + iϵ

≡ 1
2ω(q)

!
1

q 0 −ω(q)+ iϵ
− 1

q 0 + ω(q) −iϵ

"
(14)

→ 1
2ω(q)

1
q 0 −ω(q)+ iϵ

(15)

with ω(q) =
#
q2 + m2

D .
The contribution of the two diagrams of Fig. 2a, b with

D0 D̄0 in the final state is given by

−i tL = 2
$

d4q
(2π)4 (−i)gψ (P −q −q )µϵµ(ψ)(−ie)

×(P −q + P −q −k)νϵν(γ )(−i)tD+D−→D0 D̄0

× i

(P −q )2 −m2
D + iϵ

× i

q 2 −m2
D + iϵ

i

(P −q −k)2 −m2
D + iϵ

, (16)

tL = −2egψϵµ(ψ)ϵν(γ )i

×
$

d4q
(2π)4 2qµ(2P −2q )ν tD+D−→D0 D̄0

× 1

(P −q )2 −m2
D + iϵ

× 1

q 2 −m2
D + iϵ

1

(P −q −k)2 −m2
D + iϵ

, (17)

where tD+D−→D0 D̄0 is a function of the D0 D̄0 invariant
mass. We can now take the propagators of Eq. (14) and per-
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tion in which the D0 D̄0 production does not proceed at tree
level, while D+D− has contribution from tree level. As a
consequence, the D0 D̄0 production is directly influenced by
the DD̄ pole below threshold and exhibits a behavior close
to threshold very different from phase space. For the D+D−

production the tree level part is very important and the behav-
ior is quite different and in addition, it shows the infrared
divergence behavior when the photon energy goes to zero,
which, again, is not the case for D0 D̄0 production. The reac-
tion is, thus, suited for investigation of the DD̄ bound state
and the present rates of ψ(3770) production make the exper-
imental investigation feasible.

2 Formalism

The state ψ(3770) decays into DD̄ [22] with a width " =
27.2 MeV, 52% of which goes to D0 D̄0 and 41% to D+D−.
Its shape in e+e− production and the decay width have been
the object of intense study [23– 29,53,54]. In [29] the cc̄
component is allowed to get hadronized into meson-meson
components, and the strength of the hadronization is fitted
to the ψ(3770) lineshape. One of the conclusions in [29]
is that from the experimental data one can induce that the
ψ(3770) is largely a cc̄ state and the weight of the meson-
meson components is only of the order of 15%. The ψ(3770)
state bears some similarity to the φ(1020), which is assumed
to be a ss̄ state and decays into K K̄ . The decay mode
ψ(3770) → DD̄γ necessarily has much resemblance to
the φ → γ K K̄ , γπ0π0 decays, which have also been the
subject of much study [30– 37]. As in the φ → γπ0π0 reac-
tion, which does not proceed via tree level, we shall also see
that ψ(3770) → γ D0 D̄0 does not get contribution from tree
level and both processes proceed via a similar loop mecha-
nism.

2.1 Tree level for ψ(3770) → γ D+D−

The tree level mechanism in ψ(3770) → γ D+D− is shown
diagrammatically in Fig. 1.

The ψ → D+D− elementary vertex is given by

− i tψD+D− = −igψ (pD+ − pD−)µϵµ(ψ) . (1)

The ψ → D+D− decay width is given by

"ψ = 1
8π

1

M2
ψ

|q|
! !

|t |2 , (2)

where the sum and average of |t |2 calculated from Eq. (1)
gives

! !
|t |2 = 4

3
g2
ψ q2 , (3)

and q is the D+ momentum in the ψ decay at rest. Adjust-
ing to the experimental D+D− decay width, assuming all
the width coming from DD̄ decay, we find (we make some
comments and corrections to this assumption at the end of
the results section)

gψ = 13.7 (4)

Considering also the γ D+D− coupling D+(pD+)γ →
D+(p ′

D+)

i tγ D+D− = −i e (pD+ + p ′
D+)µ ϵµ(γ ) , (5)

with e the electron charge, e2/4π = α = 1/137, the ψ →
γ D+D− amplitude of the diagram of Fig. 1 is given by

ta + tb + tc = −2 e gψ ϵµ(ψ)ϵν(γ )

×
"
gµν + p2µ p1ν

1
p1 · k + iϵ

+ p1µ p2ν

1
p2 · k + iϵ

#

(6)

where the term gµν corresponds to the diagram of Fig. 1c
and is introduced to respect gauge invariance. The photon
has zero coupling to D0D0 and hence there is no tree level
for ψ → γ D0 D̄0.

2.2 Loop mechanism

There is, however, a loop mechanism that allows the ψ →
γ D0 D̄0 decay which is depicted in Fig. 2.

This follows exactly the same trend as in [30– 37] for φ →
γπ0π0, where the intermediate state is K+K− and the final
DD̄ are replaced by π0π0. The diagram of Fig. 2d is also
demanded by gauge invariance of the loops. Gauge invariance
plays an important role in this process and thanks to it there
is an efficient computational scheme which requires only
the evaluation of diagrams (a) and (b) of Fig. 2, which give
the same contribution, and shows that the result of the loop
integral is convergent [34,38– 40]. The derivation goes as
follows: The full amplitude for the diagrams of Fig. 2 has the
structure

tL = ϵµ(ψ)ϵν(γ ) Tµν (7)

and Tµν must be a tensor that can be written in terms of the
two independent momenta P and k, the momentum of the ψ

and γ respectively. The most general form for Tµν is given
by

Tµν = a gµν + b PµPν + c Pµkν + d kµPν + e kµkν .

(8)

Gauge invariance, substituting ϵν(γ ) by kν and demanding

Tµνkν = 0 (9)
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tion in which the D0 D̄0 production does not proceed at tree
level, while D+D− has contribution from tree level. As a
consequence, the D0 D̄0 production is directly influenced by
the DD̄ pole below threshold and exhibits a behavior close
to threshold very different from phase space. For the D+D−

production the tree level part is very important and the behav-
ior is quite different and in addition, it shows the infrared
divergence behavior when the photon energy goes to zero,
which, again, is not the case for D0 D̄0 production. The reac-
tion is, thus, suited for investigation of the DD̄ bound state
and the present rates of ψ(3770) production make the exper-
imental investigation feasible.

2 Formalism

The state ψ(3770) decays into DD̄ [22] with a width " =
27.2 MeV, 52% of which goes to D0 D̄0 and 41% to D+D−.
Its shape in e+e− production and the decay width have been
the object of intense study [23– 29,53,54]. In [29] the cc̄
component is allowed to get hadronized into meson-meson
components, and the strength of the hadronization is fitted
to the ψ(3770) lineshape. One of the conclusions in [29]
is that from the experimental data one can induce that the
ψ(3770) is largely a cc̄ state and the weight of the meson-
meson components is only of the order of 15%. The ψ(3770)
state bears some similarity to the φ(1020), which is assumed
to be a ss̄ state and decays into K K̄ . The decay mode
ψ(3770) → DD̄γ necessarily has much resemblance to
the φ → γ K K̄ , γπ0π0 decays, which have also been the
subject of much study [30– 37]. As in the φ → γπ0π0 reac-
tion, which does not proceed via tree level, we shall also see
that ψ(3770) → γ D0 D̄0 does not get contribution from tree
level and both processes proceed via a similar loop mecha-
nism.

2.1 Tree level for ψ(3770) → γ D+D−

The tree level mechanism in ψ(3770) → γ D+D− is shown
diagrammatically in Fig. 1.

The ψ → D+D− elementary vertex is given by

− i tψD+D− = −igψ (pD+ − pD−)µϵµ(ψ) . (1)

The ψ → D+D− decay width is given by

"ψ = 1
8π

1

M2
ψ

|q|
! !

|t |2 , (2)

where the sum and average of |t |2 calculated from Eq. (1)
gives

! !
|t |2 = 4

3
g2
ψ q2 , (3)

and q is the D+ momentum in the ψ decay at rest. Adjust-
ing to the experimental D+D− decay width, assuming all
the width coming from DD̄ decay, we find (we make some
comments and corrections to this assumption at the end of
the results section)

gψ = 13.7 (4)

Considering also the γ D+D− coupling D+(pD+)γ →
D+(p ′

D+)

i tγ D+D− = −i e (pD+ + p ′
D+)µ ϵµ(γ ) , (5)

with e the electron charge, e2/4π = α = 1/137, the ψ →
γ D+D− amplitude of the diagram of Fig. 1 is given by

ta + tb + tc = −2 e gψ ϵµ(ψ)ϵν(γ )

×
"
gµν + p2µ p1ν

1
p1 · k + iϵ

+ p1µ p2ν

1
p2 · k + iϵ

#

(6)

where the term gµν corresponds to the diagram of Fig. 1c
and is introduced to respect gauge invariance. The photon
has zero coupling to D0D0 and hence there is no tree level
for ψ → γ D0 D̄0.

2.2 Loop mechanism

There is, however, a loop mechanism that allows the ψ →
γ D0 D̄0 decay which is depicted in Fig. 2.

This follows exactly the same trend as in [30– 37] for φ →
γπ0π0, where the intermediate state is K+K− and the final
DD̄ are replaced by π0π0. The diagram of Fig. 2d is also
demanded by gauge invariance of the loops. Gauge invariance
plays an important role in this process and thanks to it there
is an efficient computational scheme which requires only
the evaluation of diagrams (a) and (b) of Fig. 2, which give
the same contribution, and shows that the result of the loop
integral is convergent [34,38– 40]. The derivation goes as
follows: The full amplitude for the diagrams of Fig. 2 has the
structure

tL = ϵµ(ψ)ϵν(γ ) Tµν (7)

and Tµν must be a tensor that can be written in terms of the
two independent momenta P and k, the momentum of the ψ

and γ respectively. The most general form for Tµν is given
by

Tµν = a gµν + b PµPν + c Pµkν + d kµPν + e kµkν .

(8)

Gauge invariance, substituting ϵν(γ ) by kν and demanding

Tµνkν = 0 (9)
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27.2 MeV, 52% of which goes to D0 D̄0 and 41% to D+D−.
Its shape in e+e− production and the decay width have been
the object of intense study [23– 29,53,54]. In [29] the cc̄
component is allowed to get hadronized into meson-meson
components, and the strength of the hadronization is fitted
to the ψ(3770) lineshape. One of the conclusions in [29]
is that from the experimental data one can induce that the
ψ(3770) is largely a cc̄ state and the weight of the meson-
meson components is only of the order of 15%. The ψ(3770)
state bears some similarity to the φ(1020), which is assumed
to be a ss̄ state and decays into K K̄ . The decay mode
ψ(3770) → DD̄γ necessarily has much resemblance to
the φ → γ K K̄ , γπ0π0 decays, which have also been the
subject of much study [30– 37]. As in the φ → γπ0π0 reac-
tion, which does not proceed via tree level, we shall also see
that ψ(3770) → γ D0 D̄0 does not get contribution from tree
level and both processes proceed via a similar loop mecha-
nism.

2.1 Tree level for ψ(3770) → γ D+D−

The tree level mechanism in ψ(3770) → γ D+D− is shown
diagrammatically in Fig. 1.

The ψ → D+D− elementary vertex is given by

− i tψD+D− = −igψ (pD+ − pD−)µϵµ(ψ) . (1)

The ψ → D+D− decay width is given by

"ψ = 1
8π

1

M2
ψ

|q|
! !

|t |2 , (2)

where the sum and average of |t |2 calculated from Eq. (1)
gives

! !
|t |2 = 4

3
g2
ψ q2 , (3)

and q is the D+ momentum in the ψ decay at rest. Adjust-
ing to the experimental D+D− decay width, assuming all
the width coming from DD̄ decay, we find (we make some
comments and corrections to this assumption at the end of
the results section)

gψ = 13.7 (4)

Considering also the γ D+D− coupling D+(pD+)γ →
D+(p ′

D+)

i tγ D+D− = −i e (pD+ + p ′
D+)µ ϵµ(γ ) , (5)

with e the electron charge, e2/4π = α = 1/137, the ψ →
γ D+D− amplitude of the diagram of Fig. 1 is given by

ta + tb + tc = −2 e gψ ϵµ(ψ)ϵν(γ )

×
"
gµν + p2µ p1ν

1
p1 · k + iϵ

+ p1µ p2ν

1
p2 · k + iϵ

#

(6)

where the term gµν corresponds to the diagram of Fig. 1c
and is introduced to respect gauge invariance. The photon
has zero coupling to D0D0 and hence there is no tree level
for ψ → γ D0 D̄0.

2.2 Loop mechanism

There is, however, a loop mechanism that allows the ψ →
γ D0 D̄0 decay which is depicted in Fig. 2.

This follows exactly the same trend as in [30– 37] for φ →
γπ0π0, where the intermediate state is K+K− and the final
DD̄ are replaced by π0π0. The diagram of Fig. 2d is also
demanded by gauge invariance of the loops. Gauge invariance
plays an important role in this process and thanks to it there
is an efficient computational scheme which requires only
the evaluation of diagrams (a) and (b) of Fig. 2, which give
the same contribution, and shows that the result of the loop
integral is convergent [34,38– 40]. The derivation goes as
follows: The full amplitude for the diagrams of Fig. 2 has the
structure

tL = ϵµ(ψ)ϵν(γ ) Tµν (7)

and Tµν must be a tensor that can be written in terms of the
two independent momenta P and k, the momentum of the ψ

and γ respectively. The most general form for Tµν is given
by

Tµν = a gµν + b PµPν + c Pµkν + d kµPν + e kµkν .

