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Abstract We perform a calculation of the mass distribution
in the ¥ (3770) — y DD decay, studying both the Dt D~
and DD decays. The electromagnetic interaction is such
that the tree level amplitude is null for the neutral chan-
nel, which forces the ¥ (3770) — y D°DO transition to go
through a loop involving the D™D~ — DYDY scattering
amplitude. We take the results for this amplitude from a the-
oretical model that predicts a DD bound state and find a
DYDY 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 f(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 DD [7-9] for which
there is no clear experimental evidence so far. The state is
analogous to the K K bound state which was claimed in [10]
to be a good representation of the f,(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 f(500), K (’)k (700), ap(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 DD
threshold in the ete~™ — J/y DD 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 ¥ (3770) resonance into y
and the DD bound state was proposed and the feasibility
of the reaction with present production rates of the vy (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 B® — DYDOK? , Bt — DODOK ™ reactions
were suggested to find evidence for the state, looking into
the mass distribution of DD production close to threshold.
The analysis found a good agreement with experiment for the
BT — DODYKT reaction, but it was shown there that the
BY — DYDY KO reaction was better suited to search for the
DD state, because there is no tree level contribution in this
later reaction, and hence the amplitude for that mechanism is
proportional to the D D amplitude which contains the pole of
the DD 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 D D mass distribu-
tion close to threshold from the ¥ (3770) — y DD decay.
Anticipating the results, we will find an interesting situa-
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tion in which the D°D? production does not proceed at tree
level, while DT D~ has contribution from tree level. As a
consequence, the D? DY production is directly influenced by
the DD 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 DODO production. The reac-
tion is, thus, suited for investigation of the DD bound state
and the present rates of 1/ (3770) production make the exper-
imental investigation feasible.

2 Formalism

The state ¥ (3770) decays into DD [22] with a width I =
27.2 MeV, 52% of which goes to D’ D and 41% to DT D~
Its shape in eTe™ production and the decay width have been
the object of intense study [23-29,53,54]. In [29] the cc
component is allowed to get hadronized into meson-meson
components, and the strength of the hadronization is fitted
to the ¥ (3770) lineshape. One of the conclusions in [29]
is that from the experimental data one can induce that the
¥ (3770) is largely a cc state and the weight of the meson-
meson components is only of the order of 15%. The ¥ (3770)
state bears some similarity to the ¢ (1020), which is assumed
to be a s5 state and decays into KK. The decay mode
¥ (3770) — DDy necessarily has much resemblance to
the ¢ — yKK, ym°7° decays, which have also been the
subject of much study [30-37]. As in the ¢ — y %70 reac-
tion, which does not proceed via tree level, we shall also see
that ¥ (3770) — y D DY does not get contribution from tree
level and both processes proceed via a similar loop mecha-
nism.

2.1 Tree level for ¥ (3770) — y DT D™
The tree level mechanism in v/ (3770) — y DT D~ is shown
diagrammatically in Fig. 1.

The v — DT D~ elementary vertex is given by

—ityp+p- = —igy(Pp+ — pp-)ue" (V). (D

The v — DT D™ decay width is given by
[ T — .
F‘”ZQM_;""ZZ"' : )

where the sum and average of |¢|> calculated from Eq. (1)
gives

Y=g 3)
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and ¢ is the D™ momentum in the ¥ decay at rest. Adjust-
ing to the experimental DT D~ decay width, assuming all
the width coming from DD decay, we find (we make some
comments and corrections to this assumption at the end of
the results section)

gy =137 “)

Considering also the y DT D™ coupling D" (pp+)y —
D+(P/D+)

ityptp- = —ie(pp+ + Pp)ue (). 5

with e the electron charge, ¢’ /47 = o = 1/137, the y —
y DD~ amplitude of the diagram of Fig. 1 is given by

tat+ty+1.=-2egy " ()’ (y)

1 1
e )
©)

X (g;w + pz;,tply

where the term g, corresponds to the diagram of Fig. 1c
and is introduced to respect gauge invariance. The photon
has zero coupling to D?D? and hence there is no tree level
for ¢ — y DODO.

