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P-wave coupled channel effects in electron-positron annihilation
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P-wave coupled channel effects arising from the DD, DD* + c.c., and D*D* thresholds in eTe”
annihilations are systematically studied. We provide an exploratory study by solving the Lippmann-
Schwinger equation with short-ranged contact potentials obtained in the heavy quark limit. These contact
potentials can be extracted from the P-wave interactions in the e™e™ annihilations, and then be employed to
investigate possible isosinglet P-wave hadronic molecules. In particular, such an investigation may provide
information about exotic candidates with quantum numbers JPC = 1=F. In the mass region of the DD,
DD* + c.c., and D*D* thresholds, there are two quark model bare states, i.e. the y(3770) and w(4040),
which are assigned as (1°D,) and (3!S)) states, respectively. By an overall fit of the cross sections of
ete” = DD, DD* + c.c., D*D*, we determine the physical coupling constants to each channel and extract
the pole positions of the y(3770) and y(4040). The deviation of the ratios from that in the heavy quark spin
symmetry (HQSS) limit reflects the HQSS breaking effect due to the mass splitting between the D and the
D*. Besides the two poles, we also find a pole a few MeV above the DD* + c.c. threshold which can be
related to the so-called G(3900) observed earlier by BABAR and Belle. This scenario can be further
scrutinized by measuring the angular distribution in the D*D* channel with high luminosity experiments.
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I. INTRODUCTION

Since the observation of the X(3872) in 2003, numerous
exotic candidates which do not fit into the conventional
quark model spectrum have been observed in experiments.
Most of these exotic candidates appear near some open-
flavor thresholds which calls for a systematical study of the
threshold or coupled channel effects in the relevant chan-
nels. For the S-wave interaction, the most famous one is
DD*' interaction in the isospin singlet channel which is
crucial for understanding the nature of the X(3872) [1-9].
The corresponding coupled channel effects in the isovector
channel have also been studied to probe the structure of the
Z.(3900) and the Z.(4040/4025) [10-18] as well as their
heavy flavor partners in the bottom sector, i.e. Z,(10610)
and Z,(10650) [19-23], which are close to the BB* and
B*B* thresholds, respectively. Since the S-wave interaction
among hadrons can form a bound state more easily than
other partial waves, the nearby S-wave threshold and the
S-wave interaction which might form a hadronic molecule
have attracted a lot of attention. Although an interaction in
higher partial waves cannot easily form a bound state, it
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Here and in what follows, DD* means DD* + c.c. which
includes its charged conjugate partner to form a C-parity
eigenstate.
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could also have moderate effects on certain observables
within the relevant energy region, especially the next
alternative option of a P-wave. Besides the potential
S-wave hadronic molecules mentioned above, there are
also some vector exotic candidates which appear in e*e™
annihilation, such as G(3900) [24,25], Y(4008) [26],
Y(4260) [27], Y(4360) [28], Y(4630) [29], Y(4660)
[30,31] and so on.

With the availability of high-luminosity data from Belle
and BESIII for e*e™ annihilation, it is timely to study the
P-wave interactions between a pair of S-wave heavy-light
mesons, such as DD, DD*, and D*D*, as well as the
S-wave interactions between one S-wave heavy-light meson
and one P-wave heavy-light meson, such as DD + c.c.,
D,D* +c.c., and D,D* + c.c. pairs. This will help us
understand both the conventional heavy quarkonium and
the vector exotic candidates. Since in the heavy quark limit
the interaction between the two spin multiplets share the
same low-energy parameters, the study will also shed light
on the existence of other possible exotic candidates but with
different quantum numbers. However, up to now, most of
the studies on the P-wave or S-wave threshold effect in e*e™
colliders are mainly based on the one-loop calculation
[32-37] within some power counting schemes [38] or the
effective Lagrangian approach. There are also some studies
[39—42] which focus on the one-channel case. As a result,
a systematic study of the P-wave as well as the S-wave
interaction in e*e™ annihilation is called for.

© 2016 American Physical Society
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FIG. 1.
mesons.

Feynman diagram for ete™ to a pair of charmed

In this paper, we study the P-wave DD, DD*, and D*D*
(Fig. 1) coupled channel effects in e e~ annihilation within
the energy region [3.70, 4.25] GeV. Since the probability
for the creation of a pair of strange quarks is much smaller
than that of an up and/or down quark pair, we neglect the
strange charmed thresholds.” The next open flavor channel
should be included, such as D, D (about 4.29 GeV), as long
as the energy exceeds the production threshold. This is the
reason why we only consider the energy below 4.25 GeV.
As we are performing an exploratory study, we include the
short-ranged contact potential in the heavy quark limit in
addition to the conventional charmonia without including
the one-pion exchanged potential.3 In Sec. II, we present
the decomposition of P-wave heavy-light meson pair in the
heavy quark limit and the corresponding Lippmann-
Schwinger equation. Section III contains the results and
discussion. We end with a summary in Sec. IV.

