arXiv:1703.10836v1 [hep-ph] 31 Mar 2017

Study of open-charm 0™ states in unitarized chiral
effective theory with one-loop potentials

Meng-Lin Du,lv Feng-Kun Gu0,2’3’|ﬂ Ulf-G. Meiﬁner,174ﬂ and De-Liang Ya04’5’
! Helmholtz-Institut fiir Strahlen- und Kernphysik and Bethe Center for Theoretical Physics,
Universitit Bonn, D-53115 Bonn, Germany
2CAS Key Laboratory of Theoretical Physics, Institute of Theoretical Physics,
Chinese Academy of Sciences, Beijing 100190, China
3School of Physical Sciences, University of Chinese Academy of Sciences,
Beiging 100049, China
4 Institute for Advanced Simulation,

Institut fur Kernphysik and Jilich Center for Hadron Physics,
Forschungszentrum  Jilich, D-52425 Julich, Germany
Instituto de Fisica Corpuscular (centro mizto CSIC-UV),

Institutos de Investigacion de Paterna,
Apartado 22085, 46071, Valencia, Spain

Abstract

Chiral potentials are derived for the interactions between Goldstone bosons and pseudoscalar
charmed mesons up to next-to-next-to-leading order in a covariant chiral effective field theory with
explicit vector charmed-meson degrees of freedom. Using the extended-on-mass-shell scheme, we
demonstrate that the ultraviolet divergences and the so-called power counting breaking terms can
be properly absorbed by the low-energy constants of the chiral Lagrangians. We calculate the
scattering lengths by unitarizing the one-loop potentials and fit them to the data extracted from
lattice QCD. The obtained results are compared to the ones without an explicit contribution of
vector charmed mesons given previously. It is found that the difference is negligible for S-wave
scattering in the threshold region. This validates the use of D*-less one-loop potentials in the study
of the pertinent scattering lengths. We search for dynamically generated open-charm states with
JP = 0% as poles of the S-matrix on various Riemann sheets. The trajectories of those poles for
varying pion masses are presented as well.
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I. INTRODUCTION

In the past two decades, many excited charmed states have been observed experimen-
tally [1-4] and further experiments are intended either to investigate their properties more
precisely or to search for more new states, e.g., by the LHCb Collaboration [5]. The con-
ventional quark-potential models provide a successful description of most of those low-lying
excitations, see Ref. [6] for a recent review. However, quantum chromodynamics (QCD) at
low energies has a much richer structure than quark models. There exist observed charmed
mesons whose properties are in disagreement with the expectations from quark models, of
which the most interesting one is the D%,(2317). It was first observed by the BABAR Col-
laboration in the inclusive DI 7® invariant mass distribution and later confirmed by Belle
and CLEO Collaborations [2-4]. Tt couples to the DK channel and decays mainly into the
isospin breaking channel D¢m due to its location below the DK threshold. Many theoretical
investigations were triggered consequently, attempting to reveal the nature of the D?,(2317)
as well as other newly observed charmed states with JZ = 0% and trying to reveal their inter-
nal structure. For instance, the D?;(2317) has been suggested to be a DK bound state [1].
Were this interpretation true, one can learn much about the interaction between the D/Dj
mesons and 7/K mesons from studying the D¥,(2317) and related states. This path has
been followed in Refs. [8-15] where the S-wave interaction between charmed D mesons and
Goldstone bosons (denoted as ¢ hereafter) has been studied systematically up to the next-
to-leading order (NLO) using chiral perturbation theory (ChPT) for heavy mesons [16-18§]
in combination with a unitarization procedure such as the one in Ref. [19].

In the meantime, significant progress has also been made in lattice QCD [20, 21]. Using
the Liischer formalism and its extension to coupled channels (for early works on this topic,
see e.g. Refs. [22, 123]), scattering lengths and recently phase shifts for the D¢ interaction
have been calculated at unphysical quark masses [24-29]. The first calculation only concerns
the channels free of disconnected Wick contractions [24, 25], i.e., D7 with isospin [ = 3/2,
DK with I = 0,1, D,K and D,r. The channels with disconnected Wick contractions such
as Dm with I = 1/2 and DK with I = 0 were calculated later in Refs. [26-28]. On the
one hand, the lattice results can be used to determine the low-energy constants (LECs)
in the chiral Lagrangian [25, [30-33]. On the other hand, with these lattice calculations
more insights into the nature of the D?;(2317) and other positive-parity charmed mesons
are obtained. In particular, in Ref. [25], it is concluded that the lattice calculation of other
channels performed there supports the interpretation that D%,(2317) is dominantly a DK
hadronic molecule. In addition, using the parameters fixed in that work, energy levels in the
I = 1/2 channel were computed in Ref. |34], and a remarkable agreement with the lattice
results reported in Ref. [29] was found. This agreement was taken to be as a strong evidence
that the particle listed as D;(2400) in the Review of Particle Physics [35] in fact corresponds
to two states with poles located at (210575 —¢1027}3) MeV and (245175 — i 134J_r§) MeV,
respectively [34], similar to the well-known two-pole scenario of the A(1405) [19]. In this
scenario, the puzzle that the non-strange Df(2400) has a mass larger than the strange partner
D?,(2317) can be easily understood. The poles were searched for in unitarized ChPT with
the interaction kernel computed at NLO. In view of the phenomenological importance of
the DZ%,(2317) and D{(2400), it is crucial to check the stability of the NLO predictions by
extending to the next-to-next-to-leading order (NNLO), which is one of the purposes of this
work.

When massive matter fields are included in ChPT, the nonvanishing matter-field mass



in the chiral limit leads to the notable power counting breaking (PCB) issue [36]: all loop
graphs containing internal matter field propagators start contributing at O (p?).! Various
approaches have been proposed to remedy the PCB issue, e.g. heavy baryon ChPT [37, 3],
infrared regularization [39], and the extended-on-mass-shell (EOMS) scheme [40]. Recently,
the EOMS scheme has been demonstrated to be a good solution to the PCB problem. It
has been successfully applied to the study of 7NV scattering up to O(p?) [41] and O(p*) [42],
and up to leading one-loop order in the presence of A-resonance [43].