(8)

Gauge invariance, substituting ϵν(γ ) by kν and demanding

Tµνkν = 0 (9)
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Fig. 1 Mechanisms for
ψ → γ D+D−: a, b D pole
mechanisms; c contact term
demanded by gauge invariance.
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leads to

a kµ + b Pµ(P · k)+ d kµ(P · k) = 0 (10)

which implies two independent equations

a + d (P · k) = 0 (11)

b = 0. (12)

The b term does not contribute because of the Lorentz con-
dition ϵµ(ψ)Pµ = 0 and the c and e terms do not contribute
because of the Lorentz condition on the photon ϵν(γ )kν = 0.
Hence, only the a and d terms of Eq. (8) contribute to the
amplitude and it is enough to calculate only the a or d coef-
ficient. It is easy to see that only the diagrams (a), (b) of
Fig. 2 contribute to the d coefficient and since two external
momenta Pµkν are factorized out of the integral, for dimen-
sional reasons this means two powers of q less in the integral,
which renders it convergent. In addition, if we work at the
end, as we do, in the Coulomb gauge, ϵ0(γ ) = 0, ϵ(γ )·k = 0,
then the term dPi k jϵ j (ψ)ϵi (γ ) = 0 in the ψ rest frame, and
the whole amplitude is given by

t = aϵµ(ψ)ϵµ(γ ) ; a = −d (P · k) (13)

It is customary to perform the integration of the loop inte-
gral using Feynman parametrization, but here we must divert
from this formalism because the DD̄ → DD̄ scattering
matrix regularized with a cut off, qmax , transfers a structure
%(qmax −|q|)%(qmax −| p|) to the T matrix [41] and we
must implement a cut off in the loop integral. On the other
hand, we can benefit from the fact that the D mesons are
heavy particles, they are close to on-shell in the loops and

we can just keep the positive energy part of their propagators

D(q ) → 1

q 2 −m2
D + iϵ

≡ 1
2ω(q)

!
1

q 0 −ω(q)+ iϵ
− 1

q 0 + ω(q) −iϵ

"
(14)

→ 1
2ω(q)

1
q 0 −ω(q)+ iϵ

(15)

with ω(q) =
#
q2 + m2

D .
The contribution of the two diagrams of Fig. 2a, b with

D0 D̄0 in the final state is given by

−i tL = 2
$

d4q
(2π)4 (−i)gψ (P −q −q )µϵµ(ψ)(−ie)

×(P −q + P −q −k)νϵν(γ )(−i)tD+D−→D0 D̄0

× i

(P −q )2 −m2
D + iϵ

× i

q 2 −m2
D + iϵ

i

(P −q −k)2 −m2
D + iϵ

, (16)

tL = −2egψϵµ(ψ)ϵν(γ )i

×
$

d4q
(2π)4 2qµ(2P −2q )ν tD+D−→D0 D̄0

× 1

(P −q )2 −m2
D + iϵ

× 1

q 2 −m2
D + iϵ

1

(P −q −k)2 −m2
D + iϵ

, (17)

where tD+D−→D0 D̄0 is a function of the D0 D̄0 invariant
mass. We can now take the propagators of Eq. (14) and per-
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tion in which the D0 D̄0 production does not proceed at tree
level, while D+D− has contribution from tree level. As a
consequence, the D0 D̄0 production is directly influenced by
the DD̄ pole below threshold and exhibits a behavior close
to threshold very different from phase space. For the D+D−

production the tree level part is very important and the behav-
ior is quite different and in addition, it shows the infrared
divergence behavior when the photon energy goes to zero,
which, again, is not the case for D0 D̄0 production. The reac-
tion is, thus, suited for investigation of the DD̄ bound state
and the present rates of ψ(3770) production make the exper-
imental investigation feasible.

2 Formalism

The state ψ(3770) decays into DD̄ [22] with a width " =
27.2 MeV, 52% of which goes to D0 D̄0 and 41% to D+D−.
Its shape in e+e− production and the decay width have been
the object of intense study [23– 29,53,54]. In [29] the cc̄
component is allowed to get hadronized into meson-meson
components, and the strength of the hadronization is fitted
to the ψ(3770) lineshape. One of the conclusions in [29]
is that from the experimental data one can induce that the
ψ(3770) is largely a cc̄ state and the weight of the meson-
meson components is only of the order of 15%. The ψ(3770)
state bears some similarity to the φ(1020), which is assumed
to be a ss̄ state and decays into K K̄ . The decay mode
ψ(3770) → DD̄γ necessarily has much resemblance to
the φ → γ K K̄ , γπ0π0 decays, which have also been the
subject of much study [30– 37]. As in the φ → γπ0π0 reac-
tion, which does not proceed via tree level, we shall also see
that ψ(3770) → γ D0 D̄0 does not get contribution from tree
level and both processes proceed via a similar loop mecha-
nism.

2.1 Tree level for ψ(3770) → γ D+D−

The tree level mechanism in ψ(3770) → γ D+D− is shown
diagrammatically in Fig. 1.

The ψ → D+D− elementary vertex is given by

− i tψD+D− = −igψ (pD+ − pD−)µϵµ(ψ) . (1)

The ψ → D+D− decay width is given by

"ψ = 1
8π

1

M2
ψ

|q|
! !

|t |2 , (2)

where the sum and average of |t |2 calculated from Eq. (1)
gives

! !
|t |2 = 4

3
g2
ψ q2 , (3)

and q is the D+ momentum in the ψ decay at rest. Adjust-
ing to the experimental D+D− decay width, assuming all
the width coming from DD̄ decay, we find (we make some
comments and corrections to this assumption at the end of
the results section)

gψ = 13.7 (4)

Considering also the γ D+D− coupling D+(pD+)γ →
D+(p ′

D+)

i tγ D+D− = −i e (pD+ + p ′
D+)µ ϵµ(γ ) , (5)

with e the electron charge, e2/4π = α = 1/137, the ψ →
γ D+D− amplitude of the diagram of Fig. 1 is given by

ta + tb + tc = −2 e gψ ϵµ(ψ)ϵν(γ )

×
"
gµν + p2µ p1ν

1
p1 · k + iϵ

+ p1µ p2ν

1
p2 · k + iϵ

#

(6)

where the term gµν corresponds to the diagram of Fig. 1c
and is introduced to respect gauge invariance. The photon
has zero coupling to D0D0 and hence there is no tree level
for ψ → γ D0 D̄0.

2.2 Loop mechanism

There is, however, a loop mechanism that allows the ψ →
γ D0 D̄0 decay which is depicted in Fig. 2.

This follows exactly the same trend as in [30– 37] for φ →
γπ0π0, where the intermediate state is K+K− and the final
DD̄ are replaced by π0π0. The diagram of Fig. 2d is also
demanded by gauge invariance of the loops. Gauge invariance
plays an important role in this process and thanks to it there
is an efficient computational scheme which requires only
the evaluation of diagrams (a) and (b) of Fig. 2, which give
the same contribution, and shows that the result of the loop
integral is convergent [34,38– 40]. The derivation goes as
follows: The full amplitude for the diagrams of Fig. 2 has the
structure

tL = ϵµ(ψ)ϵν(γ ) Tµν (7)

and Tµν must be a tensor that can be written in terms of the
two independent momenta P and k, the momentum of the ψ

and γ respectively. The most general form for Tµν is given
by

Tµν = a gµν + b PµPν + c Pµkν + d kµPν + e kµkν .

(8)

Gauge invariance, substituting ϵν(γ ) by kν and demanding

Tµνkν = 0 (9)
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tion in which the D0 D̄0 production does not proceed at tree
level, while D+D− has contribution from tree level. As a
consequence, the D0 D̄0 production is directly influenced by
the DD̄ pole below threshold and exhibits a behavior close
to threshold very different from phase space. For the D+D−

production the tree level part is very important and the behav-
ior is quite different and in addition, it shows the infrared
divergence behavior when the photon energy goes to zero,
which, again, is not the case for D0 D̄0 production. The reac-
tion is, thus, suited for investigation of the DD̄ bound state
and the present rates of ψ(3770) production make the exper-
imental investigation feasible.

2 Formalism

The state ψ(3770) decays into DD̄ [22] with a width " =
27.2 MeV, 52% of which goes to D0 D̄0 and 41% to D+D−.
Its shape in e+e− production and the decay width have been
the object of intense study [23– 29,53,54]. In [29] the cc̄
component is allowed to get hadronized into meson-meson
components, and the strength of the hadronization is fitted
to the ψ(3770) lineshape. One of the conclusions in [29]
is that from the experimental data one can induce that the
ψ(3770) is largely a cc̄ state and the weight of the meson-
meson components is only of the order of 15%. The ψ(3770)
state bears some similarity to the φ(1020), which is assumed
to be a ss̄ state and decays into K K̄ . The decay mode
ψ(3770) → DD̄γ necessarily has much resemblance to
the φ → γ K K̄ , γπ0π0 decays, which have also been the
subject of much study [30– 37]. As in the φ → γπ0π0 reac-
tion, which does not proceed via tree level, we shall also see
that ψ(3770) → γ D0 D̄0 does not get contribution from tree
level and both processes proceed via a similar loop mecha-
nism.

2.1 Tree level for ψ(3770) → γ D+D−

The tree level mechanism in ψ(3770) → γ D+D− is shown
diagrammatically in Fig. 1.

The ψ → D+D− elementary vertex is given by

− i tψD+D− = −igψ (pD+ − pD−)µϵµ(ψ) . (1)

The ψ → D+D− decay width is given by

"ψ = 1
8π

1

M2
ψ

|q|
! !

|t |2 , (2)

where the sum and average of |t |2 calculated from Eq. (1)
gives

! !
|t |2 = 4

3
g2
ψ q2 , (3)

and q is the D+ momentum in the ψ decay at rest. Adjust-
ing to the experimental D+D− decay width, assuming all
the width coming from DD̄ decay, we find (we make some
comments and corrections to this assumption at the end of
the results section)

gψ = 13.7 (4)

Considering also the γ D+D− coupling D+(pD+)γ →
D+(p ′

D+)

i tγ D+D− = −i e (pD+ + p ′
D+)µ ϵµ(γ ) , (5)

with e the electron charge, e2/4π = α = 1/137, the ψ →
γ D+D− amplitude of the diagram of Fig. 1 is given by

ta + tb + tc = −2 e gψ ϵµ(ψ)ϵν(γ )

×
"
gµν + p2µ p1ν

1
p1 · k + iϵ

+ p1µ p2ν

1
p2 · k + iϵ

#

(6)

where the term gµν corresponds to the diagram of Fig. 1c
and is introduced to respect gauge invariance. The photon
has zero coupling to D0D0 and hence there is no tree level
for ψ → γ D0 D̄0.

2.2 Loop mechanism

There is, however, a loop mechanism that allows the ψ →
γ D0 D̄0 decay which is depicted in Fig. 2.

This follows exactly the same trend as in [30– 37] for φ →
γπ0π0, where the intermediate state is K+K− and the final
DD̄ are replaced by π0π0. The diagram of Fig. 2d is also
demanded by gauge invariance of the loops. Gauge invariance
plays an important role in this process and thanks to it there
is an efficient computational scheme which requires only
the evaluation of diagrams (a) and (b) of Fig. 2, which give
the same contribution, and shows that the result of the loop
integral is convergent [34,38– 40]. The derivation goes as
follows: The full amplitude for the diagrams of Fig. 2 has the
structure

tL = ϵµ(ψ)ϵν(γ ) Tµν (7)

and Tµν must be a tensor that can be written in terms of the
two independent momenta P and k, the momentum of the ψ

and γ respectively. The most general form for Tµν is given
by

Tµν = a gµν + b PµPν + c Pµkν + d kµPν + e kµkν .

(8)

Gauge invariance, substituting ϵν(γ ) by kν and demanding

Tµνkν = 0 (9)
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tion in which the D0 D̄0 production does not proceed at tree
level, while D+D− has contribution from tree level. As a
consequence, the D0 D̄0 production is directly influenced by
the DD̄ pole below threshold and exhibits a behavior close
to threshold very different from phase space. For the D+D−

production the tree level part is very important and the behav-
ior is quite different and in addition, it shows the infrared
divergence behavior when the photon energy goes to zero,
which, again, is not the case for D0 D̄0 production. The reac-
tion is, thus, suited for investigation of the DD̄ bound state
and the present rates of ψ(3770) production make the exper-
imental investigation feasible.

2 Formalism

The state ψ(3770) decays into DD̄ [22] with a width " =
27.2 MeV, 52% of which goes to D0 D̄0 and 41% to D+D−.
Its shape in e+e− production and the decay width have been
the object of intense study [23– 29,53,54]. In [29] the cc̄
component is allowed to get hadronized into meson-meson
components, and the strength of the hadronization is fitted
to the ψ(3770) lineshape. One of the conclusions in [29]
is that from the experimental data one can induce that the
ψ(3770) is largely a cc̄ state and the weight of the meson-
meson components is only of the order of 15%. The ψ(3770)
state bears some similarity to the φ(1020), which is assumed
to be a ss̄ state and decays into K K̄ . The decay mode
ψ(3770) → DD̄γ necessarily has much resemblance to
the φ → γ K K̄ , γπ0π0 decays, which have also been the
subject of much study [30– 37]. As in the φ → γπ0π0 reac-
tion, which does not proceed via tree level, we shall also see
that ψ(3770) → γ D0 D̄0 does not get contribution from tree
level and both processes proceed via a similar loop mecha-
nism.

2.1 Tree level for ψ(3770) → γ D+D−

The tree level mechanism in ψ(3770) → γ D+D− is shown
diagrammatically in Fig. 1.

The ψ → D+D− elementary vertex is given by

− i tψD+D− = −igψ (pD+ − pD−)µϵµ(ψ) . (1)

The ψ → D+D− decay width is given by

"ψ = 1
8π

1

M2
ψ

|q|
! !

|t |2 , (2)

where the sum and average of |t |2 calculated from Eq. (1)
gives

! !
|t |2 = 4

3
g2
ψ q2 , (3)

and q is the D+ momentum in the ψ decay at rest. Adjust-
ing to the experimental D+D− decay width, assuming all
the width coming from DD̄ decay, we find (we make some
comments and corrections to this assumption at the end of
the results section)

gψ = 13.7 (4)

Considering also the γ D+D− coupling D+(pD+)γ →
D+(p ′

D+)

i tγ D+D− = −i e (pD+ + p ′
D+)µ ϵµ(γ ) , (5)

with e the electron charge, e2/4π = α = 1/137, the ψ →
γ D+D− amplitude of the diagram of Fig. 1 is given by

ta + tb + tc = −2 e gψ ϵµ(ψ)ϵν(γ )

×
"
gµν + p2µ p1ν

1
p1 · k + iϵ

+ p1µ p2ν

1
p2 · k + iϵ

#

(6)

where the term gµν corresponds to the diagram of Fig. 1c
and is introduced to respect gauge invariance. The photon
has zero coupling to D0D0 and hence there is no tree level
for ψ → γ D0 D̄0.

2.2 Loop mechanism

There is, however, a loop mechanism that allows the ψ →
γ D0 D̄0 decay which is depicted in Fig. 2.

This follows exactly the same trend as in [30– 37] for φ →
γπ0π0, where the intermediate state is K+K− and the final
DD̄ are replaced by π0π0. The diagram of Fig. 2d is also
demanded by gauge invariance of the loops. Gauge invariance
plays an important role in this process and thanks to it there
is an efficient computational scheme which requires only
the evaluation of diagrams (a) and (b) of Fig. 2, which give
the same contribution, and shows that the result of the loop
integral is convergent [34,38– 40]. The derivation goes as
follows: The full amplitude for the diagrams of Fig. 2 has the
structure

tL = ϵµ(ψ)ϵν(γ ) Tµν (7)

and Tµν must be a tensor that can be written in terms of the
two independent momenta P and k, the momentum of the ψ

and γ respectively. The most general form for Tµν is given
by

Tµν = a gµν + b PµPν + c Pµkν + d kµPν + e kµkν .