II. FORMALISM

In this section, we present the decomposition formula of
the P-wave DD, DD*, and D*D* with quantum number
JP€ =17 in terms of the heavy and light degrees of
freedom which are conserved, respectively, in the heavy
quark limit. Accordingly, the short-ranged contact poten-
tials can be obtained from this decomposition. In what
follows, the Lippmann-Schwinger equation in the calcu-
lation is presented explicitly.

A. Decomposition of P-wave DD, DD*, and D*D* pairs

The decomposition of a pair of charmed mesons with a
relative orbital angular momentum / reads”

?A further argument in favor of this assumption is the fact that

the cross section of ete~ — DD [43] is about one order
of magmtude smaller than those of et e~ — DD, DD*, and D*D*.
3The discussion of the one-pion exchange potential and the
relevant three-body channels, such as DDz, DD*z will be
included in the forthcoming work as well as the next S-wave
thresholds ie. DD +c.c., D,D* 4 c.c., and D,D* + c.c.

*Here ] = \/21 +1.
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where [I([s;,50,1; [51,50,];,)5), 18 the hadronic basis with
s, and s, the heavy quark spin and the spin plus relative
orbital angular momentum of the light degrees of freedom
in the ith hadron, respectively, j; is the spin of the ith
hadron and s is the sum of them. Further, / and J are the
relative orbital angular momentum and total angular
momentum of the two-hadron system, respectively. The
hadronic basis can be reexpressed as Eq. (1) in terms

of the heavy and light degrees of freedom basis
[(Us,s1,]5,)5,[50,50, 59005 With sg the total spin of the

i‘l }|(l[sllsll]5q)sl[SleQg]sQ>]7 (1)

heavy quark pair, s, is the total spin of the light degrees of
freedom, and s, their total spin plus relative orbital angular
momenum, s; = s, + [. Since s, and s; are conserved,
respectively, in the heavy quark spin symmetry (HQSS)
limit, |(I[s,s1,]5,)5,(50,50,],)s can be simplified as
|so ® s;);. Using Eq. (1), one can obtain the decomposi-

tions of the P-wave charmed meson pair with JP¢ = 17~
as [44]

DD} =308 1) +5 =190 -5l181)

1 /5

+5\f§|l®z>, @)

|IDD* +c.c.)y— = — \/_|1®0) —|1®1>
+5\f§|1®2>, ()

s 1 1
|D*D*)i=0 Ef\0®1>——|1®0> sAeD

~Plig, 4)

Doy =Llie0)+ 1\/|1®1> @), (5

These wave functions are normalized to one and orthogonal
to each other. The coefficients can be written as a compact
matrix
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As a by-product, pairs with a possible exotic quantum
number can also be obtained:

. 1 1

|IDD* +c.c.)j-+ = _ﬁ|o®1>+_ﬁ|l®l>’ (7)
S 1

|DD>1_}f—\/§|O®1>+—\/§|1®1>. (8)

In the heavy quark limit, the S-wave and D-wave
charmonia couple to a pair of charmed mesons through
the |[1®0) and |1 ®2) components, respectively.
Therefore, their decay widths are proportional to the
corresponding Clebsch-Gordan coefficient squared.5 The
relative branching ratios are listed in Table 1.° This relation
can also be obtained by constructing the effective inter-
action based on HQSS as shown in Appendix A.

In the heavy quark limit, we can define the direct contact
potentials

Ci=Vy=0Q1HO0® 1),
Cy=Vyp= (1 ®O0|H[1 ®0), )

C=V,=(1QI1H1®1),
C,=Vy=(1Q2H1®2), (10)

which are considered as constant within the small energy
region we consider. Besides the four open charm channels,
ie. the DD, DD* + c.c., D*D}_, and D*D’_, channels,
there are also four expected conventional charmonia within
this region, ie. w(2S), w(1D), w(3S), w(2D). In the
following, we use the latin letters i, j,... =1, 2, 3, 4 to
denote the open charm channels and the greek letters
a,p...=1,2, 3, 4 to denote the bare pole terms. As a
result, the corresponding potential among these eight
channels is

°In the energy region where y(nS) dominates, the ratio of the
cross sections e* e~ — DD, DD* + c.c., D*D*_,, and D*D?_, is
also consistent with the ratio for the S-wave charmonium given in
Table I in the HQSS limit.