The first aim of this paper is to present a full calculation of D¢ scattering using the
EOMS scheme within a manifestly Lorentz invariant chiral effective theory with explicit
vector charmed mesons, to be denoted as D*, up to NNLO, i.e. the leading one-loop order.
The first study on D¢ scattering to one-loop was made in Ref. [44] in the framework of non-
relativistic heavy meson ChPT, which neglects sizeable recoil corrections [45].> The first
one-loop calculation within the covariant formalism was given in Ref. [45]. However, in that
paper the NNLO contact terms of D¢ are not included and the kinetic term for the D* is
incomplete, both of which are necessary for a proper renormalization in the EOMS scheme.
Furthermore, the scattering amplitudes are calculated perturbatively without considering
resonant charmed mesons close-to or even below thresholds such as the DZ,(2317) in the
channel (S,I) = (1,0), where S and I denote the strangeness and isospin, respectively.
Thus, the results in those channels of such a calculation are incomplete and thus can not
be considered significant. In our previous work [32], the D¢ scattering amplitudes are
presented up to NNLO explicitly in the absence of the D*. Then, the scattering lengths are
calculated based on the unitarized amplitudes, which are also used to fit to the lattice QCD
data at unphysical pion masses. In order to judge the importance of the D*, a selection
of all the diagrams containing the D* is calculated and found to be negligible. However, a
complete calculation including the D* mesons is still lacking and, furthermore, a systematic
renormalization using the EOMS scheme is required. It is also important to check whether
the full finite c-quark mass effects, corresponding to including the D* which are degenerate
with the D mesons in the heavy quark limit, are sizeable. These gaps will be closed in this
paper.

Specifically, in Section [[Il we derive the covariant one-loop D¢ scattering potentials with
the D* resonances as dynamical degrees of freedom. We perform renormalization in the
EOMS scheme and explicitly show that the ultraviolet (UV) divergences and PCB terms
can be absorbed by redefining the LECs. The D*-less case has been accomplished formally
using the path integral formalism in Refs. [47, 48]. Then a unitarization procedure is taken
to generate resonances not far from the corresponding thresholds. In such a scheme, one
can also deal with larger pion masses as compared with a purely perturbative approach.
However, in general crossing symmetry is no longer exactly fulfilled. When the unitarization
is extended to the one-loop order, an additional subtraction in the potentials is needed to
remove the right-hand cut in the N(s) functions, see below [19, 132, 49]. In Section by
fitting the so-obtained scattering lengths to the lattice results, we determine the LECs in the
effective Lagrangian. Then we search for poles in the unitarized amplitudes, and study their
trajectories with varying pion mass. Section comprises a brief summary. The explicit

! The closed matter field loops are not taken into account since they are real below the two-matter-field

threshold and can be absorbed by the redefinition of LECs [36].
2 Such recoil corrections can be restored by using the extended heavy baryon propagator i/(v -k + k2 /2m)

instead of i/v - k [46].



UV-part and EOMS subtractions of the LECs are collected in Appendix [Al

II. THEORETICAL DISCUSSIONS OF THE D¢ INTERACTIONS
A. Effective Lagrangian

To set up the effective Lagrangian, we first specify the corresponding power counting
rules. At low energies, the external momenta as well as the masses of the Goldstone bosons
are counted as O (p). However, the nonvanishing masses of the D and D* in the chiral
limit introduce new scales My and M{, both counted as O (1). As a result, at low energies,
the temporal components of the momenta of the D and D* are counted as O (1), while
the spatial components are counted as O (p). Therefore, the virtuality ¢* — MO(*)2 in the
propagators scales as O (p), and the propagators scale as O (p~!). The Goldstone boson
propagators are counted as O (p~2) as usual. Based on the counting rules for the vertices
and propagators, one can assign a chiral order for a given Feynman diagram, and thus for
any physical quantity. However, for the specific Feynman graphs with loops, there exist
terms with chiral order lower than the naive power counting order, which are called PCB
terms. In the EOMS scheme, the PCB terms are absorbed into the redefinition of the LECs
so that the resulting physical observables obey the power counting rules.

The effective Lagrangian relevant to our calculation of the D¢ potentials up to leading
one-loop order can be written as

2

3 2 3
_§ : (24) } : () } : (k) } : (1)
k=1 =1

i=1 j=1

with the superscripts specifying the chiral dimension. The needed terms in the Goldstone
sector read [50]

o = L w4 50 g g f
o = 7 GUET))+ U+ UX)
2y = L0000 (U +Ux') + Ls (,00"U) (xUT+ Ux)) +... . (2)

where the trace in flavor space is denoted by (---), Fy is the pion decay constant in the
chiral limit, and Ly 5 are LECs. Furthermore, x = 2B, diag(m,,, m4, ms), with By a constant
related to the quark condensate, and U = exp (z\/ﬁgb/ FO), with

%7‘(‘0 + %7} 7wt Kt
¢ = T —\/457?0 + %n K° |. (3)
K- K° —2p

The terms corresponding to interactions between the D = (D° D™ D}) mesons and the



Goldstone bosons are given by [12, [16-18, 132] 3
Z5) = D,DD*D' — M3DD'
(,2”[()2 = D (=ho{x+) — haxs + holu,u”)y — hyu,ut) D
+D,.D (hy{u,u”y — hs{u",u"}) D, D',
26) = Dislx- ] +.2 (s [P ] + i, [P0 DD
+g3D [uy, [D,, u,)]D"* D" + h.c. (4)

where h; and g; are LECs and the chiral building blocks are given by
Uy =1 [uTﬁuu — u@MuT] , U=u*, = =ulyul +uxu . (5)

The covariant derivative is defined via
—
DyH = H(0, + FL) ’ DuHT = (O + Fu)HT ) (6)

and D** = {D,,{D,,D,}}, where H € {D,D*} with D* = (D*, D** D*). The so-
called chiral connection in the covariant derivatives is defined as T, = (u!8,u + ud,u') /2.
Similarly, the relevant terms for the interaction between the D* and the Goldstone bosons
are [16-18]

1
Ly = —5F" Fjy + MDD
c%:()i)(ﬁ = D, [iL0<X+> + illX-i—] D (7)

with fzo,l analogous to ho; and F,, = (D,D; — DI,D;). Finally, the LO axial coupling has
the form

L5 s =ig0 (DDt — DuD;1) (8)

As pointed out in Refs. [43, 51], the resonance-exchange contributions of O(p?) and O(p?)
can be taken into account by shifting the coupling in the LO resonance-exchange contribution
and the LECs in the contact terms. This also holds true for our case. Thus, we do not need
the O (p?) and O (p?) terms for the D*D¢ coupling.