(8)

Gauge invariance, substituting ϵν(γ ) by kν and demanding

Tµνkν = 0 (9)
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Fig. 1 Mechanisms for
ψ → γ D+D−: a, b D pole
mechanisms; c contact term
demanded by gauge invariance.
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leads to

a kµ + b Pµ(P · k)+ d kµ(P · k) = 0 (10)

which implies two independent equations

a + d (P · k) = 0 (11)

b = 0. (12)

The b term does not contribute because of the Lorentz con-
dition ϵµ(ψ)Pµ = 0 and the c and e terms do not contribute
because of the Lorentz condition on the photon ϵν(γ )kν = 0.
Hence, only the a and d terms of Eq. (8) contribute to the
amplitude and it is enough to calculate only the a or d coef-
ficient. It is easy to see that only the diagrams (a), (b) of
Fig. 2 contribute to the d coefficient and since two external
momenta Pµkν are factorized out of the integral, for dimen-
sional reasons this means two powers of q less in the integral,
which renders it convergent. In addition, if we work at the
end, as we do, in the Coulomb gauge, ϵ0(γ ) = 0, ϵ(γ )·k = 0,
then the term dPi k jϵ j (ψ)ϵi (γ ) = 0 in the ψ rest frame, and
the whole amplitude is given by

t = aϵµ(ψ)ϵµ(γ ) ; a = −d (P · k) (13)

It is customary to perform the integration of the loop inte-
gral using Feynman parametrization, but here we must divert
from this formalism because the DD̄ → DD̄ scattering
matrix regularized with a cut off, qmax , transfers a structure
%(qmax −|q|)%(qmax −| p|) to the T matrix [41] and we
must implement a cut off in the loop integral. On the other
hand, we can benefit from the fact that the D mesons are
heavy particles, they are close to on-shell in the loops and

we can just keep the positive energy part of their propagators

D(q ) → 1

q 2 −m2
D + iϵ

≡ 1
2ω(q)

!
1

q 0 −ω(q)+ iϵ
− 1

q 0 + ω(q) −iϵ

"
(14)

→ 1
2ω(q)

1
q 0 −ω(q)+ iϵ

(15)

with ω(q) =
#
q2 + m2

D .
The contribution of the two diagrams of Fig. 2a, b with

D0 D̄0 in the final state is given by

−i tL = 2
$

d4q
(2π)4 (−i)gψ (P −q −q )µϵµ(ψ)(−ie)

×(P −q + P −q −k)νϵν(γ )(−i)tD+D−→D0 D̄0

× i

(P −q )2 −m2
D + iϵ

× i

q 2 −m2
D + iϵ

i

(P −q −k)2 −m2
D + iϵ

, (16)

tL = −2egψϵµ(ψ)ϵν(γ )i

×
$

d4q
(2π)4 2qµ(2P −2q )ν tD+D−→D0 D̄0

× 1

(P −q )2 −m2
D + iϵ

× 1

q 2 −m2
D + iϵ

1

(P −q −k)2 −m2
D + iϵ

, (17)

where tD+D−→D0 D̄0 is a function of the D0 D̄0 invariant
mass. We can now take the propagators of Eq. (14) and per-
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leads to

a kµ + b Pµ(P · k)+ d kµ(P · k) = 0 (10)

which implies two independent equations

a + d (P · k) = 0 (11)

b = 0. (12)

The b term does not contribute because of the Lorentz con-
dition ϵµ(ψ)Pµ = 0 and the c and e terms do not contribute
because of the Lorentz condition on the photon ϵν(γ )kν = 0.
Hence, only the a and d terms of Eq. (8) contribute to the
amplitude and it is enough to calculate only the a or d coef-
ficient. It is easy to see that only the diagrams (a), (b) of
Fig. 2 contribute to the d coefficient and since two external
momenta Pµkν are factorized out of the integral, for dimen-
sional reasons this means two powers of q less in the integral,
which renders it convergent. In addition, if we work at the
end, as we do, in the Coulomb gauge, ϵ0(γ ) = 0, ϵ(γ )·k = 0,
then the term dPi k jϵ j (ψ)ϵi (γ ) = 0 in the ψ rest frame, and
the whole amplitude is given by

t = aϵµ(ψ)ϵµ(γ ) ; a = −d (P · k) (13)

It is customary to perform the integration of the loop inte-
gral using Feynman parametrization, but here we must divert
from this formalism because the DD̄ → DD̄ scattering
matrix regularized with a cut off, qmax , transfers a structure
%(qmax −|q|)%(qmax −| p|) to the T matrix [41] and we
must implement a cut off in the loop integral. On the other
hand, we can benefit from the fact that the D mesons are
heavy particles, they are close to on-shell in the loops and

we can just keep the positive energy part of their propagators

D(q ) → 1
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where tD+D−→D0 D̄0 is a function of the D0 D̄0 invariant
mass. We can now take the propagators of Eq. (14) and per-
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form the q0 integration analytically using Cauchy’s integra-
tion, and we find, keeping only the ϵi (γ ) transverse compo-
nents that we shall have in the Coulomb gauge (i, j=1, 2, 3)

tL = −2eg ψ tD+D−→D0 D̄0ϵ
i (ψ)ϵ j (γ ) 4

!
d3q
(2π)3

× 1
2ω(q)

1
2ω(P − q)

1
2ω(P − q− k)

× (qi Pj − qiq j )
1

P0 − ω(q) − ω(P − q)+ iϵ

× 1
P0 − ω(q) − k0 − ω(P − q− k)+ iϵ

(18)

and in order to get the d coefficient we must look at the ki P j

component of this integral. The first term in Eq. (18), with
qi Pj , provides this structure immediately since when P → 0
for the rest frame of the ψ , the integral only depends on k,
hence

"
d3q qi f (q, k) = ki

"
d3q (k · q)/k2 f (q, k). The

second integral for qiq j is a bit more involved, and since we
will have P → 0 at the end, we can make an expansion for
P small of all the terms. Then we have an integral at the end
of the type
!

d3qqiq jql Pl f (q, k) = Pl{A′(δi j kl + δil k j

+δ jl ki )+ B ′ki k j kl} (19)

and only the δ jl ki will contribute to the term ki Pj that we
look for. Finally we find

d = d1 + d2 (20)

with

d1 = −8 e g ψ
1

k2

!
d3q
(2π)3 q · k 1

2ω1

1
2ω1

1
2ω2

× 1
P0 − 2ω1 + iϵ

1
P0 − k0 − ω1 − ω2 + iϵ

× tD+D−,D0 D̄0

(21)

d2 = 4 e g ψ
1

k2

!
d3q
(2π)3 q · k

#
q2 − (q · k)2

k2

$

× 1
2ω1

1
2ω1

1
2ω2

× 1
P0 − 2ω1 + iϵ

1
P0 − k0 − ω1 − ω2 + iϵ

×
%

1

ω2
1
+ 1

ω2
2

− 1
ω1(P0 − 2ω1 + iϵ)

− 1
ω1(P0 − k0 − ω1 − ω2 + iϵ)

$
tD+D−,D0 D̄0 (22)

with ω1 =
&
q2 + m2

D and ω2 =
&
(q+ k)2 + m2

D . The

loop t matrix for ψ(3770) → γ D0 D̄0 can then be put as

tψ(3770)→γ D0 D̄0 = d Mψkϵ(ψ) · ϵ(γ ) . (23)

For the case of ψ(3770) → γ D+D− we have the
same formalism for the loop substituting tD+D−,D0 D̄0 by
tD+D−,D+D− , but we have to add the tree level contribution
of Eq. (6).

Given the structure of the amplitude it is convenient to
evaluate the phase space in terms of the energy of the photon
and the D0, both in the ψ rest frame, and we obtain at the
end,

d'

dMinv(D0 D̄0)

= 1

8M2
ψ

Minv(D0 D̄0)

(2π)3

×
!

dE1
' '

|t |2 ((1 − A2)((Mψ − k − E1) ,

(24)

where E1 is the energy of the D0 and A is the cosine of the
angle between the photon and D0 given by

A ≡ cos θ(p1, k)

= 1
2p1k

(
(Mψ − k − E1)

2 − m2
D − p2

1 − k2
)

(25)

The sum and average over spins of |t |2 is given for the case
of D+D− production by

' '
|t |2 = 1

3
(2 e g ψ )

2
(

2|1 + t ′AL + t ′BL |2 + p2
2

×
*

1
p1 · k

+ 2 *
p2

1 − (p1 · k)2

k2

+

+p2
1

*
1

p2 · k

+ 2 *
p2

2 − (p2 · k)2

k2

+

+
,
p1 · p2 − (p1 · k)(p2 · k)

k2

-

×
,
−2 Re(1+t ′AL + t ′BL )

*
1

p1 · k
+ 1

p2 · k

+

+2 p1 · p2
1

p1 · k
1

p2 · k

-$
(26)

where

t ′AL + t ′BL → 1
2 e g ψ

dMψk (27)

For the case of D0 D̄0 production only t ′AL + t ′BL has to be
kept and the

.. |t |2 gives us 2
3 |dMψk|2, which is what we

directly obtain from Eq. (23). All terms appearing in Eq. (26)
can be calculated in terms of Minv(D0 D̄0), E1 and A of Eq.
(25).

In order to evaluate the amplitudes that enter the former
expressions we use the Bethe-Salpeter equation in coupled
channels

T = [1 − VG]−1V , (28)
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which implies two independent equations

a + d (P · k) = 0 (11)
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The b term does not contribute because of the Lorentz con-
dition ϵµ(ψ)Pµ = 0 and the c and e terms do not contribute
because of the Lorentz condition on the photon ϵν(γ )kν = 0.
Hence, only the a and d terms of Eq. (8) contribute to the
amplitude and it is enough to calculate only the a or d coef-
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Fig. 2 contribute to the d coefficient and since two external
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then the term dPi k jϵ j (ψ)ϵi (γ ) = 0 in the ψ rest frame, and
the whole amplitude is given by
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must implement a cut off in the loop integral. On the other
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will have P → 0 at the end, we can make an expansion for
P small of all the terms. Then we have an integral at the end
of the type
!

d3qqiq jql Pl f (q, k) = Pl{A′(δi j kl + δil k j

+δ jl ki )+ B ′ki k j kl} (19)

and only the δ jl ki will contribute to the term ki Pj that we
look for. Finally we find

d = d1 + d2 (20)

with

d1 = −8 e g ψ
1

k2

!
d3q
(2π)3 q · k 1

2ω1

1
2ω1

1
2ω2

× 1
P0 − 2ω1 + iϵ

1
P0 − k0 − ω1 − ω2 + iϵ

× tD+D−,D0 D̄0

(21)

d2 = 4 e g ψ
1

k2

!
d3q
(2π)3 q · k

#
q2 − (q · k)2

k2

$

× 1
2ω1

1
2ω1

1
2ω2

× 1
P0 − 2ω1 + iϵ

1
P0 − k0 − ω1 − ω2 + iϵ

×
%

1

ω2
1
+ 1

ω2
2

− 1
ω1(P0 − 2ω1 + iϵ)

− 1
ω1(P0 − k0 − ω1 − ω2 + iϵ)

$
tD+D−,D0 D̄0 (22)

with ω1 =
&
q2 + m2

D and ω2 =
&
(q+ k)2 + m2

D . The

loop t matrix for ψ(3770) → γ D0 D̄0 can then be put as

tψ(3770)→γ D0 D̄0 = d Mψkϵ(ψ) · ϵ(γ ) . (23)

For the case of ψ(3770) → γ D+D− we have the
same formalism for the loop substituting tD+D−,D0 D̄0 by
tD+D−,D+D− , but we have to add the tree level contribution
of Eq. (6).

Given the structure of the amplitude it is convenient to
evaluate the phase space in terms of the energy of the photon
and the D0, both in the ψ rest frame, and we obtain at the
end,

d'

dMinv(D0 D̄0)

= 1

8M2
ψ

Minv(D0 D̄0)

(2π)3

×
!

dE1
' '

|t |2 ((1 − A2)((Mψ − k − E1) ,

(24)

where E1 is the energy of the D0 and A is the cosine of the
angle between the photon and D0 given by

A ≡ cos θ(p1, k)

= 1
2p1k

(
(Mψ − k − E1)

2 − m2
D − p2

1 − k2
)

(25)

The sum and average over spins of |t |2 is given for the case
of D+D− production by

' '
|t |2 = 1

3
(2 e g ψ )

2
(

2|1 + t ′AL + t ′BL |2 + p2
2

×
*

1
p1 · k

+ 2 *
p2

1 − (p1 · k)2

k2

+

+p2
1

*
1

p2 · k

+ 2 *
p2

2 − (p2 · k)2

k2

+

+
,
p1 · p2 − (p1 · k)(p2 · k)

k2

-

×
,
−2 Re(1+t ′AL + t ′BL )

*
1

p1 · k
+ 1

p2 · k

+

+2 p1 · p2
1

p1 · k
1

p2 · k

-$
(26)

where

t ′AL + t ′BL → 1
2 e g ψ

dMψk (27)

For the case of D0 D̄0 production only t ′AL + t ′BL has to be
kept and the

.. |t |2 gives us 2
3 |dMψk|2, which is what we

directly obtain from Eq. (23). All terms appearing in Eq. (26)
can be calculated in terms of Minv(D0 D̄0), E1 and A of Eq.
(25).