One should notice that the ratios are obtained in the heavy
quark limit which means the masses of D and D* are equal to
each other. In this case, the phase space factors of the different
channels are the same and will thus not modify these ratios.
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TABLE 1. The relative partial widths of a S-wave and a D-wave
charmonium to a pair of charmed mesons. The subscripts are the
total spin of the two charmed meson system.

Charmonium |DD), |D*D), |DD*), |D*D*), |D*D*), |D*D*),

1 1 1 1 5
S-wave 5 ¢ ¢ 36 0 3
5 5 5 5 1
D-wave > = = = 0 36
v=( "7 7 (11)
Uaj 0
with
v =g gt C vig = g vy = gh”
ij ik g]k ks if gzl ﬂlﬁv aj g]k Hia-

Here, pp = pp #0 only when f=1, 3, and /=2 or
p = 2,4 and [ = 4. For further use, we rename the coupling
constants

Has = Gop>
(12)

Ha1 = 925> H23 = G35 Ha2 = G1D>

so that their physical meanings are manifest, i.e. these are
the couplings between the bare charmonia and the open
charmed channels.

B. The Lippmann-Schwinger equation

Due to the zero component in Eq. (11), the Lippmann-
Schwinger equation (LSE), T = V — VGT, can be split into
two subgroups

Tij=Vij=ViuGiTrj = ViaSal o) (13)
Toi = Vai = Ve;GiT )i, (14)

and
Tio =Vig=ViiGT o = VigSsT g, (15)

T(z/} = _VrliGiTiﬂ’ (16)
with G; the two-body propagator and S, = (m2 — s)~! the
bare pole propagator. Substituting Eq. (14) into Eq. (13),
one can obtain

Ty = Vi = VaGiTy (17)

with the effective potential V;; = V;; — V;,S,V,;. With the
above equation for 7';; and Eq. (14), one can also calculate
the transition matrix 7, between the charmonia and the
charmed meson pair. Substituting Eq. (16) into Eq. (15),
one can also extract the transition matrix from bare
charmonia to the open charmed channels
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-V,G,T, (18)

Ti,=Vi it ja-

Again, the transition matrix 7,3 among the charmonia can
be extracted from Eq. (16) accordingly. Now the 8 x 8
matrix is reduced to several 4 x 4 matrices.

The bare production amplitude is defined as

F = (F\ Fy,F3,Fy, fr, fo, fa fa)"

with f1 = @, f2 = ¢p, [3 = g3, f4 = ¢ the couplings
between the virtual photon and the corresponding charmo-
nia. F; =g, f3%+ gL, fY is the coupling between the
virtual photon and the ith open charmed channel. The
physical production amplitude can be obtained from

U=F-vaGlu,

with the physical production amplitudes of the open charm
channels and bare poles given by

U= F; = ViGU; = VigSall, (19)

=
u(l = f{l V(I]G]u (20)

Substituting Eq. (20) to Eq. (19), one can obtain the
physical production amplitudes of the open charm channels

Ui=Fi =VigSafa— VG + ViuSVeiGiUh;  (21)

aj™j

in terms of the effective bare production amplitudes F ;=
Fi—VisSofs and the effective potentials \7,-]-. Here the
contribution of the bare charmonium pole is absorbed into
the definition of the effective bare production amplitudes
F . and the effective potentials V; i

Since we only consider separable contact potentials in
our calculation, the momentum from the two P-wave
vertices can be absorbed into the definition of the two-
body propagator G; as

G 4 / d*l 'y
-4 s
o0 = | @) (P = 1 i) ((p— DF — 3 + ic)

(23)
Gij _ 4/ d4l %gimnejmklnlk
b = 4 2a)* (2 —m2 +ie)((p = 1)2 = m3 + ie)’
(24)
th _ _41/ d4l il
DD, Q2a)* (P —m? +ie)((p — )> —m2 + ie)’

(25)
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44l Pik.mnPﬂ,Pq(smpﬁiqlkll
GZ*D* _4i/ 42 22 — 2 2 i’
= @n) (B=m +ie)(p— 1) —m3+ ic)
(26)

with the s = 0 and s = 2 projectors

p(i)f — Lgij’

V3
ii 3/1 . . 1. . 1 ..
Ptj.mn —_ \/: _5zm51n _51n5]m__5u5mn 27
2 5(2 2 3 ) @7)

for the D*D* channel. In principle, the two additional
momentum factors from two P-wave vertices [/[* can be
reduced as Gyog** + p* p*G,, with p the external momen-
tum. Since the photon is produced from e* e~ annihilation,
it is transversely polarized, —g" +%~6’7, with i, j
being spatial indexes. As a result, Egs. (23)-(26) can be
simplified as —4Gy (s, m?, m%), with m;; and m;, the
masses of the ith channels and s the incoming energy
squared, times the corresponding interaction structure. The
definition of Gy, can be found in Appendix B.

