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Phenomenological description of the D?(2317) — D;n® decay
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For coupled channels D°K*+, D¥K®, Df#, and D 7°, the S-wave scattering amplitudes are constructed
taking into account the mixing of the isoscalar resonance D*;(2317)" with nonresonance amplitudes with
isospin / = 1. The phenomenological approach we use allows us to quite simply clear up the general
structure of the D%;(2317)* — D} z° decay amplitude violating isospin. We show that the phase of this
amplitude coincides with the phase of the nonresonanct D} z° scattering amplitude in agreement with the
Watson theorem. Its modulus squared, as it should be, determines the width of the resonance peak in the
D 7Y channel. Taking into account the z° — 5 mixing in internal lines up to the second order inclusively
ensures that the unitarity condition is fulfilled. The presented analysis complements the description of the
D?(2317)* — D{ 2" decay based on the coupled channel unitarized chiral perturbation theory. The
numerical estimates obtained by us for the D?,(2317)" — D z° decay width do not contradict those

available in the literature.
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I. INTRODUCTION

The isospin violating decay of the D,(2317)* state with
1(JP) = 0(0%) into DEx° [1-4] has been a unique ground
for fruitful theoretical studies for over 20 years [5-15].
The main sources of isotopic invariance violation in
D?(2317)* - Dfa" decays are the mass differences
between charged and neutral D-mesons and kaons, and
the 7° —» mixing [5-15]. The most popular scheme for
calculating the amplitudes of the D%,(2317)" production
with its subsequent decay into D 7 is the coupled channel
unitarized chiral perturbation theory adapted to describe the
interactions of the light pseudoscalar mesons with the open
charm ones, see for review [9-14,16-20] and references
therein. The discovery of D%,(2317)" was great luck for
this scheme. The point is that the unknown subtraction
constant present in it can be selected so that in the
unitarized amplitudes under the thresholds of the coupled
DK and Dn channels there appears a pole corresponding
to the bound state with the mass of the experimentally
observed D¥;(2317)" phenomenon [9-14,16-20]. Such a
dynamically generated state in the system of DK and D,
pairs is often referred to as a hadronic molecule [14,17-20].

“Contact author: achasov@math.nsc.ru
"Contact author: shestako@math.nsc.ru

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

2470-0010/2025/112(9)/096004(9)

096004-1

According to one of the latest theoretical estimates [13], the
decay width I'(D?(2317)* — D z°) is (132 £ 7) keV of
which the contribution from the z° — # mixing accounts for
(20 £ 2) keV, the contribution from the difference between
the D°K* and D* K loops accounts for (50 + 3) keV, and
the rest is due to constructive interference between the two
isospin violation mechanisms. Although the estimates of
individual contributions to ['(D?,(2317)* — Dy z%) [5-15]
show a noticeable scatter, they agree with each other in order
of magnitude. From the experiments it is known that the total
width of the D¥;(2317)" phenomenonI" < 3.8 MeV and its
decay fraction to Dy z° is (10073))% [4].

In this paper, we use a phenomenological approach to
constructing the amplitudes of processes involving the
D?,(2317)* phenomenon, which has isospin I =0 [4]
and at the same time the only kinematically admissible
hadronic decay to the channel D z° with I = 1 violating
isotopic invariance. The presence of the cs pair in the quark
structure of the D?,(2317)" state indicates its possible
significant couplings with the closed D°K*, DTK?, and
D75 channels, as well as, due to the - n mixing, with
the decay channel into D} z°. The manifestation of the
D?*,(2317)" in the amplitudes of the indicated channels is
described by simple resonance type expressions in Sec. II.
In this Section, we also construct simple expressions for the
S-wave nonresonance scattering amplitudes with /7 =1
associated with the DK+, D*K°, and D}z channels,
as well as, due to the 7 — 5 mixing, with the D # channel.
The scattering amplitudes taking into account the mixing
of the isoscalar resonance D¥;(2317)" with nonresonance
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amplitudes with isospin / = 1 are constructed in Sec. III.
The obtained formulas for the complex of mixed ampli-
tudes with / = 0 and 1 allow us to determine the general
structure of the amplitude of the isospin violating decay
D?,(2317)" — D{z°. By the general structure we mean
the main contributions that form the decay D%,(2317)" —
D} 7", Using tentative values for the parameters at our
disposal, we present at the end of Sec. III numerical
estimates for the decay width ['(D*,(2317)" — D{z°).
Brief conclusions from the analysis performed are pre-
sented in Sec. IV. Several cumbersome formulas are placed
in the Appendix.

II. UNMIXED AMPLITUDES WITH 7I=0 AND 1
A. I=0 sector

Consider a state with the open charm C = +1, strange-
ness S = +1, isospin I = 0, spin-parity J© = 0", and mass
m, ~2317.8 MeV associated with closed D°K*, D*K°,
and D5 channels (the thresholds of these channels are
2358.517 MeV, 2367.111 MeV, and 2516.212 MeV,
respectively). We denote it as D},(2317)". In the limit of
isotopic invariance, such a state is stable. However, 7° — 5
mixing leads to the possibility of its decay with violation of
isotopic invariance to the D z° channel, the threshold of
which is 2103.327 MeV, as well as to the possibility of
D{n° scattering via the D*,(2317)" intermediate state

(b)

FIG. 1. (a) Decay of the I = 0 state, D%,(2317)*, into Dial.
(b) Dfz° scattering via the D?,(2317)" intermediate state
resulting from the z° — 5 mixing. Each black circle in this figure,
as well as in Figs. 2, 3, and 6, denotes the 7° — 7 mixing
amplitude I1o,.