In order to evaluate the amplitudes that enter the former
expressions we use the Bethe-Salpeter equation in coupled
channels

T = [1 − VG]−1V , (28)
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Fig. 1 Mechanisms for
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leads to

a kµ + b Pµ(P · k)+ d kµ(P · k) = 0 (10)

which implies two independent equations

a + d (P · k) = 0 (11)

b = 0. (12)

The b term does not contribute because of the Lorentz con-
dition ϵµ(ψ)Pµ = 0 and the c and e terms do not contribute
because of the Lorentz condition on the photon ϵν(γ )kν = 0.
Hence, only the a and d terms of Eq. (8) contribute to the
amplitude and it is enough to calculate only the a or d coef-
ficient. It is easy to see that only the diagrams (a), (b) of
Fig. 2 contribute to the d coefficient and since two external
momenta Pµkν are factorized out of the integral, for dimen-
sional reasons this means two powers of q less in the integral,
which renders it convergent. In addition, if we work at the
end, as we do, in the Coulomb gauge, ϵ0(γ ) = 0, ϵ(γ )·k = 0,
then the term dPi k jϵ j (ψ)ϵi (γ ) = 0 in the ψ rest frame, and
the whole amplitude is given by

t = aϵµ(ψ)ϵµ(γ ) ; a = −d (P · k) (13)

It is customary to perform the integration of the loop inte-
gral using Feynman parametrization, but here we must divert
from this formalism because the DD̄ → DD̄ scattering
matrix regularized with a cut off, qmax , transfers a structure
%(qmax −|q|)%(qmax −| p|) to the T matrix [41] and we
must implement a cut off in the loop integral. On the other
hand, we can benefit from the fact that the D mesons are
heavy particles, they are close to on-shell in the loops and

we can just keep the positive energy part of their propagators

D(q ) → 1

q 2 −m2
D + iϵ

≡ 1
2ω(q)

!
1

q 0 −ω(q)+ iϵ
− 1

q 0 + ω(q) −iϵ

"
(14)

→ 1
2ω(q)

1
q 0 −ω(q)+ iϵ

(15)

with ω(q) =
#
q2 + m2

D .
The contribution of the two diagrams of Fig. 2a, b with

D0 D̄0 in the final state is given by

−i tL = 2
$

d4q
(2π)4 (−i)gψ (P −q −q )µϵµ(ψ)(−ie)

×(P −q + P −q −k)νϵν(γ )(−i)tD+D−→D0 D̄0

× i

(P −q )2 −m2
D + iϵ

× i

q 2 −m2
D + iϵ

i

(P −q −k)2 −m2
D + iϵ

, (16)

tL = −2egψϵµ(ψ)ϵν(γ )i

×
$

d4q
(2π)4 2qµ(2P −2q )ν tD+D−→D0 D̄0

× 1

(P −q )2 −m2
D + iϵ

× 1

q 2 −m2
D + iϵ

1

(P −q −k)2 −m2
D + iϵ

, (17)

where tD+D−→D0 D̄0 is a function of the D0 D̄0 invariant
mass. We can now take the propagators of Eq. (14) and per-
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leads to

a kµ + b Pµ(P · k)+ d kµ(P · k) = 0 (10)

which implies two independent equations

a + d (P · k) = 0 (11)

b = 0. (12)

The b term does not contribute because of the Lorentz con-
dition ϵµ(ψ)Pµ = 0 and the c and e terms do not contribute
because of the Lorentz condition on the photon ϵν(γ )kν = 0.
Hence, only the a and d terms of Eq. (8) contribute to the
amplitude and it is enough to calculate only the a or d coef-
ficient. It is easy to see that only the diagrams (a), (b) of
Fig. 2 contribute to the d coefficient and since two external
momenta Pµkν are factorized out of the integral, for dimen-
sional reasons this means two powers of q less in the integral,
which renders it convergent. In addition, if we work at the
end, as we do, in the Coulomb gauge, ϵ0(γ ) = 0, ϵ(γ )·k = 0,
then the term dPi k jϵ j (ψ)ϵi (γ ) = 0 in the ψ rest frame, and
the whole amplitude is given by

t = aϵµ(ψ)ϵµ(γ ) ; a = −d (P · k) (13)

It is customary to perform the integration of the loop inte-
gral using Feynman parametrization, but here we must divert
from this formalism because the DD̄ → DD̄ scattering
matrix regularized with a cut off, qmax , transfers a structure
%(qmax −|q|)%(qmax −| p|) to the T matrix [41] and we
must implement a cut off in the loop integral. On the other
hand, we can benefit from the fact that the D mesons are
heavy particles, they are close to on-shell in the loops and

we can just keep the positive energy part of their propagators

D(q ) → 1

q 2 −m2
D + iϵ

≡ 1
2ω(q)

!
1

q 0 −ω(q)+ iϵ
− 1

q 0 + ω(q) −iϵ

"
(14)

→ 1
2ω(q)

1
q 0 −ω(q)+ iϵ

(15)

with ω(q) =
#
q2 + m2

D .
The contribution of the two diagrams of Fig. 2a, b with

D0 D̄0 in the final state is given by

−i tL = 2
$

d4q
(2π)4 (−i)gψ (P −q −q )µϵµ(ψ)(−ie)

×(P −q + P −q −k)νϵν(γ )(−i)tD+D−→D0 D̄0

× i

(P −q )2 −m2
D + iϵ

× i

q 2 −m2
D + iϵ

i

(P −q −k)2 −m2
D + iϵ

, (16)

tL = −2egψϵµ(ψ)ϵν(γ )i

×
$

d4q
(2π)4 2qµ(2P −2q )ν tD+D−→D0 D̄0

× 1

(P −q )2 −m2
D + iϵ

× 1

q 2 −m2
D + iϵ

1

(P −q −k)2 −m2
D + iϵ

, (17)

where tD+D−→D0 D̄0 is a function of the D0 D̄0 invariant
mass. We can now take the propagators of Eq. (14) and per-
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form the q0 integration analytically using Cauchy’s integra-
tion, and we find, keeping only the ϵi (γ ) transverse compo-
nents that we shall have in the Coulomb gauge (i, j=1, 2, 3)

tL = −2eg ψ tD+D−→D0 D̄0ϵ
i (ψ)ϵ j (γ ) 4

!
d3q
(2π)3

× 1
2ω(q)

1
2ω(P − q)

1
2ω(P − q− k)

× (qi Pj − qiq j )
1

P0 − ω(q) − ω(P − q)+ iϵ

× 1
P0 − ω(q) − k0 − ω(P − q− k)+ iϵ

(18)

and in order to get the d coefficient we must look at the ki P j

component of this integral. The first term in Eq. (18), with
qi Pj , provides this structure immediately since when P → 0
for the rest frame of the ψ , the integral only depends on k,
hence

"
d3q qi f (q, k) = ki

"
d3q (k · q)/k2 f (q, k). The

second integral for qiq j is a bit more involved, and since we
will have P → 0 at the end, we can make an expansion for
P small of all the terms. Then we have an integral at the end
of the type
!

d3qqiq jql Pl f (q, k) = Pl{A′(δi j kl + δil k j

+δ jl ki )+ B ′ki k j kl} (19)

and only the δ jl ki will contribute to the term ki Pj that we
look for. Finally we find

d = d1 + d2 (20)

with

d1 = −8 e g ψ
1

k2

!
d3q
(2π)3 q · k 1

2ω1

1
2ω1

1
2ω2

× 1
P0 − 2ω1 + iϵ

1
P0 − k0 − ω1 − ω2 + iϵ

× tD+D−,D0 D̄0

(21)

d2 = 4 e g ψ
1

k2

!
d3q
(2π)3 q · k

#
q2 − (q · k)2

k2

$

× 1
2ω1

1
2ω1

1
2ω2

× 1
P0 − 2ω1 + iϵ

1
P0 − k0 − ω1 − ω2 + iϵ

×
%

1

ω2
1
+ 1

ω2
2

− 1
ω1(P0 − 2ω1 + iϵ)

− 1
ω1(P0 − k0 − ω1 − ω2 + iϵ)

$
tD+D−,D0 D̄0 (22)

with ω1 =
&
q2 + m2

D and ω2 =
&
(q+ k)2 + m2

D . The

loop t matrix for ψ(3770) → γ D0 D̄0 can then be put as

tψ(3770)→γ D0 D̄0 = d Mψkϵ(ψ) · ϵ(γ ) . (23)

For the case of ψ(3770) → γ D+D− we have the
same formalism for the loop substituting tD+D−,D0 D̄0 by
tD+D−,D+D− , but we have to add the tree level contribution
of Eq. (6).

Given the structure of the amplitude it is convenient to
evaluate the phase space in terms of the energy of the photon
and the D0, both in the ψ rest frame, and we obtain at the
end,

d'

dMinv(D0 D̄0)

= 1

8M2
ψ

Minv(D0 D̄0)

(2π)3

×
!

dE1
' '

|t |2 ((1 − A2)((Mψ − k − E1) ,

(24)

where E1 is the energy of the D0 and A is the cosine of the
angle between the photon and D0 given by

A ≡ cos θ(p1, k)

= 1
2p1k

(
(Mψ − k − E1)

2 − m2
D − p2

1 − k2
)

(25)

The sum and average over spins of |t |2 is given for the case
of D+D− production by

' '
|t |2 = 1

3
(2 e g ψ )

2
(

2|1 + t ′AL + t ′BL |2 + p2
2

×
*

1
p1 · k

+ 2 *
p2

1 − (p1 · k)2

k2

+

+p2
1

*
1

p2 · k

+ 2 *
p2

2 − (p2 · k)2

k2

+

+
,
p1 · p2 − (p1 · k)(p2 · k)

k2

-

×
,
−2 Re(1+t ′AL + t ′BL )

*
1

p1 · k
+ 1

p2 · k

+

+2 p1 · p2
1

p1 · k
1

p2 · k

-$
(26)

where

t ′AL + t ′BL → 1
2 e g ψ

dMψk (27)

For the case of D0 D̄0 production only t ′AL + t ′BL has to be
kept and the

.. |t |2 gives us 2
3 |dMψk|2, which is what we

directly obtain from Eq. (23). All terms appearing in Eq. (26)
can be calculated in terms of Minv(D0 D̄0), E1 and A of Eq.
(25).

In order to evaluate the amplitudes that enter the former
expressions we use the Bethe-Salpeter equation in coupled
channels

T = [1 − VG]−1V , (28)

123

8
G. Toledo, Hadron20



  510 Page 4 of 8 Eur. Phys. J. C           (2020) 80:510 

form the q0 integration analytically using Cauchy’s integra-
tion, and we find, keeping only the ϵi (γ ) transverse compo-
nents that we shall have in the Coulomb gauge (i, j=1, 2, 3)

tL = −2eg ψ tD+D−→D0 D̄0ϵ
i (ψ)ϵ j (γ ) 4

!
d3q
(2π)3

× 1
2ω(q)

1
2ω(P − q)

1
2ω(P − q− k)

× (qi Pj − qiq j )
1

P0 − ω(q) − ω(P − q)+ iϵ

× 1
P0 − ω(q) − k0 − ω(P − q− k)+ iϵ

(18)

and in order to get the d coefficient we must look at the ki P j

component of this integral. The first term in Eq. (18), with
qi Pj , provides this structure immediately since when P → 0
for the rest frame of the ψ , the integral only depends on k,
hence

"
d3q qi f (q, k) = ki

"
d3q (k · q)/k2 f (q, k). The

second integral for qiq j is a bit more involved, and since we
will have P → 0 at the end, we can make an expansion for
P small of all the terms. Then we have an integral at the end
of the type
!

d3qqiq jql Pl f (q, k) = Pl{A′(δi j kl + δil k j

+δ jl ki )+ B ′ki k j kl} (19)

and only the δ jl ki will contribute to the term ki Pj that we
look for. Finally we find

d = d1 + d2 (20)

with

d1 = −8 e g ψ
1

k2

!
d3q
(2π)3 q · k 1

2ω1

1
2ω1

1
2ω2

× 1
P0 − 2ω1 + iϵ

1
P0 − k0 − ω1 − ω2 + iϵ

× tD+D−,D0 D̄0

(21)

d2 = 4 e g ψ
1

k2

!
d3q
(2π)3 q · k

#
q2 − (q · k)2

k2

$

× 1
2ω1

1
2ω1

1
2ω2

× 1
P0 − 2ω1 + iϵ

1
P0 − k0 − ω1 − ω2 + iϵ

×
%

1

ω2
1
+ 1

ω2
2

− 1
ω1(P0 − 2ω1 + iϵ)

− 1
ω1(P0 − k0 − ω1 − ω2 + iϵ)

$
tD+D−,D0 D̄0 (22)

with ω1 =
&
q2 + m2

D and ω2 =
&
(q+ k)2 + m2

D . The

loop t matrix for ψ(3770) → γ D0 D̄0 can then be put as

tψ(3770)→γ D0 D̄0 = d Mψkϵ(ψ) · ϵ(γ ) . (23)

For the case of ψ(3770) → γ D+D− we have the
same formalism for the loop substituting tD+D−,D0 D̄0 by
tD+D−,D+D− , but we have to add the tree level contribution
of Eq. (6).

Given the structure of the amplitude it is convenient to
evaluate the phase space in terms of the energy of the photon
and the D0, both in the ψ rest frame, and we obtain at the
end,

d'

dMinv(D0 D̄0)

= 1

8M2
ψ

Minv(D0 D̄0)

(2π)3

×
!

dE1
' '

|t |2 ((1 − A2)((Mψ − k − E1) ,

(24)

where E1 is the energy of the D0 and A is the cosine of the
angle between the photon and D0 given by

A ≡ cos θ(p1, k)

= 1
2p1k

(
(Mψ − k − E1)

2 − m2
D − p2

1 − k2
)

(25)

The sum and average over spins of |t |2 is given for the case
of D+D− production by

' '
|t |2 = 1

3
(2 e g ψ )

2
(

2|1 + t ′AL + t ′BL |2 + p2
2

×
*

1
p1 · k

+ 2 *
p2

1 − (p1 · k)2

k2

+

+p2
1

*
1

p2 · k

+ 2 *
p2

2 − (p2 · k)2

k2

+

+
,
p1 · p2 − (p1 · k)(p2 · k)

k2

-

×
,
−2 Re(1+t ′AL + t ′BL )

*
1

p1 · k
+ 1

p2 · k

+

+2 p1 · p2
1

p1 · k
1

p2 · k

-$
(26)

where

t ′AL + t ′BL → 1
2 e g ψ

dMψk (27)

For the case of D0 D̄0 production only t ′AL + t ′BL has to be
kept and the

.. |t |2 gives us 2
3 |dMψk|2, which is what we

directly obtain from Eq. (23). All terms appearing in Eq. (26)
can be calculated in terms of Minv(D0 D̄0), E1 and A of Eq.
(25).

In order to evaluate the amplitudes that enter the former
expressions we use the Bethe-Salpeter equation in coupled
channels

T = [1 − VG]−1V , (28)
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form the q0 integration analytically using Cauchy’s integra-
tion, and we find, keeping only the ϵi (γ ) transverse compo-
nents that we shall have in the Coulomb gauge (i, j=1, 2, 3)
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i (ψ)ϵ j (γ ) 4

!
d3q
(2π)3

× 1
2ω(q)

1
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1
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× (qi Pj − qiq j )
1

P0 − ω(q) − ω(P − q)+ iϵ

× 1
P0 − ω(q) − k0 − ω(P − q− k)+ iϵ

(18)

and in order to get the d coefficient we must look at the ki P j

component of this integral. The first term in Eq. (18), with
qi Pj , provides this structure immediately since when P → 0
for the rest frame of the ψ , the integral only depends on k,
hence

"
d3q qi f (q, k) = ki

"
d3q (k · q)/k2 f (q, k). The

second integral for qiq j is a bit more involved, and since we
will have P → 0 at the end, we can make an expansion for
P small of all the terms. Then we have an integral at the end
of the type
!

d3qqiq jql Pl f (q, k) = Pl{A′(δi j kl + δil k j

+δ jl ki )+ B ′ki k j kl} (19)

and only the δ jl ki will contribute to the term ki Pj that we
look for. Finally we find

d = d1 + d2 (20)

with

d1 = −8 e g ψ
1

k2

!
d3q
(2π)3 q · k 1

2ω1

1
2ω1

1
2ω2

× 1
P0 − 2ω1 + iϵ

1
P0 − k0 − ω1 − ω2 + iϵ

× tD+D−,D0 D̄0

(21)

d2 = 4 e g ψ
1

k2

!
d3q
(2π)3 q · k

#
q2 − (q · k)2

k2

$

× 1
2ω1

1
2ω1

1
2ω2

× 1
P0 − 2ω1 + iϵ

1
P0 − k0 − ω1 − ω2 + iϵ

×
%

1

ω2
1
+ 1

ω2
2

− 1
ω1(P0 − 2ω1 + iϵ)

− 1
ω1(P0 − k0 − ω1 − ω2 + iϵ)

$
tD+D−,D0 D̄0 (22)

with ω1 =
&
q2 + m2

D and ω2 =
&
(q+ k)2 + m2

D . The

loop t matrix for ψ(3770) → γ D0 D̄0 can then be put as

tψ(3770)→γ D0 D̄0 = d Mψkϵ(ψ) · ϵ(γ ) . (23)

For the case of ψ(3770) → γ D+D− we have the
same formalism for the loop substituting tD+D−,D0 D̄0 by
tD+D−,D+D− , but we have to add the tree level contribution
of Eq. (6).