C. The cross section

As shown in Fig. 1, the scattering amplitude for the
process ete” — DX DM g

iP}"(p)
S

M =(p.)(~ier,)u(p-) 7, (28
with p_ (p, ) the four-momentum of the electron (positron)
and p the sum of them. P} (p) = —g¢* is the numerator of
the photon propagator. As discussed in the above section,
since the photon has a transversal polarization, only the
transverse part P.*(p) = —g" +% contributes. 7% is
the production amplitude obtained from the LSE. Then the
amplitude squared is

62 ! / 1 !
(MP =4 <pip”_ +piph - 559””)%73 (29)

2

ec (1 . o o
= 4s_2 <§ §6U — 2p’+p/+>T’T*J (30)

with s = p?. The production amplitudes for the four open
charmed channels are

T\ =U(p - Pb) (31)
Th = U™ (p) — ply. )e™, (32)

i 1 i i * *
T3 :U3%(PD* _pD*)ED* “Ehes (33)
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Ti = UPT™ e (ph. — phy). (34)

Then the corresponding amplitudes squared are’

32ra

M =t =2 |pp (1 —cos?0).  (35)
32

Mo =U3 == pp (1 +cos?0).  (36)
32ra

2(1 — cos? 6), (37)

Mo =187 pyy

1127z
IMyl> =Uj

|Pp-

1
2(1 —70052 6), (38)

with the differential cross sections given by

do; _ |PD<*>
dcosO 64rns3?

M. (39)

One can obtain the total cross section by integrating over
the angle 0 and then perform an overall fit to the ete™ —
DD [25], DD* and D*D* [45] cross sections to extract the
parameters of the model.

III. RESULTS AND DISCUSSIONS

In this section, we present our fit results and extract the
interesting physical quantities which can be confirmed or
excluded by further detailed energy scans at electron-
positron colliders. To obtain the low-energy parameters
(Table II), an overall fit to the ete™ — DD, DD*, and
D*D* cross sections is carried out and the fit results are
presented in Fig. 2.8 In Table 1I the parameters C; of the
short-ranged contact interactions as defined in Egs. (9) and
(10) are displayed. Since C, reflects the contribution from
|1 ® 0), which has the similar effect from the S-wave
charmonia, some of its contribution could be absorbed into
the nearby S-wave charmonia. The case for the parameter C,
is analogous for the D-wave charmonia. The parameters gy,
J3s» 9ip, and g,p are the bare couplings between the
conventional w(2S), w(3S), w(1D), w(2D) and a pair of
open charmed mesons. @3, ¢ ¢'p, and ¢, are the
couplings between the w(2S5), w(3S), w(1D), w(2D) and
a virtual photon. Since g?s and g?D are the production
strengths of S-wave and D-wave cc¢ through a virtual photon,
one can evaluate their ratio

"The angular distribution has also been discussed in Ref. [44]
for the bottomonium sector.

Here and in what follows, due to the status of the experimental
data, theoretical uncertainties are not considered but left for the
forthcoming work after including the one-pion exchange poten-
tial and the relevant three-body channels.
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TABLE II. The fit parameters.
C,(GeV?) C,(GeV~2) C;(GeV~2) C4(GeV~2)
79.70 £ 1.15 579 £0.22 4390+ 0.50 49.28 +1.37
925(GeV?) 935(GeV?) 91p(GeV°) 92 (GeV?)
0.90 £+ 0.05 15.69 + 0.04 3.65£0.11 8.66 £ 0.15
P (GeV?) g15(GeV?) ' (GeV?) B, (GeV?)
0.22 £ 0.15 -0.17£0.01 -0.05£0.03 —0.154+0.01
12(GeV?) 19(GeV?) a(3.9 GeV) y*/d.of.
—-1.55£0.09 0.53£0.08 0.56 +£0.01 1.47
0 E—2m.)?
R, = gip ( ) (40)

B g?s 2<E + m(?)2

by plugging the plane wave Dirac spinors into the vector

_ . A : : .
current ¢y,c with a O(=X®) correction as discussed in
c

Ref [46]. Here, E is the total energy and m, is the charm
quark mass. The ratio R, = 1.4% is estimated with the
energy at the average of w(3686) and w(4160) which are
expected to be dominated by the w(2S) and w(2D)
components, respectively. However, their fit values are at
the same order which indicates that there are large correc-
tions from higher order terms. f% and /9 are the S-wave and
D-wave components of the couplings between a virtual
photon and a pair of charmed mesons. In principle, 9/ /%
should be of the same order as R; defined in Eq. (40).
However it could be largely modified by the final-state
hadronic process [47], i.e. hadronizing to a pair of charmed
mesons, which is not as good a quantity as R; to test higher
order contributions.