[see diagrams (a) and (b) in Fig. 1]. The coupling of the
isoscalar D*,(2317)" state with the D] z° system due to the
7Y — 5 mixing leads to a corresponding contribution to its
polarization operator. In order to correctly calculate this
contribution in the second order in the amplitude of the
7° — 5 mixing, I1,0,, we consider the system of equations
graphically depicted in Fig. 2 for the propagators of the
mixed # and 7° mesons and the propagators of the 7° < 5
transitions denoted as G,(¢*), G,(¢*) and G,,(¢*) =
G,m(q2), respectively. The propagators of unmixed # and
7" mesons are Gj;(q®) = 1/D;(q*) = 1/(m; — ¢*) and
G:(q*) = 1/D;:(q*) = 1/(m% — ¢*). Solving the equa-
tions in Fig. 2, we find

AT P — .
Di(@) ~ 50 Duld)) — 5+ oty
1 I, 1 1 I, 1 M0, I,
“ D, " Dy (Dﬁ<q2> D,(m2)) Dy(@)  Dy(@)  mZ—m2 (Dn<q2>Dﬂ<q2>>' @

Here in the second equality the #7 meson mass has been
renormalized in the second order of perturbation theory in
I, and the notation D,(¢*) = m; —¢* is introduced,
where m% is the renormalized (physical) mass of 7. Further,

Gn Gﬁ Gﬁ G G'r/
Jr . p .

without violating the accuracy of the approximation, we
can use the physical value for the 7 meson mass every-
where, i.e., replace D;(q?) by D,(q*) = m2 — ¢*. The third
and fourth equalities are differently written first terms of the

@ )
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FIG.2. Equations for propagators of the mixed 7 and z° mesons and propagators of the z° <> 7 transitions; the argument g2, on which
the propagators depend, is omitted in the figure (the notations are explained in detail in the text).
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expansion of G,(¢?) in Hion (which operate within the
second order of perturbation theory). Note that the ex-
pression in parentheses in the last equality is the transition
propagator G,,(¢*) written in the first order in IT,,. The
expressions for the propagator Gn(qz) and similar expres-
sions for the propagator G,(q*) obtained to the second
order in Ilp, will be used below in calculating the
polarization operators.

Let us proceed to the definition of the polarization
operator of the D},(2317)* resonance. For short, we denote
the channels D°K*, D*K°, D}y, and D} z° by numbers 1,
2, 3, and 4, respectively. The S-wave amplitudes T i(s) for
the reactions i — j corresponding to the contribution of the
D?,(2317)* resonance with I = 0 are written in the form

. (3)

0.0 0.0
TQ»(S) _ 9: 9; _ 9: 9
Y D)(s)  m;— s+ Rell)(m7) — TI)(s)

where i and j are the channel numbers, s is the invariant
mass squared in channel i and j, 1/D%(s) is the propa-
gator of the D?;(2317)" resonance, ¢! is its coupling
constant with channel i, in so doing ¢ = eg), and € =
I,/ (my —m2) is the parameter of the z° —# mixing.
Here we will be guided on the value of € ~ —0.014 [21,22].
The polarization operator I1%(s) in (3) is the sum of the self-
energy parts of the resonance D%;(2317)" due to the
D°K*, DTK®, D5, and D} n’-intermediate states, i.e.,

02 02
=Y Do+ Dow @

i=1.23

where the functions G;;(s) for i = 1,2, 3 are defined as the
dispersion two-body loop integrals subtracted at the thresh-
old of the ith channel. Explicit expressions for them are
written out in the Appendix. The two points in the notation
of the function Gu4(s) indicate that we are dealing with
the second-order contribution in the amplitude Ilo,.
According to the last two equalities in Eq. (2), the func-
tion G44(s) can be calculated using the diagrams shown
in Fig. 3 in two equivalent ways, i.e., using either the
right-hand or the left-hand side of the equality shown in
the figure. We write the amplitude of the right-hand side of

this equality in the form Ga,(s) m2,n+j;20 where G34(s)
Dt Dt
I=0 I=0 1=0
n n n
' (™
(a) (b)

denotes the first order in the 1,0, convergent loop diagram,
diagram (c), shown in the figure. An explicit expression
for Ga,(s) is given in the Appendix; Gau(s) = Gus(s).
Thus, Gu(s) can be calculated by the rule Gu(s) =
Gau(s) m?_”om"z . Calculating G4 (s) using diagrams (a) and
=M o
(b), which define the left-hand side of the equality in Fig. 3,
turns out to be more complicated. It is worth noting that at

the D 5 threshold, the imaginary parts of diagrams (a) and
(b) in Fig. 3 have root threshold singularities, i.e., they

contain contributions ~1/ \/ s = (mp+ + m,)? that cancel
out in the difference of these diagrams.