B. Chiral potentials up to leading one-loop order

Up to NNLO, the Feynman diagrams needed for our calculation are displayed in Fig. [1l
Accordingly, the chiral potential for the process D1 (p1)d1(p2) — D2(ps3)o2(ps) can be written
as

WT) EX) CT) CT) Loop)
VD1¢>1—>D2¢>2(3=t) V( V( VIEILO VIEINLO VIEINLg' 9)

3 As discussed in Ref. |47, the dimension-three terms proportional to g4 5 in that work do not contribute
to the D¢ scattering because their contribution from contact term to amplitudes will be canceled out by

their contribution to the wave function renormalization.
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FIG. 1: Feynman diagrams contributing to D¢ scattering up to NNLO with explicit D* mesons.
The dashed, solid and double-solid lines stand for Goldstone bosons ¢, pseudo-scalar D mesons
and vector D* mesons, respectively. The dot, square and diamond represent vertices coming from
Lagrangians of O(p'), O(p?) and O(p?), in order.

As usual, the Mandelstam variables are defined by s = (p; + p2)? and t = (p; — p3)?, while u
can be obtained via u = Z?:1(M%)i + Md%) — s —t. The potentials at tree-level are given by

(WT) S—U 1
Vio '(5:t) = CLo - (10)
2 2
VG0 (s,8) = Cs 25 Fis(s,) + Co s Fus, ) | (11)
0 0
1
Viio (5:1) = = [—4h0Cé2)+2h16§2) —265??—[24(5,&+2C§?H35(s,t)] , (12)

4652) 923(8, t)

1
2t

=5

0
4g

Viio(s:t) = le [Cfa) (1 + p3) - (p2 + 1) + CD(py + ps) -pz} +
0

where the involved coefficients corresponding to various scattering processes are shown in
Table [l The functions in the D*-exchange potentials read

(p1 + p2) - pa(p1 + p2) - p2 — Mi?ps - pa

Fs(s,t) = 14
S(Sv ) ME]Q(S— M6k2) ) ( )

(p1 — pa) - P2(p1 — pa) - P2 — MPpo - pa
t) = . 15
fU(S7 ) MSQ(U _ M(TQ) ( )

The functions in the NLO potentials read

Hoa(s,t,u) = 2ha po - pa + ha (P1 - P23 - P+ D1 - PaD2 - D3) (16)
Hss(s,t,u) = hgpa - pa+ hs (p1 - P2ps - P4+ D1 - PaD2 - D3) (17)



TABLE I: The coefficients in the tree-level amplitudes for the ten relevant physical processes, with
Agr= M3 — M2

™

Physical process | Co | Cs  Cu |C? c? e c®
1 D°K-—-D°K~ | 1 |0 2 |M: -M% 11 M} 0 1
2 DVK*—-DtK*T| 0 |0 0 |M: 0 1 0 0 0
3 Dfst—>Df«t | 1 |0 2 |M? —M? 11 M? 0 1
4 D*tn— Dty 0 |5 5 |M? — M2 I 0 0 0
5 DFJKT—DfK* 1 |0 2 |M: —-M% 11 M% 0 1
6 Din— Dip 0 |3 3 [M} (M2-2M%) 1 3 0 0 0
7 Dfr% — Dfr" 0|0 0 |M? 0 1 0 0 0 0
8 D% — DOr° 0 % % 0 —%ME 0 % 0 0 0

DK~ — D70 s(v2 0 |0 %ﬂ(Mf{—i—Mﬁ) 0 % -1 T5Mi %AKW —%
10 DYK~ - D% | —\/3|\/2 —\/8] 0 slosMp -3M2) 0 - —\fMK Agr —/3
while the one in the NNLO potentials is

Gaz(s,t,u) = —gapa - pa(pr + p3) - (P2 + pa)
+293 [(p1 - p2) (1 - pa)p1 - (P2 + pa) + (p1 — p3)] - (18)

As for the one-loop potentials at NNLO, the parts without explicit D* mesons can be found
in the appendix of Ref. [32] and the ones involving explicit D* states are too lengthy to

be shown here. Note that VNLI\?EPO in Eq. ([@) contains the contribution from wave function

renormalization as well. We performed renormalization of the one-loop potentials using the
so-called EOMS scheme. In this scheme, the UV divergence are absorbed by the countert-
erms when the bare LECs are expressed in terms of the renormalized ones via

R
2 r2
MO _MO (M)+5M3167T2F02’
*2 *72 R
Mg~ = My™ (1) + B2 16727
he = B (1) + B (i=0,1,--5)
T Z,U/ hi16ﬂ_2F027 t=U,1, )
R ‘
g]:g]( )+/8gJ16 2F27 (]2071?273)7 (19)

where R = 227 4+ v — 1 — In(4n), with 75 the Euler constant and d the number of space-
time dimensions. The [-functions are given in Appendix[A Tl Here, p is the scale introduced
in dimensional regularization. Then additional subtractions are performed by splitting the



UV-renormalized LECs via

> B,
h; = hz - ) = 17 27 ' ) )
Gyl = g+ 22 (20)
16722

such that the PCB terms from the one-loop potentials are canceled. The remaining LECs
g1, g2 and g3 are untouched at the chiral order we are working. The coefficients 3}, and Sy,

are given in Appendix

C. Partial waves and unitarization

In the present paper, we do not consider the effect of isospin violation. It is convenient to
study the potentials in the isospin basis instead of the particle basis. All possible processes
with definite strangeness S and isospin I can be obtained from the ten processes given in
Table [l by crossing and isospin symmetry, see Refs. [13,132] for details.