A. The poles of y(3770) and y(4040)

As shown in Fig. 2, the signals of the expected
charmonia w(3770), w(4040), and w(4160) are very
different in these three channels. The w(3770) appears
to be a pronounced peak which is isolated from other
resonance structures. In comparison, the signals for both
w(4040) and y(4160) are not significant in both DD and
DD* channels. They only show some structures in the
D*D* channel. When the conventional charmonia are close
to some thresholds, their mass positions, line shapes or
other physical quantities can be largely influenced by their
strong interactions with the open channels [48]. In general,
the S-wave interactions will appear to be the most signifi-
cant ones, but sometimes the P-wave will also become
crucial as we will show in this work. To extract the
resonance parameters of these charmonia and obtain a
consistent understanding of the effect from the nearby
thresholds, an overall fit within the coupled channel
framework is necessary.
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In the following, we extract the pole positions of the dressed charmonia on the complex energy plane. Since only poles
which are located on the physical sheet or close ones can affect the physical measurement significantly, we only search for
poles on these sheets. Accordingly, we only care about the poles in the following energy regions on each Riemann sheet,

1 ImqDD > O, ImqDD* > O,
1I ImqDD < O, ImqDD* > O,
I Imgpp <0, Imgpp <0,

IV Imgpp <0, Imgpp- <O,

(a)

25k ———— mD(~>+mD(*)
20F —— FitResult ]
1 Bele ]

—
(=]
T

-
i

(b)

o(ete — D*D)[nb]
o &

o(ete = D*D*7)[nb]

[e=]

91
T

N
T

[\
T

—
T

=)

o(ete = D**D*7)[nb]

47385739 30 Il 12 13
W[GeV]

FIG. 2. The cross sections for ete™ — DT™D~, DTD*", and
D**D*~ within the energy region [3.7, 4.25] GeV. The three
vertical lines are the DD, DD*, and D*D* thresholds, respec-
tively. The experimental data are taken from the Belle Collabo-
ration [25,45].

Il’an*D* > O,
ImqD*D* > O,
Il’an*D* > O,

Il’an»D* < O,

for E < 2mp,
for ZmD < FE < mp + mp«,
for mp +mp: < E < 2mp-,

for E > 2mp:.

|

As shown in Table II1,” the mass position of the y(3770)
on sheet II is 11 MeV lower than the measured mass
3773.15 £ 0.33 MeV, which is obtained by a Breit-Wigner
fit. The fit width 12 MeV is much smaller than the
measured width 27.2 & 1.0 MeV. The deviation means
that there are other decay modes for the y(3770) as
discussed in Ref. [49]. Another reason is that there is a
difference between the pole width and the Breit-Wigner
width for a broader state. The ratio of the effective
couplings to the four channels is 13.53:9.48:5.88:16.78 =
1:0.70:0.43:1.24 which is different from that of both a

pure S-wave charmonium 217 : % T ¥ %z 1:2:0.58:2.58

and a pure D-wave charmonium %\/é %\/é %5 1g=
1:1:0.58:0.26. One might expect that the ratios should
lie within the range limited by the values of the pure S-wave
charmonium and pure D-wave charmonium. However,
for instance, 0.70 is smaller than both 2 (S-wave case)
and 1 (D-wave case). When the masses of D and D* are set
equal to each other, the ratios of the couplings lie between
those of the pure S-wave charmonium and the pure D-wave
charmonium as one expects. It indicates that the deviation
is due to the HQSS breaking effects stemming from the
mass splitting between D and D*. Since it strongly couples
to D*D?_, channel with the |1 ® 0) as the dominant
component, the most important hidden charm decay channel
is J/w plus two S-wave pions.'’

We also find a pole 4.032 £+ i0.016 GeV on sheet IV
which corresponds to the w(4040) with the ratio of
the effective couplings 2.90:2.23:12.52:12.85 = 1:0.77:
4.32:4.43. It does not agree with either the ratio given by
the pure S-wave or pure D-wave charmonia which also
indicates large HQSS breaking effects. Since it couples
to D*D’_, and D*D’_, channels which are dominated by
the |0 ® 1) and |1 ® 0) components with relatively large
strengths, respectively, its favored hidden charm decay

°One notices that the couplings in the table correspond to the
relativistic fields. The nonrelativistic ones can be obtained by
dividing I1;4/2m; with m; the masses of the heavy fields in the
corresponding vertex.