The decay width of the resonance, I',(s), is determined
by the imaginary part of the polarization operator. In this

case, in the region of 2317 MeV, +/sT',(s) = Im I1%(s) =

(92)2 Im G44(S) _ (9(3))2 ?,,0,,

167 167 my—m

—Im Gi4(s) and therefore, due
0

to the mechanism of the z° — 5 mixing, we have (see Fig. 3
and the Appendix)

02 .
Var (o) = (Y (s )

whete pp ()= /ls=(mp; +m)?|[s=(mp: —mg)?)/s.
Diagram (a) in Fig. 1 leads to exactly the same expression
for /s, (s) (in full agreement with the unitarity condition).
Thus, we have before us a kind of “classical” resonance,
which could exist in the case of the absence (or extreme
smallness) of strong interactions in the DK™, D*KO,
and D 7" channels with isospin 7 = 1. Literally, such a
situation seems unlikely. Consideration at this stage of the
D?,(2317)" meson as an isolated state with / = 0 suggests
that the amplitudes due to its contribution will be used to
construct a more realistic picture of interactions in the
coupled channels under consideration.

Let us now introduce some new notations that will be
useful later. We write the coupling constants ¢¥ as
@ = ¢, where n? = ¢¥/¢" are dimensionless constants
on the scale of g(l), and define the reduced (dimensionless)
propagator of the D%)(2317)" resonance 1/D%(s) =
1/[D%(s)/(4})*]. In these notations T9;(s) = nntD(s).
Due to isotopic invariance, 7 =73 = 1 and, by definition

Dy
_I=0 o Mm% 1-0
n 0 m%fmgo
(©

FIG. 3. According to Eq. (2) there are two equivalent ways of calculating the function G4 (s) using the right-hand or left-hand side of

the equality shown in the figure. In diagram (b), <ﬂ'0>,7 denotes that the pion proragator 1/D,(g*) is taken at ¢* = m;.

2
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FIG. 4. Coupling of the c5 state with channels DK+, DTK?,
and D.

(see above), ] = en?. The value of ;3 can be found within
the framework of a specific model of the interaction
of the isoscalar D},(2317)" state with the channels
D°K*, DTK®, and D{5. For example, in the ¢5 model,
the relative values of the coupling constants D%;(2317)"
with the channels D°K*, DTK®, and D{n are easily
determined using the diagram in Fig. 4. The usual quark
counting rule, together with the representation of the final
§5 pair in terms of physical states  and # with defined
masses (s§ = —ncosd +#'sind, where I9=06,-0,,
0; =35.3° is the so-called ideal mixing angle and
0, = —11.3° is the mixing angle in the nonet of light
pseudoscalar mesons [4]), leads to the relations
nindind=1:1: —cos9=1:1: —0.687. If all 5? are
known, then an estimate of the overall constant (g)>
can be obtained using the available (so far only theoretical)

values of the DK scattering length, a(DO,)(, in the channel with
I =0 [10,19,23-27]. In accordance with the calculations

[10,19,23-27] we will be guided by a\) ~ —1 fm. Let us
express a\x through the amplitude T9,(s) + T, (s) =
279, (s) at the DK™ threshold. In our normalization
we have

a0 2T(1)1(5)
DK —
8”\/‘; Vs=(mpo+my+)

~—1 fm. (6)

From here we find (¢7)?/(16x)~1.884 GeV? and
from Eq. (5) obtain I',(m?)~19.3 keV. In estimating
(¢9)?/(167), we neglected the negligible effect of the
7% — 5 mixing. Thus, we have completely determined the
resonant amplitudes T?j(s).

B. I=1 sector

Let us proceed to the construction of S-wave non-
resonance amplitudes of the reactions i — j with isospin
I = 1 in the s-channel T}j(s). As a guide, we will use the
Zachariazen field theoretical model for the single-channel

'Note that for the given mass of the bound state m,, the
possible values of a(g}( < 0 (due to its contribution) are limited
from below by the value —1.432 fm, which is obtained if in

79, ((mpo + mg+)?*) we let (¢9)? tend to infinity.

S-wave scattering amplitude that was once thoroughly
investigated in the works [28-31]. The amplitude 7'(s)
in the Zachariasen model exactly coincides with the result
of the summing up of all chains of s-channel loop diagrams
in the theory with Lagrangian £ = —1,¢%, where 4 is the
seed coupling constant and ¢, is the scalar field with mass
m, [28,30,31]. In terms of renormalized quantities the
amplitude T(s) = —1/[1 + 1= G(s)], where 4 is the cou-
pling constant and G(s) is the dispersion loop integral once
subtracted (for definiteness) at s = 4m2. For positive 4, this
model produces a “dynamic” bound state [29,30]. But for
negative values of 4, the model gives a good example of the
nonresonance scattering amplitude and phase [29,30]. We
will use one of the simplest generalizations of such an
amplitude for the case of several coupled channels with
I = 1, which looks like this:

_ =Min;  =Mnin;
Dy(s)  1+T(s)

T}(s) (7)

where the index n indicates that the corresponding quan-
tities describe the nonresonance case, and the polarization
operator I1}(s) has the form