2.2 Loop mechanism

There is, however, a loop mechanism that allows the ¥ —
y DY DO decay which is depicted in Fig. 2.

This follows exactly the same trend as in [30-37] for ¢ —
yrrorro, where the intermediate state is KT K~ and the final
DD are replaced by 797°. 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

1L =eu(Pen(y) TH (N

and TH*Y must be a tensor that can be written in terms of the

two independent momenta P and k, the momentum of the

and y respectively. The most general form for TV is given

by

T =ag"’ +bP"P" +c Pk +dk"* P’ + ek™k" .
(8)

Gauge invariance, substituting €, (y) by k, and demanding

T"k, =0 9)



Eur. Phys. J. C (2020) 80:510

Page 3 of 8 510

Fig. 1 Mechanisms for

¥ — yDTD™:a,b D pole
mechanisms; ¢ contact term
demanded by gauge invariance.
In parenthesis the momenta of
the particles

(@)
v (k)
(Pg) D'
Y
(9) - D"
(@) (b)

leads to
akt +bP*(P-k)+dk*(P-k)=0 (10)
which implies two independent equations

a+d(P-k)y=0 (1)
b=0. (12)

The b term does not contribute because of the Lorentz con-
dition €, (/) P* = 0 and the ¢ and e terms do not contribute
because of the Lorentz condition on the photon €, (y)k" = 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 P*k" are factorized out of the integral, for dimen-
sional reasons this means two powers of ¢ less in the integral,
which renders it convergent. In addition, if we work at the
end, as we do, in the Coulomb gauge, eo(y) =0,e(y) k=0,
then the term d P k/ €j(¥)e;(y) = Oin the  rest frame, and
the whole amplitude is given by

t=ae, (Y)e'(y);

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 DD — DD scattering
matrix regularized with a cut off, g, transfers a structure
O G@max — 14DO(Gmax — |pl) 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

a=—d(P-k) (13)

(b) (c)

(c) (d)

Fig. 2 Loop mechanisms for v — y D D production. In parenthesis the momenta of the particles

we can just keep the positive energy part of their propagators
1

D) > ——
@) q2—m2D+ie

1 1 1
= - 14
2w(q) (qo—w(q)+i6 q°+w(q)—ie> (1

1 1
1
~ 20(q) 4" — w(q) +ic (1)

with w(q) = \/q2 + m3,.
The contribution of the two diagrams of Fig. 2a, b with
DYDY in the final state is given by

. d*q . .
it = 2/ G (CDEY (P =g = () (—ie)

X(P—q+ P —q =" () (~Dipi - popo
i

X
(P —q)? —m2 +ie

i i

Xq2—m2D+ie (P—q—k?—m3 +ie (16)
tL = —2egye" (Y€’ (y)i
d4q
X f WZQM(zp - 26])vtD+Df_)DO[)O
1
P —q)? —m} +ie
1 1

. (17)

X
g2 —m2 +ie (P —q—k?—m% +ic

where 75+ -, pojo is a function of the DD invariant
mass. We can now take the propagators of Eq. (14) and per-
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form the ¢* integration analytically using Cauchy’s integra-
tion, and we find, keeping only the €' (y) transverse compo-
nents that we shall have in the Coulomb gauge (7, j=1, 2, 3)

= —egyt el el a [ L4
L= €8y lp+p——_ popo€ W)el(y) (27)3
1 1 1
X
20(g) 20(P —q) 20(P —q — k)
1
w(P —q)+ie

x (qi Pj q,q,)

—w(q) —
1
PO —w(g)— kO —w(P —q—k)+ie
and in order to get the d coefficient we must look at the k P/
component of this integral. The first term in Eq. (18), with
qi P, provides this structure immediately since when P — 0
for the rest frame of the v, the integral only depends on &,
hence [d3qqif(q.k) = ki [d®q (k - 9)/k* f(q.k). The
second integral for g;q; 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