%PDG gives (y(3770) — J/wztz™) = (1.93 £0.28) x 1073
and (y(3770) - J/wn°z°) = (8.0 £ 3.0) x 10~* which is larger
than that of the other hidden charm decay channels.
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TABLE III.  Poles on the sheets which are close to the physical
sheet and the modules of the dimensionless couplings.

Sheet  Poles (GeV)  |gppl  l9pp-|  l9pp: | 190D,
II 3.764 +£i0.006 13.53 948 5.88 16.78
il 3.879 £i0.035 440 10.96 7.63 18.15
v 4.034 +£i0.014  2.90 2.23 12.52 12.85

TABLE IV. Poles for the 17" channels on the physical sheet
and the close sheets as well as their dimensionless couplings to
each channel.

Sheets Poles (GeV)

l9pp:_ |

s=1

3.48

90D+ |

791

I 3.915 +i0.003

channels would be 7. plus a light isosinglet vector (such as
w or three pions) and J/y plus two S-wave pions.

The poles corresponding to y(3686) and y(4160) are
not listed in Table III. As the energy of w(3686) is below
the open charm thresholds, it mainly decays into light
mesons and lower charmonia, in which case our method
lacks precision. On the other side, y(4160) is much more
influenced by higher thresholds which we will investigate
in detail in a forthcoming work.

B. The interpretation of the G(3900)

Since the observation of the G(3900) in the initial-state
radiation (ISR) process e*e™ — (y)DD by BABAR and
Belle [24,25] in 2007 and 2008, various groups have been
paying attention to the P-wave interaction between a pair of
charmed mesons [37,39-42,50]. The P-wave interaction
between D and D* is of great interest since it can be
investigated in e e~ collisions. With the fit parameters, we
find a pole at 3.879 £ i0.032 GeV on sheet III 4 MeV
above the DD* threshold, which corresponds to the
G(3900) structure. It is a resonance and can decay into
the two lower channels, i.e. DD and DD*. Its coupling ratio
to the four channels is 4.40:10.96:7.63:18.15 =
1:2.49:1.73:4.13. Although it deviates from the ratios
by the pure S-wave and pure D-wave charmonium, we
cannot conclude that it does not have any c¢ component
due to the HQSS breaking. Because it strongly couples to
the DD* and D*D*_, channels, it will show a significant
threshold effect at the DD* and D*D* thresholds, espe-
cially in the isospin breaking channels [51] due to the mass
difference between the charged meson loops and the neutral
ones. Since the |1 ® 2) and |1 ® 0) components dominate
the DD* and D*D?_, channels, respectively, we would also
expect its signal in J/y plus two D-wave pions and S-wave
pions channels. To further pin down the nature of the
G(3900), higher-statistics data are necessary.

PHYSICAL REVIEW D 94, 096006 (2016)
C. The angular distribution in D*D* channels

As discussed in Sec. IT A, the sum of the D*D* spins
can either be zero or two for the J*© = 17~ channel. This
corresponds to the angular distribution 1 — cos? @, Eq. (37),
and 1 —1cos? 6 [Eq. (38)], respectively. Since these two
bases, i.e. the D*D?_, and D*D?_, bases, are orthogonal
to each other, the events in the D*D* channel are the
incoherent sum of these. The different angular distribution
means that it can help to disentangle how large the s = 0
and s = 2 components should be and can also be viewed as
evidence for our scenario.

Since the 1—21cos?6 distribution cannot be distin-
guished from a flat distribution if the integrated luminosity
is not high enough, one can alternatively define an
asymmetry parameter

0.5 do(E) 0 do(E)
A(E) = —10()5 dcosé)dcose + f()150 dcos.‘)dcose

o(E)

(41)

to disentangle the components. As discussed above, since
the y(4160) will be affected by large effects from the next
threshold, the angular distribution at 4.04 GeV is the best
energy point to disentangle it. Our results indicate that the
ratio between these two components at 4.04 GeV is

do,_o/dcos®  0.41(1 — cos?6)
do,_o/dcos®  0.23(1 —Lcos?d)’

(42)

with the total cross sections 1.52 nb for s = 0 and 1.23 nb
for s =2. With our fit parameters, the asymmetry is
estimated as

A(4.04) = 0.39. (43)
For pure s =0 and pure s =2, the asymmetries are
A,_(4.04) = 0.31 and A,_,(4.04) = 0.48, respectively.
It can be confirmed or excluded by a further detailed energy
scan at BESIII with high integrated luminosity.