I, (s) =

~ lon > m2Gals) + (h)*G(s) | (8)

i=124

Here Gy(s), G (s), and Gyy(s) are the dispersion loop
integrals subtracted at the corresponding thresholds and

the function Gas(s) = —Gay(s) = —Gay(s) H”O”z (see

2
ﬂ’l,,] mO

the Appendix); 4 is the coupling constant; 11{ =—n) =
1/v/2, 1y = 1;in (7), n} = —en). Let us explain the details
of such a representation of T}j (). In the multichannel case,
the seed constant 4, is replaced by a symmetric matrix Ag;;

composed of seed amplitudes of the transitions i — j. Due
to isotopic invariance, this matrix has the form

Aot —Aont Aom
Aoij = | —don1 Aot —Aoar |- )
Aoar  —Aoar Aoss

It contains three independent constants Ay, Ados1, and Aoy
corresponding to the transitions D°Kt — DOKT,
D’ - DYK*, and D}z’ — Dz° respectively. Note
that in the sector with C =S =41 and 7/ =1 all inter-
mediate states must be at least four-quark ones. We assume
that the seed interaction between the continuous spectrum
states D°K™, D*KY, and Dz is carried out due to the
rearrangement of valence quarks in colliding particles, see
Fig. 5. In this case, the matrix 4y;; has a very simple form
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>

Df DY Dt

7T0 > K +7 K 0
FIG. 5. Example diagram of the quark rearrangement during
scattering.

0 0
dy=10 0 -4 (10)
o - 0

since the rearrangement mechanism allows only the tran-
sitions D 7 <> DK™ and D 7° <> D* K the amplitudes
of which due to isotopic invariance differ in sign. Never-
theless, expressions for the amplitudes T}j(s) in the original
unsubtracted form are far from trivial. In matrix notation,
the result of summing up all chains of the s channel loop
diagrams in the model with a seed interaction from Eq. (10)
has the form 7'(s) = —[I + AyA(s)]"' Ay, where A(s) =
BI + G(s), B is an infinite constant, and G is the diagonal
matrix of the dispersion loop integrals subtracted at the
corresponding thresholds [30]. Renormalization in the
amplitudes T;(s) is carried out using the relation

B(1 _ﬁ) = 1/A, where B — o0, 4y — 0, but so that 4
0

is a finite value. After taking into account the z° — 5 mixing
|

' Di(s) . BY(s)

[similarly to how it was done in the case of the amplitudes
T ?]-(s)] we obtain Egs. (7) and (8). We also introduce the
reduced propagator 1/D)(s) = 1/[DL(s)/(=4)]. In these
terms T};(s) = njn}/D,(s).

Thus, we have constructed the resonance amplitudes
T9,(s) in the sector with isospin / =0 and the nonreso-
nance ones 7'j;(s) in the sector with isospin / = 1, which do

not yet know anything about each other. Now we are ready
to move on to considering the mixing of these amplitudes.

III. MIXED D;,(2317)* STATE

The amplitudes T;; that would take into account the
mixing of the isoscalar resonance D%;(2317)" with the
nonresonance amplitudes with isospin / =1 can be con-
structed in the same way as was done when considering
phenomena of the a((980) — f,(980) mixing [32].
Graphically, the scheme for accounting for mixing in the
form of equations for the reduced propagators dressed by
mixing Gy(s) and G, (s) in the channels with 7 = 0 and 1,
respectively, and for the propagators of the transition
between these channels Gy, (s) and G, (s) looks completely
similar to the scheme for accounting for mixing shown in
Fig. 2. From the corresponding equations we find that the
propagators dressed by mixing have the form

) Qm(s) = GIO(S) Lo (<)

BB -

Here the functions Il (s) and II,o(s) are polarization
operators that are nondiagonal in isotopic spin, responsible
for mixing channels with I = 0 and 1; IIy; (s) = ;o (s).
The polarization operator Iy (s) has the form

1 . a n
Iy (s) = Ton (M3G34(s)nl + n0G 1y (s)n} + )G (s)nd]

—c08 9G34(s) +—=G,(s) —

&.—

T l6n
(12)

It is formed by two main sources of isotopic invariance
violation, which are the z° — # mixing and the presence of
the mass differences between charged and neutral D
mesons and kaons. Thanks to the latter, the contributions
of the D°Kt and DT KO intermediate states, entering to
Iy, (s) with opposite signs, do not completely compensate
each other. The intermediate states in ITy; (s) do not have a
definite isotopic spin and therefore contribute to mixing.

~ D(s)Di(s) — T3, (s)

~ BN - Y

The contributions to Iy, (s) are described by convergent
expressions. The function G, () has already been encoun-
tered in Sec. II (see, in particular, Fig. 3). In 1:101(s), it is
responsible for the contribution caused by the 7°—p
mixing. The difference between the D°K* and D*K?
loops Gy;(s) — G (s) [see the second and third terms in
Eq. (12)] also does not contain divergence. In so doing,
G11(s) — Gy (s) differs from the difference of the integrals
Gy (s) and Gy, (s), subtracted at the corresponding thresh-
olds, by a constant depending on the ratios of the masses of
the particles in the loops (see the Appendix).