Since the standard ChPT is organized in a double expansion in terms of small external
momenta and light quark masses, it is expected to work well in the low-energy region. With
increasing energy the convergence of the chiral series becomes worse. Especially, when the
energy reaches the region where resonances appear, the perturbative chiral potentials start
to violate unitarity largely and cannot be directly applied anymore. One way to restore
unitarity is to unitarize the potentials, but usually at the price of violating the crossing
symmetry. While the unitarity and analyticity of the single-channel 77 potentials are strictly
restored within a range of energies [52], a rigorous solution for the coupled-channel case is
still missing. A convenient approximation is to treat the right-hand cut nonperturbatively,
while the cross-channel effects are incorporated in a perturbative manner [53, 54].* The
unitarization is equivalent to a resummation of the s-channel potentials, and can extend the
applicable energy range of the perturbative amplitudes. For instance, the scattering data
for the pion-kaon systems up to 1.2 GeV can be well described |53, 154, 156].

Before unitarization, the partial wave projection to a definite orbital angular momentum
[ should be performed

+1

1
VI (8) Doy Dag = 5/1 dcos 0 Py(cos 0) Viyyg) .y, (5, (s, cos 0)) (21)

where 6 is the scattering angle between the incoming and outgoing particles in the center-
of-mass frame, and the Mandelstam variable ¢ is expressed as

(s + Mp, - M) (s + Mp, - M;,)
2s
VA M3, M2 )A(s, M3, M2,), (22)

t(s,cos0) = Mp + Mp, —
cos 6
2s

where A(a, b, c) = a® + b* + ¢® — 2ab — 2ac — 2bc is the Kallén function. We only deal with
the S-wave scattering in this paper, and will drop the subscript [ = 0 for brevity.

4 A method of calculating the left-hand cut nonperturbatively was proposed very recently in Ref. [55].



The unitarized two-body scattering amplitude has the form [19]
T(s)=[1—N(s)- G(s)] " - N(s), (23)

where the function G(s) encodes the two-body right-hand cut and is given by the two-point
loop function

_ [ 4 1 o
= / (2m)* (¢* — Mp, +ie) [(q+p)* — M +ie] b (24)

The explicit expression for G(s) reads [56]

1 M2 s— ML+ M2 M?
— 1 D ¢ ¢
G(s) 62 {a(u) +In 2 + 5 n 2

+%§/)[ln(o(s)+s+Mg—M£) —IH(U(S)—S_MIZD+M¢2>)

+In(o(s)+s—Mp+ M) —In (U(S)—S—I-M%—M;)}}, (25)

where a(p) is a subtraction constant with g the renormalization scale and o(s) =
Vs — (Mp + My)?][s — (Mp — My)?]. Note that the logarithmic scale dependence can be
absorbed into the subtraction constance a(x) and we do not distinguish the scale p with the
one introduced by dimensional regularization in the perturbative one-loop potentials.

While the right-hand cut effect is collected in the G(s) function, the N(s) function is
free of any two-body right-hand cut. However, it may include the left-hand cuts due to the
crossed channels. Up to NNLO, the N(s) function can be expressed as |19, 49]

N(s) = VT (s) + VTa(s) + Vi (s) = Vi () - Gs) - Vg T (s). (26)

Eq. 23)) is an algebraic approximation of the standard N/D method[56], and it should be
understood in the matrix form for coupled-channels, for which G(s) = diag{G;(s)}, with i
the channel index.

III. NUMERICAL ANALYSES
A. Fit to lattice data of the scattering lengths

Up to now, there is no experimental measurement on the light pseudoscalar mesons
scattering off heavy bosons. We can only rely on lattice QCD results [25-29] to determine
the relevant LECs. We will fit to the lattice results on the scattering lengths. For the
channels with definite strangeness and isospin, the S-wave scattering lengths are obtained
from the unitarized amplitudes T'(s) via

S, 1 S,
500 = G T o Gpen s = (Mp -+ My)- 7

Since the current lattice simulations are performed at unphysical pion masses with fixed
charm and strange quark masses, in order to fit these lattice data, one needs to know the



pion mass dependence of the scattering lengths, which is achieved by employing the following
mass extrapolation formulae: [25]

o o M? 0 M?
Mg =/ M2+ M2/2, Mp= Mp+ (Il +2h0)M—“, Mp, = Mp,_ +2ho—",  (28)

D Mp,

where My, Mp and Mp, denote the masses in the two-flavor chiral limit (M2(oc i) — 0
but with the fixed strange quark mass mg). They have the form

M2 = M2+ 4hoMZ, M2, = M2+ 4(ho + hy) M. (29)

Using Egs. (28)) and (29)), one gets
Y

hy =D~ D
LA - M2)

(30)
which is fixed as h; = 0.427 with the physical masses, i.e., MW = 0.138 GeV, M[Izhy =
0.496 GeV, M;™ = 1.867 GeV and M{;fy = 1.968 GeV. Similar to the case of the pseu-

doscalar charmed mesons, the pion mass dependence of the masses of the vector mesons
read, consistent with the general expression derived in Ref. [57],

0 ~ -~ M? 0 - M?
Mp- = Mp- + (h1 + 2hg) =", Mp: = Mp: + 2hy——". (31)
D* D¥*

E]

Here, M p+ and M p: denote the corresponding two-flavor chiral limit masses, which can be
estimated by the relations

° T~ Phy Phy ° ° ~ Phy Phy
Mp- — Mp =~ MR — ME™, Mp, — Mp, ~ M5 — MEY, (32)

with MBEY and Mg?y denoting the corresponding physical masses, 2.008 GeV and 2.112 GeV,

respectively. One has hy = hy and hg = hy in the heavy quark limit.> These relations as
well as similar relations for other LECs will be employed in order to reduce the number
of parameters. The DD*r axial coupling constant gy can be fixed by the decay width
I'pe+ s pop+. As discussed in Refs. [32], one gets g = (1.113£0.147) GeV for the renormalized
coupling ¢, which contains the bare constants gg and one-loop chiral corrections. At the one-
loop level, the pion decay constant has the form [50]

F 1 2M2% + M? M?
=1 — o, — = AL () =—E T 4 AT () == 33
. M? M?