D. Searching the 1" exotic candidate

Besides the 17~ quantum number for the P-wave
interaction, 1~ quantum number can also be obtained
[52] as shown in Egs. (7) and (8). Since 17 is an exotic
quantum number which cannot be obtained with a conven-
tional c¢ configuration, there is no bare charmonium pole
contribution in this channel. The only relevant low-energy
parameters are C; and C; due to the appearance of the
|0 ® 1) and |1 ® 1) components in the wave functions of
the 17" channel. As a result, the corresponding contact
potential is

1C, +1¢G,

-ic,+1ic

—+ 2 %-1 2 %3

y! :< | | >, (44)
-1C +1G

16, +1G
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with the values of C; and Cj given in Table II. Since the
relevant channels are DD* and D*D*, we can define the
physical Riemann sheets and the close sheets as

I Imgpp <0, Imgpp- >0, formp+mp <E<2mp-,

I Imgpp <0, Imgpp- <0, for E>2mypy:.

With the central values of C; and C;, we obtain two poles
which would affect the measurements. One is on the physical
sheet about 500 MeV below the DD* threshold and couples to
the DD* and D*D’_, channels with equal strength. The equal
couplings are a consequence of the two facts of the HQSS.
One is that the two diagonal elements in the potential
[Eq. (44)] are the same and similarly for those two off-
diagonal elements. Another one is that the mass splitting
between D and D* is much smaller than the difference
between the pole mass and the open-charm thresholds. In this
case, the masses of D and D* are approximately degenerate.
No matter on which sheets the poles are located, once they are
below the two thresholds (bound states on the physical sheet
or virtual states on an unphysical sheet), they couple with
equal strength to these two channels. However, since the pole
is very deep with about 500 MeV binding energy, it is far
beyond the applicable energy region of the contact term
interaction. One cannot predict reliably any deep pole without
energy-dependent potentials, such as the one-pion exchange
potential.

We also find a pole 3.915 % i0.003 GeV on sheet II with
the effective couplings 7.91 and 3.48 to the DD* and D*D*
channels, respectively, as shown in Table IV. It is only
40 MeV above the DD* threshold which is acceptable with
only the short-ranged contact interaction. The |0 ® 1)
component has two possible S-wave decay channels
dictated by the symmetry. The product can be either /. +
(37),— with the isosinglet JPC = 17~ three pions'' or
. + (4x),++. However, only the 5.+ (4x),++ can be
accessed due to the phase space constraint. The |1 ® 1)
component can P-wave decay to both J/w + (37),- and
Xes + (27)g++. Among those J/y plus three pions channel
is the most favoured one due to its larger phase space.
Therefore, we would expect that the J/w + (37),-- and
e + (47),++ channels are the best ones to measure this
potential 1=" exotic state in the ete™ — yJ/w3x and
ete™ — yn.4n processes.

The wave functions of the two 1~ exotic states, i.e.
Egs. (7) and (8), are similar to those of the Z,(10610) and
Z,(10650), cf. Eq. (3) in Ref. [53]. The similarity means
that the signs of the component |1 x 1) (|0 x 1)) with heavy
quark spin sp =1 (so = 0) in these two wave functions
are the same (opposite). Consequently, the production

"Here and in what follows, the quantum number J"C

are explicitly written as subindices.

of pions
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amplitudes of these two 171 states in eTe™ — y1™" —
yJ/w3x and ete™ — y1= — yn4x processes are

91971 /p1
E—E,+il[/2

92971 )y2
Il (45
E—E,+il,/2 (43)

A(ete™ - y17F - yJ/y3r) «

gylgml
E—E, +il/2
9y29,.2
E—E, +il,/2’

Alete -yl - yndn) «

+ (46)

with g,; the coupling strengths between the ith 177 state
and two photons. E; and I'; are the energy and width
of the ith 17" state, respectively. In the HQSS limit,
9112l 911 = 92/ 9,1 = 1 due to the same sign of the
component |1 x 1) in Egs. (7) and (8). The case for the
|0 x 1) component is different, i.e. g,,/g, = —1. One
would expect that there is destructive (constructive) inter-
ference in the J/w3r (.4x) invariant mass distribution
when the energy lies between the pole positions, which is
similar to that for the two Z,, states in the Yz (h,7) channel.
However, the two poles in our case are not close enough to
make this interference pattern as significant as that for the
two Z, states [53].