/dSCICIiCIjQIPlf(q, k) = P{A(8;jki + 8iik;

+8j1ki) + B'kik ki) (19)

and only the §;;k; will contribute to the term k; P; that we
look for. Finally we find

d=d +dj (20)

(18)

with
1 d’q 1 1 1
k—

dy = —8e €8y 12

(27‘[)3 2a)1 2601 2(1)2
1 1
— 2wy +i€ PO — k0 — ) — wy + i€

X Ip+p- popo
(21)

(q-k)?
h=4e8y 12 f(z B {2 qk2 }

2a)1 2601 2602
1 1
—2w; +ie PO—k0 —w —wr +ie

11 1
X =+—-
{w% w}  o1(P)— 2w +ie)

1
T w1 (PY— k0 — ) —wy +i€) } 'pep-popr (22)

with o] = ,/q2+m20 and wy = ,/(q+k)2~|—m%). The

loop # matrix for ¥ (3770) — y D°DO can then be put as
=dMyke(y) - €(y). (23)

1y (3770)=y DO DO

@ Springer

For the case of ¥(3770) — yDT™D~ we have the
same formalism for the loop substituting 75+ - pojo by
tp+p- p+p-, 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 DO, both in the Y rest frame, and we obtain at the
end,

dr
d Miny (D D)
I Min(D°D%)

S 8mp (2n)?

x /dEIEZmz@(I — AHOMy —k—Ey),

(24)

where E| is the energy of the D° and A is the cosine of the
angle between the photon and D given by

A =cosf(py, k)

2p1k{(M‘” k—E?—m? — p%—kz} (25)

The sum and average over spins of |f|? is given for the case
of DT D~ production by

SR = —(Zeg,/,)2{2|1+tL + 1B 4 p3
<(re) (- 2)
> (py k)

N (Pz k) <p2 K )

(p1-k)(py-k)
+|:p1p2_%
k
—2Re(14+1* +1%) ! !
e L L k P2k
+2 L1 }} (26)
D pzp]-kp2~k
where
1
A+ > ——dMyk 27
L T _>2eg,/, v 27

For the case of D°D production only 7/ + #/5 has to be
kept and the 3" " |7|? gives us %|dM¢k|2, which is what we
directly obtain from Eq. (23). All terms appearing in Eq. (26)
can be calculated in terms of MinV(DODO), 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] v, (28)
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Fig. 3 |¢|* for _ 300,000 —
DTD~ — DDO and

DTD~ — DT D™ as afunction r

of the DD invariant mass 250,000 =" "

200,000

150,000

100,000

50,000

— |tp+p-,popo 2 -
ltp+p- p+p-|? i

Fig. 4 The modulus squared of
the coefficients d;, d» as a
function of the DD invariant
mass

1.5+

Loop integrals  [x1071]
T

where the channels used are DT D~, D°DO, Dy 155, plus the

3620 3640 3660 3680 3700 3720 3740 3760 3780
Minv [MGV]
T T T T T T T T T T T T T
—_— 2
||
I 2
I do|
1 1 1 1 1 1 1 1 1 1 ialinlinlie Ikl lel
3740 3745 3750 3755 3760 3765 3770 3775
My [Me\/]
G S MM, m, mi) (29
" 8w Miny 1 1 2Miny

nn channel to account for the decay of the DD bound state
into light meson-meson channels, as done in [21]. The V;;
coefficients between DT D™, D°D, D, D, are taken from
[7] and we take Vp+p- yy = a, Vpopo ,,, = 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, gmax = 830 MeV. As discussed above, the gmax has
to be also implemented in the ¢ integral of the loop function.
It is also interesting to note that since the n#n channel is only
introduced to produce the width, it is sufficient to take

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

3 Results

First we look at the p+p- p+p- and 7+ - popo ampli-
tudes. In Fig. 3 we plot |tp+p- p+p- |2 and |tD+D—,D0[)0|2
as a function of the DD invariant mass. We can see that the
amplitudes are practically identical and have a peak around
3770 MeV corresponding to a D D bound state. This is due to