In this paper, the scattering length data we use are taken from Ref. [25] and Refs. |26
28], respectively. The lattice simulation data for My, Mp, Mp_ and F,, Fy are taken from
Refs. |25] and [58], which share the same ensembles (M007, M010, M020 and M030) with

5 Analogous to Eq. B0), it is easy to see that h; = (Ml%* - ME,) /[4 (M} — M2)] = 0.472 , which is
close to hi numerically.
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TABLE II: Parameters for the chiral extrapolation for different configurations. hg, L} and Li are
fixed by the data in Ref. [25]. The masses and decay constant in the chiral limit are in units of
GeV. hg, hi, L)} and Li are dimensionless. The asterisk indicates an input value.

Mg Mp Mp, K ho hy  10°-L; 10°-LE

Ref. [25] | 0.560 1.940 2.061 0.0733 0.0172 0.427* 0.951 1.326

Ref. [27] | 0.486 1.862 1.968 0.0762 0.0172 0.427*  0.951 1.326

Ref. [25]. The fit results are listed in the Table 3 in Ref. [32]. In addition, we also include the
DK scattering length with (S,1) = (1,0) at M, = 0.156 GeV |27, as discussed in Ref. [32].
It should be noticed that different lattice configurations usually take different values for both
the strange and charm quark masses, which leads to different values for My, Mp and Mp_,
as listed in Table [[Il

Furthermore, in order to reduce the correlations between the LECs, we introduce the
following redefinitions of the LECs |25, 132]

hil - h4M%, h/5 - h5M%, h24 - hg ‘|— hip h35 - hg ‘|— 2h/5,
91 = glMDu Qé = 92MD7 9:; = glegy go3 = Qé - 29:; (34)

where M stands for the average of the physical masses of the charmed mesons D and D,
Mp = (]\4,5hy + Mg?y) /2. The new parameters hlj, h%, hoy and hgs are dimensionless, and
g1, g5 and go3 have the dimension of inverse mass. They are fixed by fitting to the lattice
scattering lengths at varying pion masses. It is well known that the state D%,(2317) in the
(S,I) = (1,0) channel is produced as a bound state pole below the DK threshold [13, 125, 33].
Due to the large number of the parameters and the small number of data, we constrain
further the subtraction constant a(u) by requiring the existence of a bound state pole at
2.317 GeV in the (S,I) = (1,0) amplitude when all the parameters take their physical
values [25].

To compare with the result of Ref. [32] where the D* mesons are not included, we utilize
the same fit procedures. In the fit UChPT-6(a), we fit all of the data in Ref. [25], including
5 channels at pion masses 0.301 GeV, 0.364 GeV, 0.511 GeV and 0.617 GeV, as well as
the isoscalar DK channel at the pion mass 0.156 GeV in Ref. [27], because all these refer
to Ny = 3. However, as we know, the standard ChPT only works well in the small pion
mass and low energy region. It is naively expected that the unitarized approach has a
larger convergence range, but the convergence for the pion mass larger than 0.6 GeV is
still questionable. Therefore, to compare with the fit UChPT-6(a), another fit denoted as
UChPT-6(b) is performed excluding the lattice data at M, = 0.617 GeV. Results of both
fits are listed in Table [T

In both fits, as in Ref. [32], the absolute value of the dimensionless LEC h% is much larger
than 1, too large to be natural. We therefore use the same method as therein to perform
further fits by minimizing the augmented y?

qug = X2 + Xf)rior? (35)

where x? is the standard chi-squared, and Xf)rior is a prior quantity constraining the LECs to
take natural values. It is set to be the sum of squares of the free LECs . T'wo fits UChPT-
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6(a’) and UChPT-6(b') are obtained by minimizing x2,, instead of x* using the same data
as in UChPT-6(a) and UChPT-6(b). Although the values of LECs are more natural, the
x? values, with the prior parts subtracted, become very large. As a result, the scattering
lengths from the new fits have larger deviations from the lattice data. More details about
the fit procedures can be found in Ref. [32].

Compared to the NLO fits [13,133], the NNLO fits have larger x? values, even though three
more LECs ¢; (i = 1,2, 3) are included in the fits. This could be because the unitarization
method we use works better for the tree-level potentials than one-loop ones. On the one
hand, the left-hand cuts, stemming from the t- and wu- channels, appear in the one-loop
potentials, which would cause the problem of violation of right-hand unitarity in the region
where the left- and right- cuts overlap, see more discussions in the next section. On the other
hand, the off-shell effects are partially included in the unitarized amplitudes if the one-loop
potentials are employed. Both of the above-mentioned effects have non-trivial analytical
structures and could make the NNLO unitarization much more cumbersome than the NLO
one. Related to this is the fact that the scattering length a%ir) _,p,r Temains sizeable in the
SU(2) chiral limit of M, — 0, as shown in Figs. 2and 3. This was also the case in Ref. [32].°

TABLE III: Values of the LECs from the 6-channel fits using the method of UChPT. The h;’s are
dimensionless, and the g}, go3 and g are in GeV 1.

UChPT-6(a) UChPT-6(b) UChPT-6(a’) UChPT-6(V)

no prior no prior with prior with prior

haa 0.4415:07 0.4975:08 0.5270:09 0.617519
hss 0.4970:98 1.0375:29 —0.1975-2 0.2719-2¢
K, —0.061048  —0.6670:2% —0.31+92% ~1.07+9%

L 20237302 —23.917553 —6.3375:58 ~3.6875°78

9 —21705 27953 —1.5675 13 —1.74%5,56
923 ~1.83192L —2.337048 —1.28+01 ~1.384917

g 3.20+097 3.83+171 0.927014 0.19%91%
/dof. $38L=313 {320 =158 13180530 — 703 09959008 — 554

Among various fits, UChPT-6(b) has the smallest x?, which is also true for the previous
fits without D* |32]. In addition, the fits with and without dynamical D* have similar
values of the chi-squared and the LECs, which indicates that the influence of the D* on the
quantities in question is small.