IV. SUMMARY

We have studied the P-wave DD, DD*, and D*D*
coupled channel effects with a the short-ranged separable
contact term interaction in the heavy quark limit by solving
the Lippmann-Schwinger equation. To extract the physical
quantities, we fit the cross sections of eTe~™ — DD, DD*,
and D*D* within the energy region [3.7,4.25] GeV. Since
there are some conventional charmonia, such as y(25),
w(3S), w(1D), and yw(2D) in this mass region, these bare
pole terms are also included in the calculation in addition to
the contact potential. After having fitted the parameters of
the model, we extract the pole positions of the y(3770) and
w(4040) as well as their couplings to each channel.
The pole positions of both y(3686) and y(4160) are left
for the forthcoming work after including all the relevant
thresholds. It is an efficient and consistent way to extract
the resonance parameters and the couplings of a state
below threshold. Besides the two poles, another pole at
3.879 £ i0.035 GeV on the unphysical sheet is also found
which may correspond to the so-called G(3900) observed
by BABAR and Belle. However, due to the limitations in
statistics of these data, to further pin down the nature of
G(3900) a detailed scan of the open charmed channels in
the e e~ annihilation process is necessary. We also propose
that the angular distribution, or the asymmetry A if the
luminosity is not high enough, in the D*D* channel can test
our model.
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Besides the 17~ quantum number, the P-wave DD* and
D*D* interaction can also access the exotic 1=+ quantum
number. Since 17" is an exotic quantum number, there
is no bare pole term in this channel. With the relevant
parameters C; and Cj fitted in the 17~ channels, we find a
pole 3.915 £ i0.003 GeV, 40 MeV above DD* threshold.
It can be measured in the J/y + 37 and 7. + 47z invariant
mass distributions in e*e™ — yJ/y3r and ete” - yn dn
processes by further experiments with high integrated
luminosity.
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APPENDIX A: THE EFFECTIVE LAGRANGIAN
OF S-WAVE AND D-WAVE CHARMONIA
COUPLING TO A PAIR OF CHARMED MESONS

Due to the heavy quark spin symmetry, the S-wave
charmed mesons, i.e. D and D*, can be collected as a spin
doublet superfield H, = Vi’ + P, which annihilates the
corresponding Qg charmed mesons. Here, V and P denote
vector and pseudoscalar charmed mesons, respectively. Its
charged conjugate partner is H,=0,CH!C '6,=—Vic' +
P, with the convention CVC™' =V and CPC™' = P.
The corresponding creation superfield is

Hi = Vilgi P, Bl =—Vilgi+ Pl (Al)
In the heavy quark limit, the S-wave and D-wave charmonia
can also be collected in multiplets J = y'c’ + ... and

1 3 o ) P
JY —E\/;(Gll/d)l +GJI/IID1) ——\/E&JJ'I//DI + ...
(A2)

Since we consider the 17~ channel, only the relevant vector
charmonia are presented explicitly. The Lagrangian of the
S-wave and D-wave charmonia coupling to a pair of charmed
mesons reads

L= i% (J'H,6'0 H,) + i%D (J7'H,6'9 H,) + H.e.

(A3)
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with the overall coupling strength gg and gp. Using the above
interaction, one can also get the same branching ratio
fractions as shown in Table 1.

APPENDIX B: LOOP FUNCTIONS

In this appendix, we present the relevant one-loop
integrals explicitly. We use the standard tensor reduc-
tion [54] to express the occurring integrals as a linear
sum of scalar one-loop functions. Here we only present
the one-loop function we need in the calculation [55].
The other two-point one-loop functions can be found
in Ref. [55].

We use

2
R =——+yp—1In(4x),

— (B1)

to denote the ultraviolet divergences with yy the Euler
constant and d the number of space-time dimensions. The
one-point function is defined as

p= [ ddk 1
i ) o)k -M2+i0"

M? M?
= [R—14+m=e).
mﬁ( +“M>

Io(Mzzz) -

(B2)

The second rank tensor loop can be decomposed as

G (p*. M3, M3)
N ’u4—d/ ddk Kt kY

i ) ) (k* =M+ i0")[(k+ p)* — M? +i0]
= ¢"Goo(p*. M2, M3) + p*p*Gy, (p*. M2, M3),  (B3)

where

Goo(p* M3, M3)
1

((P* + Aup)Zo(M3) + (p* — Aup)Zo(M3)

12p?
+ [4p*MZ — (p* + A,)*)G(p?. M2, M3))
1 1
————(p*-3%
16”2 18 (p llb)7

with A, = M2 — M2 and £, = M2 + M?. In the heavy
quark symmetry limit, i.e. mp = mp-, the Zo(M?) part
would be a constant which could be absorbed into the
contact terms C;. Further, the fundamental loop integral
G(s, M2, M?) reads

M2 s—Mi4+M2 M3

2 AN b b
Gls, M3 M}) =+ — {a(ﬂ) - 1n72a _ zasiln—Mg
(B4)
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—%[IH(S—M§+M§+%17)—ln(—S+Mi—M3+0ab) (BS)
s
+ln(s+M127_Mg+o'ab)_ln(_s_Mlza+M121+o'ab)]} (B6)

with 6., = \/[s — (M, + M,)?|[s — (M, — M,)?] and a(u) the substraction constant which depends on the scale of

dimensional regularization .
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