Using the propagators G(s) from Eq. (11), it is easy to
construct the amplitudes 7;;. The result will be exactly the
same as when opening the expression

—1 Ky -1 ,
Tl >> —

bis) ),

(D)
Ty =m <_ﬁ10(5)

Thus we get
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T YDy, (s)n) + nMg; (s

+ i T19(s)n0 + 0! DO(s)n)

" DY)

Let us consider in detail the amplitude T44(s) =
channel D z° in the region of D%;(2317)" resonance, and

Ty =

$)1;
D,

()~ 12,05 (14)

Tp#a9-p+0(s) corresponding to the only opened hadronic decay

represent it as a sum of “background + resonance”:

4Dy (s)n + nio; (s)n} + nillio(s)nl + nyDY(s)n}

DY(s)Dy(s)
1:[01 (-V)'LI;)Z

- l=1(2)1 (s)

167 (&%) — 1

0
o (B
Dl

The first term in the second equality in Eq. (15) is the non-
resonance amplitude T}, (s) = n}‘nA/Dl( )=1/Dl(s) =

pDiG:( s Im D) (s)/D\(s)] = p,);lfg( ) %) sin 8} (s) or the
background one, and &} (s) is the background phase. The

Ty ()
Dj(s)
ator of the second term in the second equality in Eq. (15),
is the amplitude of the decay of the isoscalar reso-
nance D};(2317)* (dressed by the background) into

D{7° caused by the isospin breaking. We denote it as

Iy, (s)n!
Vs (S) = 7]2 + 3’11(8;4-

expression 7 + , standing in brackets in the numer-

Here the first term 79 = en) is
|

i}

Vres(s) =en

As can be seen, the phase of the decay amplitude V (s) is
determined by the phase of the nonresonance Dy z°
scattering amplitude in accordance with the Watson
theorem on the final state interaction [33] (or with the
unitarity requirement). In the normalization we use, the
D?,(2317)" - D{z° decay width and the amplitude
Vies(s) are connected by the relation

slres(s (s)]?
S . )

It is easy to show that the imaginary part of the expression
DY(s) -1

the seconZi equality in Eq. (15)] is exactly equal to
[Vies ()2
167
the resonance peak in the D z° channel. The expression
- 2. (s
1/[D%s) -
propagator of the D%,(2317)" resonance modified by the

) = fily (5) g1 Flio(s) included

is is the denominator of the second term in

pp:0(s) and, therefore, determines the width of

| can naturally be called the reduced

background. The ratio II])UJ—M =

(s ){—ecos8cos5(')(s) + |—cosdRe Gay(s) +

(15)

5+ ezl’%(s)Tres(s)}.

due to the contribution of the first diagram in Fig. 6
and the second one is due to the contributions of the
subsequent three diagrams in this figure in accordance
with Eq. (12) for the polarization operator Ty, (s) multi-
D?s)
state interaction in the channel with 7 =1. Using
Eq. (7), the relation Im G34(s) = €pp+ (s) (see Appendix),
the above values of 5!, and the relation of 1/D}(s) with
the phase &)(s), we obtain the following expression
for V,s(s):

plied by the amplitude of the nonresonant final

A

(61(5) ()|

sin 84 (s)

pD;ﬂo (S)

1 ey (s
= } o). (16)

[
in it is a polarization operator of the isoscalar state taking
into account the isovector interaction between particles in
the loops. Its real part at /s = M, where M, is the mass
of the resonance dressed by the background, together with

the contribution "2-Re (5, (M2,) [see Egs. (3) and (4)],
determines the magnitude of the mass shift due to isospin
breaking (isotopic mass shift). Finally, taking into account
Eq. (3), we write out an expression for the resonance

amplitude T (s) in Eq. (15)

D
Dyl
JF
n
7r()
Do Df
DYy T x
+ +
K+ ﬂ.()

FIG. 6. Diagrams
D (2317)" - D z°.

contributing to the decay amplitude
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T (S) _ \/Erres(s) — \/Erres(s)
e M%CS - + ReHreS (MIQ"BQ) - HI'CS(S) DI‘BS (S) '
(18)
where

If D%,(2317)" is produced by a source with isospin
I = 0, then the amplitude of its production, propagation,
and decay into D z° can be written as
|

Ve = €% {0.009618 cos 3} + [0.001888 + 0.0101372]

The value of &) is unknown. But we can trace how the
decay width of D?(2317)* — Dj 2" changes depending
on d). The corresponding picture is shown in Fig. 7.
Although large values of &) are almost improbable,
Eq. (21) formally allows us to set an upper limit for
[ (M%,). Tt is 476.5 keV at &) = 78.4°, see Fig. 7. The
values of the background phase &) ~ (15-20)° can be
considered quite reasonable. They lead to [y (Mz) ~
(95-130) keV (see Fig. 7). These values agree very well
with the calculations of I (M%) based on the coupled
channel unitarized chiral perturbation theory and lattice
QCD [9-14]. Note that the isotopic mass shift of the
D?(2317)* resonance at &) = 15° and 20° amounts to
—56 keV and —67 keV, respectively.