Given the structure of the amplitude it is convenient to
evaluate the phase space in terms of the energy of the photon
and the D0, both in the ψ rest frame, and we obtain at the
end,

d'

dMinv(D0 D̄0)

= 1

8M2
ψ

Minv(D0 D̄0)

(2π)3

×
!

dE1
' '

|t |2 ((1 − A2)((Mψ − k − E1) ,

(24)

where E1 is the energy of the D0 and A is the cosine of the
angle between the photon and D0 given by

A ≡ cos θ(p1, k)

= 1
2p1k

(
(Mψ − k − E1)

2 − m2
D − p2

1 − k2
)

(25)

The sum and average over spins of |t |2 is given for the case
of D+D− production by

' '
|t |2 = 1

3
(2 e g ψ )

2
(

2|1 + t ′AL + t ′BL |2 + p2
2

×
*

1
p1 · k

+ 2 *
p2

1 − (p1 · k)2

k2

+

+p2
1

*
1

p2 · k

+ 2 *
p2

2 − (p2 · k)2

k2

+

+
,
p1 · p2 − (p1 · k)(p2 · k)

k2

-

×
,
−2 Re(1+t ′AL + t ′BL )

*
1

p1 · k
+ 1

p2 · k

+

+2 p1 · p2
1

p1 · k
1

p2 · k

-$
(26)

where

t ′AL + t ′BL → 1
2 e g ψ

dMψk (27)

For the case of D0 D̄0 production only t ′AL + t ′BL has to be
kept and the

.. |t |2 gives us 2
3 |dMψk|2, which is what we

directly obtain from Eq. (23). All terms appearing in Eq. (26)
can be calculated in terms of Minv(D0 D̄0), E1 and A of Eq.
(25).

In order to evaluate the amplitudes that enter the former
expressions we use the Bethe-Salpeter equation in coupled
channels

T = [1 − VG]−1V , (28)

123

  510 Page 4 of 8 Eur. Phys. J. C           (2020) 80:510 

form the q0 integration analytically using Cauchy’s integra-
tion, and we find, keeping only the ϵi (γ ) transverse compo-
nents that we shall have in the Coulomb gauge (i, j=1, 2, 3)

tL = −2eg ψ tD+D−→D0 D̄0ϵ
i (ψ)ϵ j (γ ) 4
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1
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× 1
P0 − ω(q) − k0 − ω(P − q− k)+ iϵ

(18)

and in order to get the d coefficient we must look at the ki P j

component of this integral. The first term in Eq. (18), with
qi Pj , provides this structure immediately since when P → 0
for the rest frame of the ψ , the integral only depends on k,
hence

"
d3q qi f (q, k) = ki

"
d3q (k · q)/k2 f (q, k). The

second integral for qiq j is a bit more involved, and since we
will have P → 0 at the end, we can make an expansion for
P small of all the terms. Then we have an integral at the end
of the type
!

d3qqiq jql Pl f (q, k) = Pl{A′(δi j kl + δil k j

+δ jl ki )+ B ′ki k j kl} (19)

and only the δ jl ki will contribute to the term ki Pj that we
look for. Finally we find

d = d1 + d2 (20)

with
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1
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1
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1
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× 1
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1
P0 − k0 − ω1 − ω2 + iϵ
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%

1

ω2
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+ 1

ω2
2

− 1
ω1(P0 − 2ω1 + iϵ)

− 1
ω1(P0 − k0 − ω1 − ω2 + iϵ)

$
tD+D−,D0 D̄0 (22)

with ω1 =
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q2 + m2

D and ω2 =
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(q+ k)2 + m2

D . The

loop t matrix for ψ(3770) → γ D0 D̄0 can then be put as

tψ(3770)→γ D0 D̄0 = d Mψkϵ(ψ) · ϵ(γ ) . (23)

For the case of ψ(3770) → γ D+D− we have the
same formalism for the loop substituting tD+D−,D0 D̄0 by
tD+D−,D+D− , but we have to add the tree level contribution
of Eq. (6).

Given the structure of the amplitude it is convenient to
evaluate the phase space in terms of the energy of the photon
and the D0, both in the ψ rest frame, and we obtain at the
end,
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where E1 is the energy of the D0 and A is the cosine of the
angle between the photon and D0 given by

A ≡ cos θ(p1, k)

= 1
2p1k

(
(Mψ − k − E1)
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)
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The sum and average over spins of |t |2 is given for the case
of D+D− production by
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+
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+
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(26)

where

t ′AL + t ′BL → 1
2 e g ψ

dMψk (27)

For the case of D0 D̄0 production only t ′AL + t ′BL has to be
kept and the

.. |t |2 gives us 2
3 |dMψk|2, which is what we

directly obtain from Eq. (23). All terms appearing in Eq. (26)
can be calculated in terms of Minv(D0 D̄0), E1 and A of Eq.
(25).

In order to evaluate the amplitudes that enter the former
expressions we use the Bethe-Salpeter equation in coupled
channels

T = [1 − VG]−1V , (28)
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component of this integral. The first term in Eq. (18), with
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for the rest frame of the ψ , the integral only depends on k,
hence

"
d3q qi f (q, k) = ki

"
d3q (k · q)/k2 f (q, k). The

second integral for qiq j is a bit more involved, and since we
will have P → 0 at the end, we can make an expansion for
P small of all the terms. Then we have an integral at the end
of the type
!

d3qqiq jql Pl f (q, k) = Pl{A′(δi j kl + δil k j
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with ω1 =
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D . The

loop t matrix for ψ(3770) → γ D0 D̄0 can then be put as

tψ(3770)→γ D0 D̄0 = d Mψkϵ(ψ) · ϵ(γ ) . (23)

For the case of ψ(3770) → γ D+D− we have the
same formalism for the loop substituting tD+D−,D0 D̄0 by
tD+D−,D+D− , but we have to add the tree level contribution
of Eq. (6).

Given the structure of the amplitude it is convenient to
evaluate the phase space in terms of the energy of the photon
and the D0, both in the ψ rest frame, and we obtain at the
end,
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= 1
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×
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dE1
' '

|t |2 ((1 − A2)((Mψ − k − E1) ,

(24)

where E1 is the energy of the D0 and A is the cosine of the
angle between the photon and D0 given by

A ≡ cos θ(p1, k)

= 1
2p1k

(
(Mψ − k − E1)

2 − m2
D − p2

1 − k2
)

(25)

The sum and average over spins of |t |2 is given for the case
of D+D− production by
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|t |2 = 1

3
(2 e g ψ )

2
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2|1 + t ′AL + t ′BL |2 + p2
2

×
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1
p1 · k

+ 2 *
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1 − (p1 · k)2
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+

+p2
1
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1
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+

+
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×
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−2 Re(1+t ′AL + t ′BL )
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+ 1
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+

+2 p1 · p2
1

p1 · k
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(26)

where

t ′AL + t ′BL → 1
2 e g ψ

dMψk (27)

For the case of D0 D̄0 production only t ′AL + t ′BL has to be
kept and the

.. |t |2 gives us 2
3 |dMψk|2, which is what we

directly obtain from Eq. (23). All terms appearing in Eq. (26)
can be calculated in terms of Minv(D0 D̄0), E1 and A of Eq.
(25).

In order to evaluate the amplitudes that enter the former
expressions we use the Bethe-Salpeter equation in coupled
channels

T = [1 − VG]−1V , (28)
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Fig. 1 Mechanisms for
ψ → γ D+D−: a, b D pole
mechanisms; c contact term
demanded by gauge invariance.
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Fig. 2 Loop mechanisms for ψ → γ DD̄ production. In parenthesis the momenta of the particles

leads to

a kµ + b Pµ(P · k)+ d kµ(P · k) = 0 (10)

which implies two independent equations

a + d (P · k) = 0 (11)

b = 0. (12)

The b term does not contribute because of the Lorentz con-
dition ϵµ(ψ)Pµ = 0 and the c and e terms do not contribute
because of the Lorentz condition on the photon ϵν(γ )kν = 0.
Hence, only the a and d terms of Eq. (8) contribute to the
amplitude and it is enough to calculate only the a or d coef-
ficient. It is easy to see that only the diagrams (a), (b) of
Fig. 2 contribute to the d coefficient and since two external
momenta Pµkν are factorized out of the integral, for dimen-
sional reasons this means two powers of q less in the integral,
which renders it convergent. In addition, if we work at the
end, as we do, in the Coulomb gauge, ϵ0(γ ) = 0, ϵ(γ )·k = 0,
then the term dPi k jϵ j (ψ)ϵi (γ ) = 0 in the ψ rest frame, and
the whole amplitude is given by

t = aϵµ(ψ)ϵµ(γ ) ; a = −d (P · k) (13)

It is customary to perform the integration of the loop inte-
gral using Feynman parametrization, but here we must divert
from this formalism because the DD̄ → DD̄ scattering
matrix regularized with a cut off, qmax , transfers a structure
%(qmax −|q|)%(qmax −| p|) to the T matrix [41] and we
must implement a cut off in the loop integral. On the other
hand, we can benefit from the fact that the D mesons are
heavy particles, they are close to on-shell in the loops and

we can just keep the positive energy part of their propagators

D(q ) → 1

q 2 −m2
D + iϵ

≡ 1
2ω(q)

!
1

q 0 −ω(q)+ iϵ
− 1

q 0 + ω(q) −iϵ

"
(14)

→ 1
2ω(q)

1
q 0 −ω(q)+ iϵ

(15)

with ω(q) =
#
q2 + m2

D .
The contribution of the two diagrams of Fig. 2a, b with

D0 D̄0 in the final state is given by

−i tL = 2
$

d4q
(2π)4 (−i)gψ (P −q −q )µϵµ(ψ)(−ie)

×(P −q + P −q −k)νϵν(γ )(−i)tD+D−→D0 D̄0

× i

(P −q )2 −m2
D + iϵ

× i

q 2 −m2
D + iϵ

i

(P −q −k)2 −m2
D + iϵ

, (16)

tL = −2egψϵµ(ψ)ϵν(γ )i

×
$

d4q
(2π)4 2qµ(2P −2q )ν tD+D−→D0 D̄0

× 1

(P −q )2 −m2
D + iϵ

× 1

q 2 −m2
D + iϵ

1

(P −q −k)2 −m2
D + iϵ

, (17)

where tD+D−→D0 D̄0 is a function of the D0 D̄0 invariant
mass. We can now take the propagators of Eq. (14) and per-
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form the q0 integration analytically using Cauchy’s integra-
tion, and we find, keeping only the ϵi (γ ) transverse compo-
nents that we shall have in the Coulomb gauge (i, j=1, 2, 3)

tL = −2eg ψ tD+D−→D0 D̄0ϵ
i (ψ)ϵ j (γ ) 4

!
d3q
(2π)3

× 1
2ω(q)

1
2ω(P − q)

1
2ω(P − q− k)

× (qi Pj − qiq j )
1

P0 − ω(q) − ω(P − q)+ iϵ

× 1
P0 − ω(q) − k0 − ω(P − q− k)+ iϵ

(18)

and in order to get the d coefficient we must look at the ki P j

component of this integral. The first term in Eq. (18), with
qi Pj , provides this structure immediately since when P → 0
for the rest frame of the ψ , the integral only depends on k,
hence

"
d3q qi f (q, k) = ki

"
d3q (k · q)/k2 f (q, k). The

second integral for qiq j is a bit more involved, and since we
will have P → 0 at the end, we can make an expansion for
P small of all the terms. Then we have an integral at the end
of the type
!

d3qqiq jql Pl f (q, k) = Pl{A′(δi j kl + δil k j

+δ jl ki )+ B ′ki k j kl} (19)

and only the δ jl ki will contribute to the term ki Pj that we
look for. Finally we find

d = d1 + d2 (20)

with

d1 = −8 e g ψ
1

k2

!
d3q
(2π)3 q · k 1

2ω1

1
2ω1

1
2ω2

× 1
P0 − 2ω1 + iϵ

1
P0 − k0 − ω1 − ω2 + iϵ

× tD+D−,D0 D̄0

(21)

d2 = 4 e g ψ
1

k2

!
d3q
(2π)3 q · k

#
q2 − (q · k)2

k2

$

× 1
2ω1

1
2ω1

1
2ω2

× 1
P0 − 2ω1 + iϵ

1
P0 − k0 − ω1 − ω2 + iϵ

×
%

1

ω2
1
+ 1

ω2
2

− 1
ω1(P0 − 2ω1 + iϵ)

− 1
ω1(P0 − k0 − ω1 − ω2 + iϵ)

$
tD+D−,D0 D̄0 (22)

with ω1 =
&
q2 + m2

D and ω2 =
&
(q+ k)2 + m2

D . The

loop t matrix for ψ(3770) → γ D0 D̄0 can then be put as

tψ(3770)→γ D0 D̄0 = d Mψkϵ(ψ) · ϵ(γ ) . (23)

For the case of ψ(3770) → γ D+D− we have the
same formalism for the loop substituting tD+D−,D0 D̄0 by
tD+D−,D+D− , but we have to add the tree level contribution
of Eq. (6).

Given the structure of the amplitude it is convenient to
evaluate the phase space in terms of the energy of the photon
and the D0, both in the ψ rest frame, and we obtain at the
end,

d'

dMinv(D0 D̄0)

= 1

8M2
ψ

Minv(D0 D̄0)

(2π)3

×
!

dE1
' '

|t |2 ((1 − A2)((Mψ − k − E1) ,

(24)

where E1 is the energy of the D0 and A is the cosine of the
angle between the photon and D0 given by

A ≡ cos θ(p1, k)

= 1
2p1k

(
(Mψ − k − E1)

2 − m2
D − p2

1 − k2
)

(25)

The sum and average over spins of |t |2 is given for the case
of D+D− production by

' '
|t |2 = 1

3
(2 e g ψ )

2
(

2|1 + t ′AL + t ′BL |2 + p2
2

×
*

1
p1 · k

+ 2 *
p2

1 − (p1 · k)2

k2

+

+p2
1

*
1

p2 · k

+ 2 *
p2

2 − (p2 · k)2

k2

+

+
,
p1 · p2 − (p1 · k)(p2 · k)

k2

-

×
,
−2 Re(1+t ′AL + t ′BL )

*
1

p1 · k
+ 1

p2 · k

+

+2 p1 · p2
1

p1 · k
1

p2 · k

-$
(26)

where

t ′AL + t ′BL → 1
2 e g ψ

dMψk (27)

For the case of D0 D̄0 production only t ′AL + t ′BL has to be
kept and the

.. |t |2 gives us 2
3 |dMψk|2, which is what we

directly obtain from Eq. (23). All terms appearing in Eq. (26)
can be calculated in terms of Minv(D0 D̄0), E1 and A of Eq.
(25).