6 It is due to the nonvanishing Mp in loops contributing to the Dym — D7 potential in the SU(2) chiral

limit. Near the Dym threshold, the u- and ¢-channel loops dominate in the SU(2) chiral limit, which
indicates that the left-hand cuts are non-negligible. In the NLO case, the scattering length ag;? D.x 18

negligible in the SU(2) chiral limit [25, 133].
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FIG. 2: The results of the UChPT-6(b) fits to the lattice data of the scattering lengths. The filled
circles are lattice results in Ref. [25], and the filled square (not included in the fits because it refers
to Ny = 2) and diamond are taken from Ref. ]

B. Dynamically generated resonances

The unitary S-matrix could have poles in the complex energy (4/s) plane in the region
not far from the relevant thresholds. Bound states and resonances are poles located on the
physical and unphysical Riemann sheets, respectively. Different Riemann sheets are char-
acterized by the sign of the imaginary part of the loop function on the right branch cuts.
Each loop function G;(s) has two sheets: the physical/first Riemann sheet and the unphys-
ical/second Riemann sheet, denoted as G%(s) and G%,(s), respectively. The expression in
Eq. (28) defines the physical Riemann sheet, while the expression on the second sheet is
given by analytic continuation via @]

L(s+ie) = GY(s +ie) — 2i Im GY%(s + ie). (36)
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FIG. 3: The results of the UChPT-6(b') fits to the lattice data of the scattering lengths. The filled
circles are lattice results in Ref. [25], and the filled square (not included in the fits because it refers
to Ny = 2) and diamond are taken from Ref. ]

For the m-channel case, there exist 2" Riemann sheets in total. Different sheets can be
accessed by properly choosing the loop functions G / ;7(s). We use the sign of the imag-
inary part of G'(s) above threshold to indicate the G s77(s). In this convention, for the
coupled-channel case, the first Riemann sheet is labelled as (4,4, +, .. .), while (—, 4+, +, .. ),
(=, —+,...), (—,—,—,...) and so on correspond to the second, third, fourth, ...sheets, re-
spectively. Normally, at a given energy s, only the sheet which can be reached from the
physical one by crossing the branch cut from s+ i¢ to s — ie between the thresholds thr,_;
and thr,,, has a significant impact on physical observables.

As discussed earlier, we have found that the impact of the D* mesons on the S-wave D¢
scattering processes is very small. We thus search for poles using the amplitudes without
D* derived in Ref. @] In this way, the complexity of analytically continuing the three-
and four-point loops in Fig. [l is avoided. The physical meson masses and decay constant
are employed in the pole searching, and the obtained poles are listed in Table. [V]
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FIG. 4: Absolute values of amplitudes for (S,I) = (1,0) in NLO and NNLO calculations, respec-
tively.

For the (S, I) = (1,0) coupled-channel system, in addition to the pole at /s = 2.317 GeV
on the physical sheet, which corresponds to DZ,(2317) and was used as a condition to
constrain the parameters, using the central values of the parameters we also found a pair
of poles with a small but nonvanishing imaginary part on the second Riemann sheet, /s =
(2.439 + i0.01) GeV. The only work which reported an analogous pole is Ref. [33], where
a virtual state at /s = 2.356 GeV below DK threshold on the second Riemann sheet was
reported in an NLO calculation including DK, Dyn and D,n’ channels. We check whether
such a pole exists using the parameters from the NLO fits in Ref. ], and found that only
part of the allowed parameter space allows for the pole on the unphysical Riemann sheet.

15



Moreover, the effect of this virtual state pole located at /s = 2.356 GeV on the physical
amplitude is negligible in the NLO calculation, as can be seen from the left column of Fig. [l
However, the pole on the second Riemann sheet in the NNLO calculation can have a non-
negligible effect on specific physical amplitudes, as shown in the right column of Fig.[dl These
different behaviors are mainly due to different locations of the poles. Nevertheless, we see
that the lattice data on the scattering lengths are insufficient to constrain the parameters,
and as a result, calculations at different orders may even have a sizeable discrepancy in
amplitudes not far from thresholds. More lattice data on D¢ scattering observables are
needed to better pin down the LECs.

In addition, we also found a pair of poles /s = (2.534 £ i0.097) GeV on the second
Riemann sheet which are not included in Table [Vl They have a negligible effect on physical
amplitudes and would disappear if the u- and ¢t-channels are turned off. Likewise, we do not
include the following poles in Table [V] since they are located far from the physical region
and have little effect: poles at /s = (2.448 £i0.049) GeV and (2.267 +i0.099) GeV on the
third Riemann sheet for (S, 1) = (1,0) and (1, 1), respectively; poles at (2.257 £:0.018) GeV
on the second Riemann sheet in the (—1,0) DK — DK channel.