500

n w S
o o o
o o o

rres(Mges) (keV)

—_
o
o

3(1) (degree)

FIG. 7. Solid curve shows the decay width of D%,(2317)" —
Diz® at \/s = M, ~2317.8 MeV as a function of 8}, con-
structed using Eqs. (21) and (17) at (¢9)%/(16z) = 1.884 GeV>.
The dotted and dashed curves show the contributions due to the
7° — 5 mixing (proportional to cos &) and meson loops (propor-
tional to sind}), respectively; see Eq. (16).

sin &)
0.257048

&/ /5T e (5)

Tproa(s) = A(s) ;
pre Mrzes —s+ Re Hres (Mrzes) - Hres(s)

(20)

where A(s) is the source amplitude, () is the phase of
the nonresonance D z° interaction in the final state, and
E = Ures(8)/|Vres (8)] 1s the sign of the amplitude v, (s), see
(16). Formula (20) follows from Eq. (14) when taking into
account in the numerator of the latter the first two terms
corresponding to the source with 7 = 0.

Let us return to Eq. (16) for the amplitude V (s) and
give the numerical values of the terms forming it at /s =
Mres ~2317.8 MeV [the values of V.(s) and 5} (s) at this

point we denote as V. and 9}, respectively]:

} = ¢ (0.009618 cos 5} -+ 0.0467801 sin 5}).  (21)

IV. CONCLUSION

From the above analysis we draw the following

conclusions.

(1) The effect of isotopic invariance violation for the
D*,(2317)" resonance is in many ways similar to
the well-known threshold phenomenon of the
ay(980)° and £(980) resonance mixing [32].

(2) The phenomenological approach we used allowed
us to quite easily determine the general structure
of the amplitude of the isospin violating decay
of D*,(2317)" — D{z° and the amplitude of the
S-wave scattering process D{z’ — Dz in the
D*,(2317)" resonance region [see (15), (16), and
Fig. 6]. Our numerical estimates for the
D*,(2317)" — D{ z° decay width do not contradict
those available in the literature.

(3) It is important that the constructed model expres-
sions for the complex of mixed amplitudes with
I =0 and 1 entirely satisfy the requirements of
unitarity.

(4) Our approach is fully applicable to the description
of the mixing of the D%,(2317)" with the supposed
resonance isovector state 7 .;(2327)" [34,35].
But here it is necessary to note that the two-humped
spectrum of 7"z~ in the decay of D,;(2460)" —
D ztz~, which gave a hint about the existence of
states 7'5(2327) with isospin I =1 [35], can be
explained without their introduction [36].

(5) It would be interesting to extend such a phenom-
enological analysis to the isospin violating decay
of Dy;(2460)* — D:*2° The presence of spin in
particles in this case introduces certain complica-
tions into the calculations with a purely relativistic
approach.
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APPENDIX: THE FUNCTIONS G;(s), G34 (s),
AND Gy (s) = Gx(s)

The function Gy;(s) is uniquely determined by the
masses of particles a and b in the ith channel. Let
mg, > my,. Then for i =1 m, = mpo and m;, = mg+ etc.
Let Gj;(s) = 1,,(s). The dispersion loop integral I,,(s) is

given by for s > m(H2

(+)2 N _ 02 _ ()2
s—m, ) Pap(8)ds 1 \/S Mgy +\/S Mg
Iah(s) = . b /(+)2 , (+l))2( ), L ah( )+pah( ) i——In 5 > | (Al)
my” (8" = mg, " )(s" — s — ie) \/s—m;) —\/s—mg)
where mijf) =my £ my, pup(s) = \/s - mg)z\/s - mi;)z/s, and
(+)2y (=)
1 /s—
Lus(s) =—<%) e (A2)
z s mit)my
for m(a;p <s< m(z) Pap (s \/mab —S\/s—m b /s and
(+)2
m,’ "~ —s
Iab<s):Lab(s>_pab(s) | — —arctan 5 (A3)
z S_m(;)z
for s < m' b pab \/mab —S\/m —s/s and
pab(s \/mab _S+\/mah -
Lyp(s) = Lap(s) + (A4)
\/mab —s—\/mab -
. I 1 m Mp+ —m, Mp+ Mpt — M Mp+
Gi(s) =515 |Gu(s) -G —(ln—"Lt+——TIn——-—=—"In—=||. (A5
w(0) = o | Gus) = o)+ (e ML L Ll (A3)
A A 1 Mp+Mgo  Mp+ —Mgo  Mp+  Mpo — Mg+ Mpo
G -G =G -G -1 - 1 . A6
1(s) = Gao(s) 11(s) 22(s)+ﬂ<an0mK+ My e g Mo + g an+ (A6)

Let us explain the origin of the sign in the relation
.. .. . I
Gi3(s) = —Gaa(s) = —Ga(s) mg_”(:,qz

1”0

Eq. (8)]. The function Gy3(s) can be calculated in two
ways, using either the right or left sides of the equality
shown in Fig. 3, after replacing  with z°, z° with #, and

[see the text below

|
I =0 with 7 = 1. The function G34(s) is symmetric with
respect to such a replacement [see (AS5)]. Therefore, the
right-hand side of this equality as a whole changes sign.
The change in sign of its left-hand side after the indicated
replacement can be verified by direct calculation.

096004-8



PHENOMENOLOGICAL DESCRIPTION OF THE ...