In order to evaluate the amplitudes that enter the former
expressions we use the Bethe-Salpeter equation in coupled
channels

T = [1 − VG]−1V , (28)
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form the q0 integration analytically using Cauchy’s integra-
tion, and we find, keeping only the ϵi (γ ) transverse compo-
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hence
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"
d3q (k · q)/k2 f (q, k). The

second integral for qiq j is a bit more involved, and since we
will have P → 0 at the end, we can make an expansion for
P small of all the terms. Then we have an integral at the end
of the type
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of Eq. (6).
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end,
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where E1 is the energy of the D0 and A is the cosine of the
angle between the photon and D0 given by

A ≡ cos θ(p1, k)

= 1
2p1k

(
(Mψ − k − E1)

2 − m2
D − p2

1 − k2
)

(25)

The sum and average over spins of |t |2 is given for the case
of D+D− production by

' '
|t |2 = 1

3
(2 e g ψ )

2
(

2|1 + t ′AL + t ′BL |2 + p2
2

×
*

1
p1 · k

+ 2 *
p2

1 − (p1 · k)2
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+

+p2
1

*
1
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+ 2 *
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+

+
,
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-

×
,
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*
1
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+ 1
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+

+2 p1 · p2
1

p1 · k
1

p2 · k

-$
(26)

where

t ′AL + t ′BL → 1
2 e g ψ

dMψk (27)

For the case of D0 D̄0 production only t ′AL + t ′BL has to be
kept and the

.. |t |2 gives us 2
3 |dMψk|2, which is what we

directly obtain from Eq. (23). All terms appearing in Eq. (26)
can be calculated in terms of Minv(D0 D̄0), E1 and A of Eq.
(25).

In order to evaluate the amplitudes that enter the former
expressions we use the Bethe-Salpeter equation in coupled
channels

T = [1 − VG]−1V , (28)
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form the q0 integration analytically using Cauchy’s integra-
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Scattering matrix element
 computed with the Bethe-Salpeter Eqn.

was used, and in Ref. [28] the transition K̄Ξ! → K̄Ξ is
evaluated by means of a triangle diagram that involves
baryon exchange. By the contrary, in Ref. [29], given the
difficulty to evaluate the K̄Ξ! → K̄Ξ transition, which
proceeds in d-wave, the matrix elements for K̄Ξ! → K̄Ξ
and ηΩ → K̄Ξ transitions are parametrized and fit to the
data. In addition, the coupled channels were extended to
include explicitly the K̄Ξ channel. In both cases a quali-
tative agreement with the data was found. In Ref. [29] some
fits to the mass and width of the Ωð2012Þ state were done
and the partial decay widths to K̄πΞ, K̄Ξ were found to be
of similar strength, with the K̄Ξ decay channel dominant.
This was the situation until the Belle collaboration

presented the results from an experiment [30] that showed
that the ratio of the K̄πΞ width to the K̄Ξ width is smaller
than 11.9%. This paper concludes “Our result strongly
disfavors the molecular interpretation of Ref. [23] and is in
tension with the predictions of Refs. [16,22,28,29], also
based on molecular interpretations.”
There has already been a feedback to this work and in

Ref. [31] the authors redo the analysis of Ref. [23]
concluding that the new data favor a molecular K̄Ξ! state
but in p-wave rather than s-wave. In Ref. [32] a non-
relativistic quark model is used and the Ωð2012Þ state is
identified with a 3=2− (12P3=2) state. The strong decay
width is also evaluated and a width of 5.6 MeV is obtained
in the K̄Ξ channel and zero in the K̄Ξ! one. In Ref. [33] the
molecular picture is retaken using the Weinberg compos-
iteness condition, but contrary to Ref. [23], the molecule is
considered not from the K̄Ξ! state but from a coherent
mixture of K̄Ξ! and ηΩ. The work shares with Ref. [29] and
the present work the relevance of the ηΩ component to
stabilize the molecular state. With large uncertainties,
depending on the parameters used, they find widths of
the order of magnitude of the experiment, where the K̄Ξ
decay channel is dominant, but the K̄πΞ decay channel has
also a relatively large strength and a ratio of this decay
width to the K̄Ξ width smaller than 12% is not easy to get,
although possible within theoretical uncertainties. The
conclusion of the work is that “The prediction given here
can hopefully support a possible structure interpretation of
the Ωð2012Þ.”
There is, however, a detail that has passed unnoticed in

the former works and this is the cut made in Ref. [30] to
conclude that the detected K̄πΞ state comes from K̄Ξ!. For
this purpose a cut is made in the invariant mass of πΞ,
demanding

1.49 GeV < MinvðπΞÞ < 1.53 GeV: ð1Þ

This cut was not implemented in Refs. [22,28,29], hence
a proper comparison demands that we redo the calculations
implementing this cut. On the other hand the new infor-
mation of Ref. [30] is very valuable to further pin down
the unknown parameters of the theory. With this double

perspective we take the task to reanalyze the work of
Ref. [29] in order to see to which extend the data rule out
the molecular picture or not. Anticipating the results, we
find that the results are compatible with the molecular
picture in coupled channels, but in passing we will learn
more about the role played by the ηΩ channel in this
problem.

II. FORMALISM

We follow the steps of Ref. [29] and take the coupled
channels K̄Ξ!, ηΩ, and K̄Ξ. The first two channels are in
s-wave and the latter one in d-wave. The 3 × 3 scattering
matrix calculated with the Bethe Salpeter equation is
given by

T ¼ ½1 − VG&−1V; ð2Þ

where the transition potential is given by

V ¼

K̄Ξ! ηΩ K̄Ξ
0

B@
0 3F αq2on
3F 0 βq2on
αq2on βq2on 0

1

CA
K̄Ξ!

ηΩ
K̄Ξ

ð3Þ

with

F ¼ −
1

4f2
ðk0 þ k00Þ; qon ¼

λ1=2ðs;m2
K̄; m

2
ΞÞ

2
ffiffiffi
s

p ; ð4Þ

with f ¼ 93 MeV, the pion decay constant, and k0, k00 the
energies of initial and final mesons, respectively. In Eq. (3)
the transition potentials between K̄Ξ! and ηΩ are taken
from the chiral Lagrangians [20], while the transition
potential between K̄Ξ and K̄Ξ! or ηΩ, which proceed in
d-wave, are taken in terms of the free parameters α, β. The
potential of Eq. (3) should have q2, instead of q2on, when it is
used inside loops, but technically it is more practical to
include this dependence in the meson baryon loop function
G of Eq. (2), which is given by

Gð
ffiffiffi
s

p
Þ ¼

0

B@
GK̄Ξ! ð

ffiffiffi
s

p
Þ 0 0

0 GηΩð
ffiffiffi
s

p
Þ 0

0 0 GK̄Ξð
ffiffiffi
s

p
Þ

1

CA; ð5Þ

where

Gið
ffiffiffi
s

p
Þ ¼

Z

jqj<qmax

d3q
ð2πÞ3

1

2ωiðqÞ
Mi

E iðqÞ

×
1ffiffiffi

s
p

− ωiðqÞ − E iðqÞ þ iϵ
; ð6Þ

for i¼K̄Ξ!;ηΩ, with ωiðqÞ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

i þ q2
p

, E iðqÞ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

i þ q2
p

,
and mi,Mi the meson and baryon masses of the i channels.
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Fig. 3 |t |2 for
D+D− → D0 D̄0 and
D+D− → D+D− as a function
of the DD̄ invariant mass
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where the channels used are D+D−, D0 D̄0, Ds D̄s , plus the
ηη channel to account for the decay of the DD̄ bound state
into light meson-meson channels, as done in [21]. The Vi j
coefficients between D+D−, D0 D̄0, Ds D̄s are taken from
[7] and we take VD+D−,ηη = a, VD0 D̄0,ηη = a and all the
other matrix elements zero [21]. The value of a is chosen at
a = 42 in order to obtain a width " ≃36 MeV as found
in [20]. The G function is a diagonal function of the meson
meson loops for which either dimensional regularization or
cut off regularization can be used. If the cut off regularization
is used, qmax = 830 MeV. As discussed above, the qmax has
to be also implemented in the q integral of the loop function.
It is also interesting to note that since the ηη channel is only
introduced to produce the width, it is sufficient to take

Gηη = −i
1

8π

1
Minv

qη ; qη =
λ1/2(M2

inv,m
2
η,m

2
η)

2Minv
(29)

The contribution of the real part of Gηη only introduces neg-
ligible changes in the results [18].

3 Results

First we look at the tD+D−,D+D− and tD+D−,D0 D̄0 ampli-
tudes. In Fig. 3 we plot |tD+D−,D+D− |2 and |tD+D−,D0 D̄0 |2
as a function of the DD̄ invariant mass. We can see that the
amplitudes are practically identical and have a peak around
3770 MeV corresponding to a DD̄ bound state. This is due to
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meson loops for which either dimensional regularization or
cut off regularization can be used. If the cut off regularization
is used, qmax = 830 MeV. As discussed above, the qmax has
to be also implemented in the q integral of the loop function.
It is also interesting to note that since the ηη channel is only
introduced to produce the width, it is sufficient to take

Gηη = −i
1

8π

1
Minv

qη ; qη =
λ1/2(M2

inv,m
2
η,m

2
η)

2Minv
(29)

The contribution of the real part of Gηη only introduces neg-
ligible changes in the results [18].

3 Results

First we look at the tD+D−,D+D− and tD+D−,D0 D̄0 ampli-
tudes. In Fig. 3 we plot |tD+D−,D+D− |2 and |tD+D−,D0 D̄0 |2
as a function of the DD̄ invariant mass. We can see that the
amplitudes are practically identical and have a peak around
3770 MeV corresponding to a DD̄ bound state. This is due to
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where the channels used are D+D−, D0 D̄0, Ds D̄s , plus the
ηη channel to account for the decay of the DD̄ bound state
into light meson-meson channels, as done in [21]. The Vi j
coefficients between D+D−, D0 D̄0, Ds D̄s are taken from
[7] and we take VD+D−,ηη = a, VD0 D̄0,ηη = a and all the
other matrix elements zero [21]. The value of a is chosen at
a = 42 in order to obtain a width " ≃36 MeV as found
in [20]. The G function is a diagonal function of the meson
meson loops for which either dimensional regularization or
cut off regularization can be used. If the cut off regularization
is used, qmax = 830 MeV. As discussed above, the qmax has
to be also implemented in the q integral of the loop function.
It is also interesting to note that since the ηη channel is only
introduced to produce the width, it is sufficient to take
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The contribution of the real part of Gηη only introduces neg-
ligible changes in the results [18].

3 Results

First we look at the tD+D−,D+D− and tD+D−,D0 D̄0 ampli-
tudes. In Fig. 3 we plot |tD+D−,D+D− |2 and |tD+D−,D0 D̄0 |2
as a function of the DD̄ invariant mass. We can see that the
amplitudes are practically identical and have a peak around
3770 MeV corresponding to a DD̄ bound state. This is due to
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tion in which the D0 D̄0 production does not proceed at tree
level, while D+D− has contribution from tree level. As a
consequence, the D0 D̄0 production is directly influenced by
the DD̄ pole below threshold and exhibits a behavior close
to threshold very different from phase space. For the D+D−

production the tree level part is very important and the behav-
ior is quite different and in addition, it shows the infrared
divergence behavior when the photon energy goes to zero,
which, again, is not the case for D0 D̄0 production. The reac-
tion is, thus, suited for investigation of the DD̄ bound state
and the present rates of ψ(3770) production make the exper-
imental investigation feasible.

2 Formalism

The state ψ(3770) decays into DD̄ [22] with a width " =
27.2 MeV, 52% of which goes to D0 D̄0 and 41% to D+D−.
Its shape in e+e− production and the decay width have been
the object of intense study [23– 29,53,54]. In [29] the cc̄
component is allowed to get hadronized into meson-meson
components, and the strength of the hadronization is fitted
to the ψ(3770) lineshape. One of the conclusions in [29]
is that from the experimental data one can induce that the
ψ(3770) is largely a cc̄ state and the weight of the meson-
meson components is only of the order of 15%. The ψ(3770)
state bears some similarity to the φ(1020), which is assumed
to be a ss̄ state and decays into K K̄ . The decay mode
ψ(3770) → DD̄γ necessarily has much resemblance to
the φ → γ K K̄ , γπ0π0 decays, which have also been the
subject of much study [30– 37]. As in the φ → γπ0π0 reac-
tion, which does not proceed via tree level, we shall also see
that ψ(3770) → γ D0 D̄0 does not get contribution from tree
level and both processes proceed via a similar loop mecha-
nism.

2.1 Tree level for ψ(3770) → γ D+D−

The tree level mechanism in ψ(3770) → γ D+D− is shown
diagrammatically in Fig. 1.

The ψ → D+D− elementary vertex is given by

− i tψD+D− = −igψ (pD+ − pD−)µϵµ(ψ) . (1)

The ψ → D+D− decay width is given by

"ψ = 1
8π

1

M2
ψ

|q|
! !

|t |2 , (2)

where the sum and average of |t |2 calculated from Eq. (1)
gives

! !
|t |2 = 4

3
g2
ψ q2 , (3)

and q is the D+ momentum in the ψ decay at rest. Adjust-
ing to the experimental D+D− decay width, assuming all
the width coming from DD̄ decay, we find (we make some
comments and corrections to this assumption at the end of
the results section)

gψ = 13.7 (4)

Considering also the γ D+D− coupling D+(pD+)γ →
D+(p ′

D+)

i tγ D+D− = −i e (pD+ + p ′
D+)µ ϵµ(γ ) , (5)

with e the electron charge, e2/4π = α = 1/137, the ψ →
γ D+D− amplitude of the diagram of Fig. 1 is given by

ta + tb + tc = −2 e gψ ϵµ(ψ)ϵν(γ )

×
"
gµν + p2µ p1ν

1
p1 · k + iϵ

+ p1µ p2ν

1
p2 · k + iϵ

#

(6)

where the term gµν corresponds to the diagram of Fig. 1c
and is introduced to respect gauge invariance. The photon
has zero coupling to D0D0 and hence there is no tree level
for ψ → γ D0 D̄0.

2.2 Loop mechanism

There is, however, a loop mechanism that allows the ψ →
γ D0 D̄0 decay which is depicted in Fig. 2.