It is well-known that the unitarization approach, relying on right-hand unitarity and
the on-shell approximation, has the problem of violation of unitarity when the left-hand
cut occurs in the on-shell potential. For instance, the left-hand cut in the KK — KK
amplitude leads a violation of unitarity for the 7 scattering in the 77K K coupled-channel
system [59, 60]. © The same unitarity violation happens to the D¢ scattering with (S, 1) =
(0,1/2), which has three coupled channels: Dm, Dy and D,K. One of the left-hand cuts
from the inelastic channel D,K — Dz amplitude, from (1.488 GeV)? to (2.318 GeV)?,
overlaps with the right-hand cut starting from the D7 threshold, which can be verified by
the discontinuity across the real axis below the D7 threshold. Although this left-hand cut
is not numerically important, its presence together with other left-hand cuts and right-hand
cuts make the whole real axis nonanalytic. Since Eq. (23]) was derived using the N/ D method
neglecting the left-hand cuts, its continuation to the complex plane near the left-hand cut
is untrustworthy. As a result, the coupled-channel amplitudes obtained from Eq. ([23) do
not have the correct analytic properties even in the relevant energy region. Consequently, a
pair of pole at (2.046 &+ i0.050) GeV are found on the first Riemann sheet for the coupled-
channel (S,71) = (0,1/2) amplitude. As we know, poles on the first Riemann sheet can only
be located on the real axis below the lowest threshold, which are associated with bound
states. A pole on the first sheet with a nonvanishing imaginary part or above the lowest
threshold is inconsistent with causality. The appearance of the pole on the first sheet in the
coupled-channel (S,7) = (0,1/2) is due to the existence of the coupled-channel cut. The
left-hand cuts stem from the one-loop potentials, and are absent in the NLO cases.

If we consider only the single-channel D for (S, I) = (0, 1/2), there is no such a problem
as it comes from the left-hand cut of the inelastic channels. We searched for poles in the
single-channel amplitude, and found a pair of poles in the second Riemann sheet given in
Table [V]® corresponding to the lower pole at (2.105 —40.102) GeV of the two-pole structure
of D§(2400) advocated in Ref. [34].

" As pointed out by Refs [59, 61], the unitarity violation is numerically small in the 77— K K case, hence no

serious problem was caused there.
8 Notice that the poles found in both the single-channel and coupled-channel unitarized NLO amplitudes

are similar to each other in Ref. [13].
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TABLE IV: Poles in the coupled-channel amplitudes based on UChPT-6(b) in Table 4 of Ref. [32].
Physical masses and decay constants are used to obtain the poles. The Riemann sheets on which
the poles are located are indicated in the last column.

(S,I) Channel Thr(MeV) | Re(MeV) Im(MeV) | RS

(1,00 DK — DK 2363 2317 0 I
Dyn — Dy 2535 2439 +10 1T
(1,1) Dyr — Der 2106 2378 +19 1T

DK — DK 2363

TABLE V: Poles in the single-channel amplitudes based on UChPT-6(b) in Table 4 of Ref. [32].
Physical masses are used to obtain the poles. The Riemann sheets on which the poles are located
are indicated in the last column.

(S,1) Channel Thr(MeV) | Re(MeV) Im(MeV) | RS

(1,00 DK — DK 2363 2277 0 I
2436 +15 11

(0,1/2) Dm— Dr 2005 2107 +82 | II

In addition, we also investigated the pole movements with varying pion masses. The pion
mass dependence trajectories of the poles can provide us with useful information about the
properties of the different states, as discussed, e.g., in Ref. [62]. The M, trajectory for the
pole corresponding to D%,(2317) is plotted in Fig.[Bl The pole positions on the first Riemann
sheet, which are identified as the pole mass, are shown as the solid line. The dotted line
stands for the trajectory of the DK threshold. From Fig.[H one can see that the D},(2317)
always stays below the corresponding DK threshold as a bound state for a wide range of
M. The trajectory of D%,(2317) is quite similar to the NLO fit result, as shown in Ref. [33].

On the contrary, the pion mass dependence trajectory of the pole around 2.1 GeV on the
second Riemann sheet for the single-channel (S, I') = (0, 1/2) in Table[Vlis quite complicated,
as shown in Fig. [6l As the value of M, increases from MF", both the real and imaginary
parts of the pole tend to decrease on the second Riemann sheet. At some point around
3.2MF™  the real part of the pole becomes lower than the corresponding D7 threshold.
When M, increases to around 3.6 ME™ | the pair of poles hits the real axis below the threshold
and these become two virtual states on the second Riemann sheet. If we further increase the
pion mass, one of the virtual poles would move along the real axis away from the threshold,
while the other one moves towards the threshold and becomes a bound state of the first
Riemann sheet at 3.8 M. If we keep increasing M, both the virtual state and bound
state move away from the threshold along the real axis. The behavior of the pole is similar
to the corresponding ones in Refs. [13,133] as well as the pion mass dependence of the f,(500)
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varying M.

in Ref. @] It is general for S-wave states.
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IV. SUMMARY AND CONCLUSIONS

We have calculated the potential for the scattering of Goldstone bosons off charmed
mesons, including the charmed vector mesons as explicit degrees of freedom, up to the
NNLO in a framework of covariant ChPT. We explicitly show that the UV divergences and
the so-called power counting breaking terms from the one-loop potentials can be absorbed by
a redefinition of the LECs. In the EOMS scheme, we obtained the D¢ scattering potentials
possessing the good properties, i.e., they are free of UV divergences and power counting
violating terms. In order to describe the S-wave scattering lengths at high pion masses and to
study the possible dynamically generated resonances that are absent in the Lagrangian, e.g.
the D¥,(2317), at relatively high energies, which is the nonperturbative effect, a unitarization
procedure is employed.

In order to determine the LECs, we performed fits to scattering lengths in a few channels
computed in lattice QCD at various unphysical pion masses. Since the lattice simulations
are performed with fixed charm and strange quark masses with varying up and down quark
masses, we derived the corresponding pion mass dependence of the scattering lengths by
extrapolation of the involved masses and the pion decay constant. For an easy comparison
to the previous case without including D* explicitly, we used a similar fit procedure as in
Ref. [32]. It turns out that, for UChPT-6(b), the current fit result is quite close to the
previous one which was done without explicit vector charmed mesons. It is thus a firm
conclusion that the D* contribution to the S-wave D¢ scattering in the threshold region is
negligible.