PHYS. REV. D 112, 096004 (2025)

[1] B. Aubert er al. (BABAR Collaboration), Observation of a
narrow meson decaying to D7 z° at a mass of 2.32 GeV/c?,
Phys. Rev. Lett. 90, 242001 (2003).

[2] B. Aubert et al. (BABAR Collaboration), A study of the
D?;(2317)" and D,;(2460)" mesons in inclusive c¢¢ pro-
duction near /s = 10.6 GeV, Phys. Rev. D 74, 032007
(2006).

[3] M. Ablikim et al. (BESIII Collaboration), Measurement of
the absolute branching fraction of D?;(2317)* — z°DF,
Phys. Rev. D 97, 051103 (2018).

[4] S. Navas et al. (Particle Data Group), The review of particle
physics, Phys. Rev. D 110, 030001 (2024) and 2025 update.

[5] S. Godfrey, Testing the nature of the D¥;(2317)" and
D,;(2460)" states using radiative transitions, Phys. Lett.
B 568, 254 (2003).

[6] P. Colangelo and F. De Fazio, Understanding D?,(2317),
Phys. Lett. B 570, 180 (2003).

[7]1 A. Faessler, T. Gutsche, V. E. Lyubovitskij, and Y.-L. Ma,
Strong and radiative decays of the D},(2317) meson in the
DK-molecule picture, Phys. Rev. D 76, 014005 (2007).

[8] M.FE.M. Lutz and M. Soyeur, Radiative and isospin-
violating decays of D;-mesons in the hadrogenesis con-
jecture, Nucl. Phys. A813, 14 (2008).

[9] F-K. Guo, C. Hanharta, S. Krewald, and U.-G. Meifner,
Subleading contributions to the width of the D};(2317),
Phys. Lett. B 666, 251 (2008).

[10] L. Liu, K. Orginos, F.-K. Guo, C. Hanhart, and U.-G.
Meilner, Interactions of charmed mesons with light pseu-
doscalar mesons from lattice QCD and implications on the
nature of the D¥;(2317), Phys. Rev. D 87, 014508 (2013).

[11] M. Cleven, H. W. GrieBhammer, F.-K. Guo, C. Hanhart, and
U.-G. MeiBner, Strong and radiative decays of the
D*,(2317) and Dy (2460), Eur. Phys. J. A 50, 149 (2014).

[12] X.-Y. Guo, Y. Heo, and M. E. M. Lutz, On chiral extrapo-
lations of charmed meson masses and coupled-channel
reaction dynamics, Phys. Rev. D 98, 014510 (2018).

[13] H.-L. Fu, Harald. W. GrieBhammer, F.-K. Guo, C. Hanhart,
and U.-G. Meifiner, Update on strong and radiative decays
of the D},(2317) and D,;(2460) and their bottom cousins,
Eur. Phys. J. A 58, 70 (2022).

[14] T. Gutsche, C. Hanhart, and R. E. Mitchell, Heavy non-gg
mesons, Review 79 in Ref. [4].

[15] Z.-L. Yue, Q.-Y. Guo, D.-Y. Chen, and E. Santopinto,
Determining the width of D?,(2317) by using 7%(2327)
in a molecular frame, arXiv:2507.19641.

[16] J. A. Oller and U.-G. MeiBiner, Chiral dynamics in the
presence of bound states: Kaon-nucleon interactions revis-
ited, Phys. Lett. B 500, 263 (2001).

[17] E-K. Guo, P.-N. Shen, H.-C. Chiang, R.-G. Ping, and B.-S.
Zou, Dynamically generated 0" heavy mesons in a heavy
chiral unitary approach, Phys. Lett. B 641, 278 (2006).

[18] D. Gamermann, E. Oset, D. Strottman, and M. J. Vicente
Vacas, Dynamically generated open and hidden charm
meson systems, Phys. Rev. D 76, 074016 (2007).

[19] F.-K. Guo, C. Hanhart, and U.-G. MeiBner, Interactions
between heavy mesons and Goldstone bosons from chiral
dynamics, Eur. Phys. J. A 40, 171 (2009).

[20] H.-P. Li, W.-H. Liang, C.-W. Xiao, J.-J. Xie, and E. Oset,
Determination of the binding and KD probability of the
D?,(2317) from the (D K)~ mass distributions in A;, —
A.(D K)™ decays, Eur. Phys. J. C 85, 616 (2025).

[21] T. Feldmann, Quark structure of pseudoscalar mesons, Int. J.
Mod. Phys. A 15, 159 (2000).

[22] B. L. Ioffe, Chiral effective theory of strong interactions,
Usp. Fiz. Nauk 171, 1273 (2001) [Phys. Usp. 44, 1211
(2001)].

[23] A. Martinez Torres, E. Oset, S. Prelovsekc, and
A. Ramos, Reanalysis of lattice QCD spectra leading to
the D%,(2317) and D (2460), J. High Energy Phys. 05
(2015) 153.

[24] Z.-H. Guo, L. Liu, U.-G. MeiBner, J. A. Oller, and A.
Rusetsky, Towards a precise determination of the scattering
amplitudes of the charmed and light-flavor pseudoscalar
mesons, Eur. Phys. J. C 79, 13 (2019).