This follows exactly the same trend as in [30– 37] for φ →
γπ0π0, where the intermediate state is K+K− and the final
DD̄ are replaced by π0π0. The diagram of Fig. 2d is also
demanded by gauge invariance of the loops. Gauge invariance
plays an important role in this process and thanks to it there
is an efficient computational scheme which requires only
the evaluation of diagrams (a) and (b) of Fig. 2, which give
the same contribution, and shows that the result of the loop
integral is convergent [34,38– 40]. The derivation goes as
follows: The full amplitude for the diagrams of Fig. 2 has the
structure

tL = ϵµ(ψ)ϵν(γ ) Tµν (7)

and Tµν must be a tensor that can be written in terms of the
two independent momenta P and k, the momentum of the ψ

and γ respectively. The most general form for Tµν is given
by

Tµν = a gµν + b PµPν + c Pµkν + d kµPν + e kµkν .

(8)

Gauge invariance, substituting ϵν(γ ) by kν and demanding

Tµνkν = 0 (9)
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where the channels used are D+D−, D0 D̄0, Ds D̄s , plus the
ηη channel to account for the decay of the DD̄ bound state
into light meson-meson channels, as done in [21]. The Vi j
coefficients between D+D−, D0 D̄0, Ds D̄s are taken from
[7] and we take VD+D−,ηη = a, VD0 D̄0,ηη = a and all the
other matrix elements zero [21]. The value of a is chosen at
a = 42 in order to obtain a width " ≃36 MeV as found
in [20]. The G function is a diagonal function of the meson
meson loops for which either dimensional regularization or
cut off regularization can be used. If the cut off regularization
is used, qmax = 830 MeV. As discussed above, the qmax has
to be also implemented in the q integral of the loop function.
It is also interesting to note that since the ηη channel is only
introduced to produce the width, it is sufficient to take

Gηη = −i
1

8π

1
Minv

qη ; qη =
λ1/2(M2

inv,m
2
η,m

2
η)

2Minv
(29)

The contribution of the real part of Gηη only introduces neg-
ligible changes in the results [18].

3 Results

First we look at the tD+D−,D+D− and tD+D−,D0 D̄0 ampli-
tudes. In Fig. 3 we plot |tD+D−,D+D− |2 and |tD+D−,D0 D̄0 |2
as a function of the DD̄ invariant mass. We can see that the
amplitudes are practically identical and have a peak around
3770 MeV corresponding to a DD̄ bound state. This is due to
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tion in which the D0 D̄0 production does not proceed at tree
level, while D+D− has contribution from tree level. As a
consequence, the D0 D̄0 production is directly influenced by
the DD̄ pole below threshold and exhibits a behavior close
to threshold very different from phase space. For the D+D−

production the tree level part is very important and the behav-
ior is quite different and in addition, it shows the infrared
divergence behavior when the photon energy goes to zero,
which, again, is not the case for D0 D̄0 production. The reac-
tion is, thus, suited for investigation of the DD̄ bound state
and the present rates of ψ(3770) production make the exper-
imental investigation feasible.

2 Formalism

The state ψ(3770) decays into DD̄ [22] with a width " =
27.2 MeV, 52% of which goes to D0 D̄0 and 41% to D+D−.
Its shape in e+e− production and the decay width have been
the object of intense study [23– 29,53,54]. In [29] the cc̄
component is allowed to get hadronized into meson-meson
components, and the strength of the hadronization is fitted
to the ψ(3770) lineshape. One of the conclusions in [29]
is that from the experimental data one can induce that the
ψ(3770) is largely a cc̄ state and the weight of the meson-
meson components is only of the order of 15%. The ψ(3770)
state bears some similarity to the φ(1020), which is assumed
to be a ss̄ state and decays into K K̄ . The decay mode
ψ(3770) → DD̄γ necessarily has much resemblance to
the φ → γ K K̄ , γπ0π0 decays, which have also been the
subject of much study [30– 37]. As in the φ → γπ0π0 reac-
tion, which does not proceed via tree level, we shall also see
that ψ(3770) → γ D0 D̄0 does not get contribution from tree
level and both processes proceed via a similar loop mecha-
nism.

2.1 Tree level for ψ(3770) → γ D+D−

The tree level mechanism in ψ(3770) → γ D+D− is shown
diagrammatically in Fig. 1.

The ψ → D+D− elementary vertex is given by

− i tψD+D− = −igψ (pD+ − pD−)µϵµ(ψ) . (1)

The ψ → D+D− decay width is given by

"ψ = 1
8π

1

M2
ψ

|q|
! !

|t |2 , (2)

where the sum and average of |t |2 calculated from Eq. (1)
gives

! !
|t |2 = 4

3
g2
ψ q2 , (3)

and q is the D+ momentum in the ψ decay at rest. Adjust-
ing to the experimental D+D− decay width, assuming all
the width coming from DD̄ decay, we find (we make some
comments and corrections to this assumption at the end of
the results section)

gψ = 13.7 (4)

Considering also the γ D+D− coupling D+(pD+)γ →
D+(p ′

D+)

i tγ D+D− = −i e (pD+ + p ′
D+)µ ϵµ(γ ) , (5)

with e the electron charge, e2/4π = α = 1/137, the ψ →
γ D+D− amplitude of the diagram of Fig. 1 is given by

ta + tb + tc = −2 e gψ ϵµ(ψ)ϵν(γ )

×
"
gµν + p2µ p1ν

1
p1 · k + iϵ

+ p1µ p2ν

1
p2 · k + iϵ

#

(6)

where the term gµν corresponds to the diagram of Fig. 1c
and is introduced to respect gauge invariance. The photon
has zero coupling to D0D0 and hence there is no tree level
for ψ → γ D0 D̄0.

2.2 Loop mechanism

There is, however, a loop mechanism that allows the ψ →
γ D0 D̄0 decay which is depicted in Fig. 2.

This follows exactly the same trend as in [30– 37] for φ →
γπ0π0, where the intermediate state is K+K− and the final
DD̄ are replaced by π0π0. The diagram of Fig. 2d is also
demanded by gauge invariance of the loops. Gauge invariance
plays an important role in this process and thanks to it there
is an efficient computational scheme which requires only
the evaluation of diagrams (a) and (b) of Fig. 2, which give
the same contribution, and shows that the result of the loop
integral is convergent [34,38– 40]. The derivation goes as
follows: The full amplitude for the diagrams of Fig. 2 has the
structure

tL = ϵµ(ψ)ϵν(γ ) Tµν (7)

and Tµν must be a tensor that can be written in terms of the
two independent momenta P and k, the momentum of the ψ

and γ respectively. The most general form for Tµν is given
by

Tµν = a gµν + b PµPν + c Pµkν + d kµPν + e kµkν .

(8)

Gauge invariance, substituting ϵν(γ ) by kν and demanding

Tµνkν = 0 (9)
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Fig. 3 |t |2 for
D+D− → D0 D̄0 and
D+D− → D+D− as a function
of the DD̄ invariant mass
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Fig. 4 The modulus squared of
the coefficients d1, d2 as a
function of the DD̄ invariant
mass
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where the channels used are D+D−, D0 D̄0, Ds D̄s , plus the
ηη channel to account for the decay of the DD̄ bound state
into light meson-meson channels, as done in [21]. The Vi j
coefficients between D+D−, D0 D̄0, Ds D̄s are taken from
[7] and we take VD+D−,ηη = a, VD0 D̄0,ηη = a and all the
other matrix elements zero [21]. The value of a is chosen at
a = 42 in order to obtain a width " ≃36 MeV as found
in [20]. The G function is a diagonal function of the meson
meson loops for which either dimensional regularization or
cut off regularization can be used. If the cut off regularization
is used, qmax = 830 MeV. As discussed above, the qmax has
to be also implemented in the q integral of the loop function.
It is also interesting to note that since the ηη channel is only
introduced to produce the width, it is sufficient to take

Gηη = −i
1

8π

1
Minv

qη ; qη =
λ1/2(M2

inv,m
2
η,m

2
η)

2Minv
(29)

The contribution of the real part of Gηη only introduces neg-
ligible changes in the results [18].

3 Results

First we look at the tD+D−,D+D− and tD+D−,D0 D̄0 ampli-
tudes. In Fig. 3 we plot |tD+D−,D+D− |2 and |tD+D−,D0 D̄0 |2
as a function of the DD̄ invariant mass. We can see that the
amplitudes are practically identical and have a peak around
3770 MeV corresponding to a DD̄ bound state. This is due to
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Fig. 5 The differential cross
section for ψ(3770) → γ D0 D̄0

as a function of the D0 D̄0

invariant mass, a= 42
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Fig. 6 Phase space for
ψ(3770) → γ D0 D̄0 and
γ D+D−normalized to the
same area
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the dominance of the isospin I = 0 contribution. The ampli-
tudes also exhibit a fast fall around threshold corresponding
to the opening of the DD̄ decay channel (Flatté effect).

Next we plot the coefficients d1, d2 in Fig. 4 given by
Eqs. (26), (27). We see that the coefficient d1 is bigger than
d2 by about a factor of two. At low invariant mass close
to threshold they increase, reflecting the amplitude tDD̄,DD̄
which is contained in the coefficients.

The most important result is shown in Fig. 5 where we
show the results of d#/dMinv for the D0 D̄0 distribution. We
see a concentration of the strength around threshold with a
peak around 3735 MeV. In order to see that this structure is
tied to the resonance below threshold we plot in Fig. 6 the
phase space for ψ(3770) → γ D0 D̄0 substituting

!! |t |2

of Eq. (25) by a constant. We also show the phase space
for ψ(3770) → γ D+D− keeping the physical masses for
the D mesons. We can observe that the shape of the phase
space distribution is drastically different from that predicted
in the presence of a DD̄ bound state. The phase space peaks
around 3742 MeV instead of 3735 MeV for the distribution
with the DD̄ bound state. The shapes of the fall down of
the two distributions are also different, the one with the DD̄
bound state falling as a concave curve and the phase space
as a convex one.

Finally we show in Fig. 7 the mass distribution for
ψ(3770) → γ D+D−. The shape is quite different than the
one for ψ(3770) → γ D0 D̄0 and the reason is the contribu-
tion of the tree level, which is absent for D0 D̄0 production.
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tion in which the D0 D̄0 production does not proceed at tree
level, while D+D− has contribution from tree level. As a
consequence, the D0 D̄0 production is directly influenced by
the DD̄ pole below threshold and exhibits a behavior close
to threshold very different from phase space. For the D+D−

production the tree level part is very important and the behav-
ior is quite different and in addition, it shows the infrared
divergence behavior when the photon energy goes to zero,
which, again, is not the case for D0 D̄0 production. The reac-
tion is, thus, suited for investigation of the DD̄ bound state
and the present rates of ψ(3770) production make the exper-
imental investigation feasible.

2 Formalism

The state ψ(3770) decays into DD̄ [22] with a width " =
27.2 MeV, 52% of which goes to D0 D̄0 and 41% to D+D−.
Its shape in e+e− production and the decay width have been
the object of intense study [23– 29,53,54]. In [29] the cc̄
component is allowed to get hadronized into meson-meson
components, and the strength of the hadronization is fitted
to the ψ(3770) lineshape. One of the conclusions in [29]
is that from the experimental data one can induce that the
ψ(3770) is largely a cc̄ state and the weight of the meson-
meson components is only of the order of 15%. The ψ(3770)
state bears some similarity to the φ(1020), which is assumed
to be a ss̄ state and decays into K K̄ . The decay mode
ψ(3770) → DD̄γ necessarily has much resemblance to
the φ → γ K K̄ , γπ0π0 decays, which have also been the
subject of much study [30– 37]. As in the φ → γπ0π0 reac-
tion, which does not proceed via tree level, we shall also see
that ψ(3770) → γ D0 D̄0 does not get contribution from tree
level and both processes proceed via a similar loop mecha-
nism.

2.1 Tree level for ψ(3770) → γ D+D−

The tree level mechanism in ψ(3770) → γ D+D− is shown
diagrammatically in Fig. 1.

The ψ → D+D− elementary vertex is given by

− i tψD+D− = −igψ (pD+ − pD−)µϵµ(ψ) . (1)

The ψ → D+D− decay width is given by

"ψ = 1
8π

1

M2
ψ

|q|
! !

|t |2 , (2)

where the sum and average of |t |2 calculated from Eq. (1)
gives

! !
|t |2 = 4

3
g2
ψ q2 , (3)

and q is the D+ momentum in the ψ decay at rest. Adjust-
ing to the experimental D+D− decay width, assuming all
the width coming from DD̄ decay, we find (we make some
comments and corrections to this assumption at the end of
the results section)

gψ = 13.7 (4)

Considering also the γ D+D− coupling D+(pD+)γ →
D+(p ′

D+)

i tγ D+D− = −i e (pD+ + p ′
D+)µ ϵµ(γ ) , (5)

with e the electron charge, e2/4π = α = 1/137, the ψ →
γ D+D− amplitude of the diagram of Fig. 1 is given by

ta + tb + tc = −2 e gψ ϵµ(ψ)ϵν(γ )

×
"
gµν + p2µ p1ν

1
p1 · k + iϵ

+ p1µ p2ν

1
p2 · k + iϵ

#

(6)

where the term gµν corresponds to the diagram of Fig. 1c
and is introduced to respect gauge invariance. The photon
has zero coupling to D0D0 and hence there is no tree level
for ψ → γ D0 D̄0.

2.2 Loop mechanism

There is, however, a loop mechanism that allows the ψ →
γ D0 D̄0 decay which is depicted in Fig. 2.

This follows exactly the same trend as in [30– 37] for φ →
γπ0π0, where the intermediate state is K+K− and the final
DD̄ are replaced by π0π0. The diagram of Fig. 2d is also
demanded by gauge invariance of the loops. Gauge invariance
plays an important role in this process and thanks to it there
is an efficient computational scheme which requires only
the evaluation of diagrams (a) and (b) of Fig. 2, which give
the same contribution, and shows that the result of the loop
integral is convergent [34,38– 40]. The derivation goes as
follows: The full amplitude for the diagrams of Fig. 2 has the
structure

tL = ϵµ(ψ)ϵν(γ ) Tµν (7)

and Tµν must be a tensor that can be written in terms of the
two independent momenta P and k, the momentum of the ψ

and γ respectively. The most general form for Tµν is given
by

Tµν = a gµν + b PµPν + c Pµkν + d kµPν + e kµkν .

(8)

Gauge invariance, substituting ϵν(γ ) by kν and demanding

Tµνkν = 0 (9)
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Fig. 5 The differential cross
section for ψ(3770) → γ D0 D̄0

as a function of the D0 D̄0

invariant mass, a= 42
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Fig. 6 Phase space for
ψ(3770) → γ D0 D̄0 and
γ D+D−normalized to the
same area
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the dominance of the isospin I = 0 contribution. The ampli-
tudes also exhibit a fast fall around threshold corresponding
to the opening of the DD̄ decay channel (Flatté effect).