@ Springer
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Fig. 5 The differential cross T T T T
section for ¥ (3770) — y DO D° 2
as a function of the DO DO

invariant mass, a = 42 F

1.5

dT' /d My, [x1079]
T

3740 3745 3750 3755 3760 3765 3770

My, [MeV]

0.5
| L | L
0 3730 3735

Fig. 6 Phase space for T T T
¥ (3770) — y DODO and 005 L
y DT D™ normalized to the ’
same area L

=

~

—

3

T T T T T T T T T T T T T T
— DT D~ phase space |
=== DYDY phase space

the dominance of the isospin I = 0 contribution. The ampli-
tudes also exhibit a fast fall around threshold corresponding
to the opening of the D D decay channel (Flatté effect).

Next we plot the coefficients dj, d in Fig. 4 given by
Eqgs. (26), (27). We see that the coefficient d is bigger than
dy by about a factor of two. At low invariant mass close
to threshold they increase, reflecting the amplitude 75, 5 1,
which is contained in the coefficients.

The most important result is shown in Fig. 5 where we
show the results of dT"/d My, for the DYDY 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 v/ (3770) — y D° DO substituting 3_ 5 |7|?

@ Springer

3740 3745 3750 3755 3760 3765 3770
My [MeV]

of Eq. (25) by a constant. We also show the phase space
for ¥ (3770) — y DD~ 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 D D bound state. The phase space peaks
around 3742 MeV instead of 3735 MeV for the distribution
with the DD bound state. The shapes of the fall down of
the two distributions are also different, the one with the DD
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
¥ (3770) — y DT D~ . The shape is quite different than the
one for 1/ (3770) — y D°DO and the reason is the contribu-
tion of the tree level, which is absent for DD production.



Eur. Phys. J. C (2020) 80:510

Page 70of 8 510

Fig. 7 The differential cross T T T
section for 1,000
¥(3770) — yD* D™ asa L
function of the D D~ invariant
mass 800
= L
= 600
X,
gﬁ
= 400-
~
[
= -
200
O —
1 1 1

3740 3745

It is clear that v (3770) — y DDV is, thus, the reaction that
better shows the presence of the DD bound state. Although
not relevant for the present discussion, but we can see the
infrared divergence associated to the limit k — O for the
photon momentum, when the D propagator in the tree level
amplitude becomes on shell.

The strengths of the dI"/d M;,y distribution obtained fall
well within present capacity at BESIII. Indeed the integrated
luminosity in the 3770 MeV region is about 5 fb~! per year,
which, together with the eTe™ production cross section of
the resonance of 7.2 nb [42], leads to about 3.5 x 107 accu-
mulated events per year. The expected final data will have an
accumulated 20 fb~! luminosity [43] and with the planned
BES upgrade 15 fb~! per year (1.1 x 10® events per year).!
Our differential widths dT"/d Mi,, of the order of 107° are
well measurable with these 1/ (3770) production rates.>

We are assuming that all the ¥ (3770) width goes to DD.
There is much debate on the non-D D decay of the ¥ (3770)
with contradictory claims experimentally from CLEO [44-
47] and BES [48-51]. Yet, several non-D D 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
¥ (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-D D 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 DD contain this uncertainty in the absolute values,

! Haibo Li and Changzheng Yuan, private communication.

2 After completing the work we learned that a BESIII team is presently
investigating these reactions.

3750 3755 3760 3765 3770
My, [MeV]

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 ¥ (3770) — y D D decay, look-
ing at the DT D~ and D° DO mass distributions in dT" /d Miny
close to theshold. We saw that the production of D°D°
is particularly suited in studying the dynamics of the DD
interaction because the tree level contribution is zero and
the process goes with a loop mechanism that involves the
DYD~ — DYDY scattering amplitude. We have used the
results of a theory that predicts a DD bound state and this
has as a consequence that the D? DY 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 DD
bound state, and in any case would provide information on
the DD — DD interaction.
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