[25] B.-L. Huang, Z.-Y. Lin, and S.-L. Zhu, Light pseudoscalar
meson and heavy meson scattering lengths to O(p*) in
heavy meson chiral perturbation theory, Phys. Rev. D 105,
036016 (2022).

[26] N. Ikeno, G. Toledo, and E. Oset, Model independent
analysis of femtoscopic correlation functions: An applica-
tion to the D},(2317), Phys. Lett. B 847, 138281 (2023).

[27] J. M. Torres-Rincon, A. Ramos, and L. Tolos, Femtoscopy
of D mesons and light mesons upon unitarized effective
field theories, Phys. Rev. D 108, 096008 (2023).

[28] F. Zachariasen, Relativistic model field theory with finite
self-masses, Phys. Rev. 121, 1851 (1961).

[29] M. Gell-Mann and F. Zachariasen, Form factors and vector
mesons, Phys. Rev. 124, 953 (1961).

[30] W. Thirring, Compound particle models, in Theoretical
Physics (IAEA, Trieste, Vienna, 1962/1963), p. 451.

[31] F. Zachariasen, What, if anything, is the bootstrap, in High-
Energy Physics and Elementary Particles (IAEA, Trieste,
Vienna, 1965), p. 823.

[32] N.N. Achasov, S.A. Devyanin, and G.N. Shestakov,
§* — 6% mixing as a threshold phenomenon, Phys. Lett.
88B, 367 (1979).

[33] K. M. Watson, The effect of final state interactions on
reaction cross sections, Phys. Rev. 88, 1163 (1952).

[34] L. Maiani, A.D. Polosa, and V. Riquer, Open charm
tetraquarks in broken SU(3), symmetry, Phys. Rev. D
110, 034014 (2024).

[35] R. Aaij et al (LHCb Collaboration), Study of
D,,(2460)* = D{ztz~ in B— DYD}ata~ decays,
Sci. Bull. 70, 1432 (2025).

[36] L. Roca, J.M. Dias, and E. Oset, The D,;(2460) —
D,z rn~ decay from a D, molecular perspective, Eur.
Phys. J. C 85, 808 (2025).

096004-9


https://doi.org/10.1103/PhysRevLett.90.242001
https://doi.org/10.1103/PhysRevD.74.032007
https://doi.org/10.1103/PhysRevD.74.032007
https://doi.org/10.1103/PhysRevD.97.051103
https://doi.org/10.1103/PhysRevD.110.030001
https://doi.org/10.1016/j.physletb.2003.06.049
https://doi.org/10.1016/j.physletb.2003.06.049
https://doi.org/10.1016/j.physletb.2003.08.003
https://doi.org/10.1103/PhysRevD.76.014005
https://doi.org/10.1016/j.nuclphysa.2008.09.003
https://doi.org/10.1016/j.physletb.2008.07.060
https://doi.org/10.1103/PhysRevD.87.014508
https://doi.org/10.1140/epja/i2014-14149-y
https://doi.org/10.1103/PhysRevD.98.014510
https://doi.org/10.1140/epja/s10050-022-00724-8
https://arXiv.org/abs/2507.19641
https://doi.org/10.1016/S0370-2693(01)00078-8
https://doi.org/10.1016/j.physletb.2006.08.064
https://doi.org/10.1103/PhysRevD.76.074016
https://doi.org/10.1140/epja/i2009-10762-1
https://doi.org/10.1140/epjc/s10052-025-14343-2
https://doi.org/10.1142/S0217751X00000082
https://doi.org/10.1142/S0217751X00000082
https://doi.org/10.3367/UFNr.0171.200112a.1273
https://doi.org/10.1070/PU2001v044n12ABEH000972
https://doi.org/10.1070/PU2001v044n12ABEH000972
https://doi.org/10.1007/JHEP05(2015)153
https://doi.org/10.1007/JHEP05(2015)153
https://doi.org/10.1140/epjc/s10052-018-6518-1
https://doi.org/10.1103/PhysRevD.105.036016
https://doi.org/10.1103/PhysRevD.105.036016
https://doi.org/10.1016/j.physletb.2023.138281
https://doi.org/10.1103/PhysRevD.108.096008
https://doi.org/10.1103/PhysRev.121.1851
https://doi.org/10.1103/PhysRev.124.953
https://doi.org/10.1103/PhysRev.88.1163
https://doi.org/10.1103/PhysRevD.110.034014
https://doi.org/10.1103/PhysRevD.110.034014
https://doi.org/10.1016/j.scib.2025.02.025
https://doi.org/10.1140/epjc/s10052-025-14466-6
https://doi.org/10.1140/epjc/s10052-025-14466-6

	Phenomenological description of the Ds0*(2317)&rarr;Ds&pi;0 decay
	I. INTRODUCTION
	II. UNMIXED AMPLITUDES WITH I=0 AND 1
	A. I=0 sector
	B. I=1 sector

	III. MIXED Ds0*(2317)+ STATE
	IV. CONCLUSION
	ACKNOWLEDGMENTS
	DATA AVAILABILITY
	APPENDIX: THE FUNCTIONS Gii(s), G&dot;34(s), AND G^11(s)-G^22(s)
	References