Next we plot the coefficients d1, d2 in Fig. 4 given by
Eqs. (26), (27). We see that the coefficient d1 is bigger than
d2 by about a factor of two. At low invariant mass close
to threshold they increase, reflecting the amplitude tDD̄,DD̄
which is contained in the coefficients.

The most important result is shown in Fig. 5 where we
show the results of d#/dMinv for the D0 D̄0 distribution. We
see a concentration of the strength around threshold with a
peak around 3735 MeV. In order to see that this structure is
tied to the resonance below threshold we plot in Fig. 6 the
phase space for ψ(3770) → γ D0 D̄0 substituting

!! |t |2

of Eq. (25) by a constant. We also show the phase space
for ψ(3770) → γ D+D− keeping the physical masses for
the D mesons. We can observe that the shape of the phase
space distribution is drastically different from that predicted
in the presence of a DD̄ bound state. The phase space peaks
around 3742 MeV instead of 3735 MeV for the distribution
with the DD̄ bound state. The shapes of the fall down of
the two distributions are also different, the one with the DD̄
bound state falling as a concave curve and the phase space
as a convex one.

Finally we show in Fig. 7 the mass distribution for
ψ(3770) → γ D+D−. The shape is quite different than the
one for ψ(3770) → γ D0 D̄0 and the reason is the contribu-
tion of the tree level, which is absent for D0 D̄0 production.
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Fig. 7 The differential cross
section for
ψ(3770) → γ D+D−as a
function of the D+D−invariant
mass
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It is clear that ψ(3770) → γ D0 D̄0 is, thus, the reaction that
better shows the presence of the DD̄ bound state. Although
not relevant for the present discussion, but we can see the
infrared divergence associated to the limit k → 0 for the
photon momentum, when the D propagator in the tree level
amplitude becomes on shell.

The strengths of the d#/dMinv distribution obtained fall
well within present capacity at BESIII. Indeed the integrated
luminosity in the 3770 MeV region is about 5 fb−1 per year,
which, together with the e+e− production cross section of
the resonance of 7.2 nb [42], leads to about 3.5 × 107 accu-
mulated events per year. The expected final data will have an
accumulated 20 fb−1 luminosity [43] and with the planned
BES upgrade 15 fb−1 per year (1.1 × 108 events per year).1

Our differential widths d#/dMinv of the order of 10−6 are
well measurable with these ψ(3770) production rates.2

We are assuming that all the ψ(3770) width goes to DD̄.
There is much debate on the non-DD̄ decay of the ψ(3770)
with contradictory claims experimentally from CLEO [44–
47] and BES [48–51]. Yet, several non-DD̄ hadronic decays
are reported in the PDG [22] and they are consistent with
theoretical evaluations based on the QCD multipole expan-
sion for hadronic transitions [52] and explicit evaluations of
ψ(3770) decaying to light vector pseudoscalar states done in
[53] of the order of 0.64%. In a different scenario evaluated
in [54] the non-DD̄ branching fraction could be of the order
of 3–5%. The width to radiative decays is of the order of
less than 1%. Thus, our calculations based on the full width
going to DD̄ contain this uncertainty in the absolute values,

1 Haibo Li and Changzheng Yuan, private communication.
2 After completing the work we learned that a BESIII team is presently
investigating these reactions.

but this does not change the shapes of the mass distributions
on which our conclusions are based.

4 Conclusions

We have made a study of the ψ(3770) → γ DD̄ decay, look-
ing at the D+ D̄−and D0 D̄0 mass distributions in d#/dMinv
close to theshold. We saw that the production of D0 D̄0

is particularly suited in studying the dynamics of the DD̄
interaction because the tree level contribution is zero and
the process goes with a loop mechanism that involves the
D+D− → D0 D̄0 scattering amplitude. We have used the
results of a theory that predicts a DD̄ bound state and this
has as a consequence that the D0 D̄0 mass distribution accu-
mulates close to threshold and diverts drastically from a phase
space distribution. The rates that we obtain for the mass
distribution are perfectly reachable with the present BESIII
facility and we encourage the performance of the experi-
ment that could shed light on the issue of this possible DD̄
bound state, and in any case would provide information on
the DD̄ → DD̄ interaction.
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tion in which the D0 D̄0 production does not proceed at tree
level, while D+D− has contribution from tree level. As a
consequence, the D0 D̄0 production is directly influenced by
the DD̄ pole below threshold and exhibits a behavior close
to threshold very different from phase space. For the D+D−

production the tree level part is very important and the behav-
ior is quite different and in addition, it shows the infrared
divergence behavior when the photon energy goes to zero,
which, again, is not the case for D0 D̄0 production. The reac-
tion is, thus, suited for investigation of the DD̄ bound state
and the present rates of ψ(3770) production make the exper-
imental investigation feasible.

2 Formalism

The state ψ(3770) decays into DD̄ [22] with a width " =
27.2 MeV, 52% of which goes to D0 D̄0 and 41% to D+D−.
Its shape in e+e− production and the decay width have been
the object of intense study [23– 29,53,54]. In [29] the cc̄
component is allowed to get hadronized into meson-meson
components, and the strength of the hadronization is fitted
to the ψ(3770) lineshape. One of the conclusions in [29]
is that from the experimental data one can induce that the
ψ(3770) is largely a cc̄ state and the weight of the meson-
meson components is only of the order of 15%. The ψ(3770)
state bears some similarity to the φ(1020), which is assumed
to be a ss̄ state and decays into K K̄ . The decay mode
ψ(3770) → DD̄γ necessarily has much resemblance to
the φ → γ K K̄ , γπ0π0 decays, which have also been the
subject of much study [30– 37]. As in the φ → γπ0π0 reac-
tion, which does not proceed via tree level, we shall also see
that ψ(3770) → γ D0 D̄0 does not get contribution from tree
level and both processes proceed via a similar loop mecha-
nism.

2.1 Tree level for ψ(3770) → γ D+D−

The tree level mechanism in ψ(3770) → γ D+D− is shown
diagrammatically in Fig. 1.

The ψ → D+D− elementary vertex is given by

− i tψD+D− = −igψ (pD+ − pD−)µϵµ(ψ) . (1)

The ψ → D+D− decay width is given by

"ψ = 1
8π

1

M2
ψ

|q|
! !

|t |2 , (2)

where the sum and average of |t |2 calculated from Eq. (1)
gives

! !
|t |2 = 4

3
g2
ψ q2 , (3)

and q is the D+ momentum in the ψ decay at rest. Adjust-
ing to the experimental D+D− decay width, assuming all
the width coming from DD̄ decay, we find (we make some
comments and corrections to this assumption at the end of
the results section)

gψ = 13.7 (4)

Considering also the γ D+D− coupling D+(pD+)γ →
D+(p ′

D+)

i tγ D+D− = −i e (pD+ + p ′
D+)µ ϵµ(γ ) , (5)

with e the electron charge, e2/4π = α = 1/137, the ψ →
γ D+D− amplitude of the diagram of Fig. 1 is given by

ta + tb + tc = −2 e gψ ϵµ(ψ)ϵν(γ )

×
"
gµν + p2µ p1ν

1
p1 · k + iϵ

+ p1µ p2ν

1
p2 · k + iϵ

#

(6)

where the term gµν corresponds to the diagram of Fig. 1c
and is introduced to respect gauge invariance. The photon
has zero coupling to D0D0 and hence there is no tree level
for ψ → γ D0 D̄0.

2.2 Loop mechanism

There is, however, a loop mechanism that allows the ψ →
γ D0 D̄0 decay which is depicted in Fig. 2.

This follows exactly the same trend as in [30– 37] for φ →
γπ0π0, where the intermediate state is K+K− and the final
DD̄ are replaced by π0π0. The diagram of Fig. 2d is also
demanded by gauge invariance of the loops. Gauge invariance
plays an important role in this process and thanks to it there
is an efficient computational scheme which requires only
the evaluation of diagrams (a) and (b) of Fig. 2, which give
the same contribution, and shows that the result of the loop
integral is convergent [34,38– 40]. The derivation goes as
follows: The full amplitude for the diagrams of Fig. 2 has the
structure

tL = ϵµ(ψ)ϵν(γ ) Tµν (7)

and Tµν must be a tensor that can be written in terms of the
two independent momenta P and k, the momentum of the ψ

and γ respectively. The most general form for Tµν is given
by

Tµν = a gµν + b PµPν + c Pµkν + d kµPν + e kµkν .

(8)

Gauge invariance, substituting ϵν(γ ) by kν and demanding

Tµνkν = 0 (9)
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tion in which the D0 D̄0 production does not proceed at tree
level, while D+D− has contribution from tree level. As a
consequence, the D0 D̄0 production is directly influenced by
the DD̄ pole below threshold and exhibits a behavior close
to threshold very different from phase space. For the D+D−

production the tree level part is very important and the behav-
ior is quite different and in addition, it shows the infrared
divergence behavior when the photon energy goes to zero,
which, again, is not the case for D0 D̄0 production. The reac-
tion is, thus, suited for investigation of the DD̄ bound state
and the present rates of ψ(3770) production make the exper-
imental investigation feasible.

2 Formalism

The state ψ(3770) decays into DD̄ [22] with a width " =
27.2 MeV, 52% of which goes to D0 D̄0 and 41% to D+D−.
Its shape in e+e− production and the decay width have been
the object of intense study [23– 29,53,54]. In [29] the cc̄
component is allowed to get hadronized into meson-meson
components, and the strength of the hadronization is fitted
to the ψ(3770) lineshape. One of the conclusions in [29]
is that from the experimental data one can induce that the
ψ(3770) is largely a cc̄ state and the weight of the meson-
meson components is only of the order of 15%. The ψ(3770)
state bears some similarity to the φ(1020), which is assumed
to be a ss̄ state and decays into K K̄ . The decay mode
ψ(3770) → DD̄γ necessarily has much resemblance to
the φ → γ K K̄ , γπ0π0 decays, which have also been the
subject of much study [30– 37]. As in the φ → γπ0π0 reac-
tion, which does not proceed via tree level, we shall also see
that ψ(3770) → γ D0 D̄0 does not get contribution from tree
level and both processes proceed via a similar loop mecha-
nism.

2.1 Tree level for ψ(3770) → γ D+D−

The tree level mechanism in ψ(3770) → γ D+D− is shown
diagrammatically in Fig. 1.

The ψ → D+D− elementary vertex is given by

− i tψD+D− = −igψ (pD+ − pD−)µϵµ(ψ) . (1)

The ψ → D+D− decay width is given by

"ψ = 1
8π

1

M2
ψ

|q|
! !

|t |2 , (2)

where the sum and average of |t |2 calculated from Eq. (1)
gives

! !
|t |2 = 4

3
g2
ψ q2 , (3)

and q is the D+ momentum in the ψ decay at rest. Adjust-
ing to the experimental D+D− decay width, assuming all
the width coming from DD̄ decay, we find (we make some
comments and corrections to this assumption at the end of
the results section)

gψ = 13.7 (4)

Considering also the γ D+D− coupling D+(pD+)γ →
D+(p ′

D+)

i tγ D+D− = −i e (pD+ + p ′
D+)µ ϵµ(γ ) , (5)

with e the electron charge, e2/4π = α = 1/137, the ψ →
γ D+D− amplitude of the diagram of Fig. 1 is given by

ta + tb + tc = −2 e gψ ϵµ(ψ)ϵν(γ )

×
"
gµν + p2µ p1ν

1
p1 · k + iϵ

+ p1µ p2ν

1
p2 · k + iϵ

#

(6)

where the term gµν corresponds to the diagram of Fig. 1c
and is introduced to respect gauge invariance. The photon
has zero coupling to D0D0 and hence there is no tree level
for ψ → γ D0 D̄0.

2.2 Loop mechanism

There is, however, a loop mechanism that allows the ψ →
γ D0 D̄0 decay which is depicted in Fig. 2.

This follows exactly the same trend as in [30– 37] for φ →
γπ0π0, where the intermediate state is K+K− and the final
DD̄ are replaced by π0π0. The diagram of Fig. 2d is also
demanded by gauge invariance of the loops. Gauge invariance
plays an important role in this process and thanks to it there
is an efficient computational scheme which requires only
the evaluation of diagrams (a) and (b) of Fig. 2, which give
the same contribution, and shows that the result of the loop
integral is convergent [34,38– 40]. The derivation goes as
follows: The full amplitude for the diagrams of Fig. 2 has the
structure

tL = ϵµ(ψ)ϵν(γ ) Tµν (7)

and Tµν must be a tensor that can be written in terms of the
two independent momenta P and k, the momentum of the ψ

and γ respectively. The most general form for Tµν is given
by

Tµν = a gµν + b PµPν + c Pµkν + d kµPν + e kµkν .

(8)

Gauge invariance, substituting ϵν(γ ) by kν and demanding

Tµνkν = 0 (9)
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tion in which the D0 D̄0 production does not proceed at tree
level, while D+D− has contribution from tree level. As a
consequence, the D0 D̄0 production is directly influenced by
the DD̄ pole below threshold and exhibits a behavior close
to threshold very different from phase space. For the D+D−

production the tree level part is very important and the behav-
ior is quite different and in addition, it shows the infrared
divergence behavior when the photon energy goes to zero,
which, again, is not the case for D0 D̄0 production. The reac-
tion is, thus, suited for investigation of the DD̄ bound state
and the present rates of ψ(3770) production make the exper-
imental investigation feasible.

2 Formalism

The state ψ(3770) decays into DD̄ [22] with a width " =
27.2 MeV, 52% of which goes to D0 D̄0 and 41% to D+D−.
Its shape in e+e− production and the decay width have been
the object of intense study [23– 29,53,54]. In [29] the cc̄
component is allowed to get hadronized into meson-meson
components, and the strength of the hadronization is fitted
to the ψ(3770) lineshape. One of the conclusions in [29]
is that from the experimental data one can induce that the
ψ(3770) is largely a cc̄ state and the weight of the meson-
meson components is only of the order of 15%. The ψ(3770)
state bears some similarity to the φ(1020), which is assumed
to be a ss̄ state and decays into K K̄ . The decay mode
ψ(3770) → DD̄γ necessarily has much resemblance to
the φ → γ K K̄ , γπ0π0 decays, which have also been the
subject of much study [30– 37]. As in the φ → γπ0π0 reac-
tion, which does not proceed via tree level, we shall also see
that ψ(3770) → γ D0 D̄0 does not get contribution from tree
level and both processes proceed via a similar loop mecha-
nism.

2.1 Tree level for ψ(3770) → γ D+D−

The tree level mechanism in ψ(3770) → γ D+D− is shown
diagrammatically in Fig. 1.

The ψ → D+D− elementary vertex is given by
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3
g2
ψ q2 , (3)

and q is the D+ momentum in the ψ decay at rest. Adjust-
ing to the experimental D+D− decay width, assuming all
the width coming from DD̄ decay, we find (we make some
comments and corrections to this assumption at the end of
the results section)
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