Based on the small contribution of the D* to the D¢ scattering potentials, we investi-
gated possible dynamically generated resonances using the unitarized scattering amplitudes
without explicit D* by analytic continuation. It is worth noticing that a pair of poles with
nonvanishing imaginary parts are found on the physical Riemann sheet in the coupled-
channel (S,7) = (0,1/2) amplitude, which are at odds with causality. The issue is caused
by the coupled-channel left-hand cut, which is not taken into account in the unitarization
procedure we used. It may be avoided by using a single-channel potential if we only focus
on the region near the D7 threshold. In the end, we studied the trajectories of the poles
corresponding to the D¥,(2317) and a resonance in (S, ) = (0,1/2) channel with varying the
pion mass. They exhibit similar behaviors as in the NLO case given by Ref. [33]. To sum-
marize, the LECs are badly determined due to the scarcity of available data. Thus to come
to firmer conclusions, more lattice data are required, as also concluded from investigations
based on the resonance-exchange model and S-matrix properties in Ref. [64].
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Appendix A: Renormalization of the LECs within EOMS scheme

In this appendix, we use the following notations for the chiral limit masses of D and D*:
mp = My and mp- = M. Following Ref. [65], the N-point one-loop integrals are defined
by

C i
im? (k2 —m? +ie] [(k +p1)? — m3 +i€] - - [(k + py_1)? — mk + i€]

The one-, two- and three-point one-loop scalar integrals are denoted by A, B and C' as
follows:

Tl = AO(m%) ) T2 = BO(pi mi mg) 9 T3 = CO(pi (pl - p2)27p§7m%7m§7 mg) . (Al)

1. [-functions

The S-functions in Eq. (I9) read

4g5(3mp — mp.)

ﬁMg = - 9 )
o A (o, i)
Mg 3m?2,. ’
5, - Mamp
ho 24m3,.
5, = 29D
' 8mb.
5, - mb(mb. — 22 g3 mp. +4g5)
2 48 mi,. ’
5, — —9mimph. + 18 g3 (3mim7,. + 16m}.) + 4gg(m7, + 2m*.)
: 144 m5,. ’
1 1095 | 495
= —(7- =9
Brs 24 ( m3,. * M)
B, - T . 995  13g;
° 16 8m3. 18mfp. '
7 5m}
Bgo = _90m2D*+gg (Z_ZlmQD*) ’
5 = —41 g m3,. + 30 g5
o 288 . ’
- 9 67Tg8  3g
7 128 288m%. 16mj.
Bgs = 0. (A2)
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2. Coefficients of finite shifts

In this appendix, we express the EOMS subtractions in terms of the standard loop func-
tion. The explicit coefficients of the finite shifts in Eq. (20) are

3 Limp, 11 2 11 (m}, +mp.) , 2 2
ﬁho 36mD*g + 24m, 2 AO(mD*) o 24m2D* gOBO(mD707mD*) ) (AB)
- 5m? 5 (m% +m3.)
5h1 12m§)* 98 + 8m2D* gng(mZD*) — #9330(771%, 0’ m2D*) , (A4)
B, = [ m3, 1 [(31m} 5) o2 1 m% (m2. — Tm2) A
P2 144\ . O 2mA (mp — mp)(mp + mp-)
1 3md —dmb. 5 =3mb+6mimd. —dmb.
_ A (2
* | 48 + 24m2ma,. — 24mi,. 9o+ 12m3,.(mp — mp-)2(mp + mD*)ggO o(mp)
n —8mp, + 8mpmp. + mp. o —2m} + 5m2mi. — 2mp. | Ag(m2,)
0 *
| 24mpmp. (mp —mb.) T 12mb. (mh —m.) D
[ 1 8THD m%* 2 D + mD* 4
By = mD 3mi n 1\ , 7m} —65mimh. + 112m7,. ,
T e T \am3. 6 216mb, (m2. —m3)
+ o+ + A
|16 4m?2,. Jo 36m7,. (mD _ mD*)2(mD T mD*)2 9o | Ao(mp)
_8 m%* m2D 0 72mD* (m3D _ mDmD*)Z 0 D*
N (1 mj, ) 2 —15m§, + 29mpm3. — mim7,. + 35ms,. ot | Bo(m2,.0.m2)
- g *
I 4 4m%* 0 18m%,. (m% — mD*)2 o\mp D
N 3 <m2D _ 2mj, + 7) 24 m$, — 5mbym3,. — 2Tmpmb. — 19m3mS,. + 2ms,.
0 0
8 mp. b 18m4,. (m3, — mpm2,.)?
Bo(sz, 0, sz*)
(m% + 3m3.)”
o [t ] v ot . w
_— 35 1 3 1 ) 2m% — 8m2.
Pra = 72 " 36 <m§7 * m%*) g0+ Omomb. — 9mG. %
- 7 2 2 2 4 2
- - A
* 5 24m2D + 3m‘11) — 3m2Dm2D* 90 3m%(m2D _ m%*)zgo} o(mp)
5mi +mimb. +2mb. (m% +m%.)? . )
+ C12mSm2. — 12mimi. 70 gt 3 5 290 Ao(mip-)
DM+ DM+ mp. (m3 —mpm3,.)
(1 / 2m}. 3 5\ , mhtmd. ,
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+ kP ( mi ) ‘|‘m%*)go 6m2mb. 90| Bo(mp, 0, mp.) (A7)
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_ 351, 31mD+3mD* s 7 1
e v R o 16m2 ~ \ 8m4
mD* mD D* mD* mD

—23m$, + Tdmpm%. — 95mimp. + QOmD* 4
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Bo(m
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4 0 2 2 )2
8mip. 36mS,. (m% —m?2.)
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6m7. (m%. —m3)

2 2 2 2
CO(mD*, 0, mD, 0, mD, mD*) 3

_ (1 1 39m>
Bgy = 12 (SmD m%*) go + —= ™ (41 — m—QD*D) gg’}

2

3] o)

[3(m3, + m%*)g0 _ 1Tmp — 19mimp,. +9mp. 4

8m%* 12m3,m7,. — 12m$,.

] Aofr)

- sms, 0 12mDmD* 12mDmAb*

8m3, 12mDmD* - 12mDmD*

o 9o
8m,. 12m3,. (m%* mZD)
i 2
(m3, + 3m3,.)
- D6m2 L 93 Co(mp.,0,m7,0,m%, mp.) .
D*

90
Lm.

D+ 0, mD*)

BO(mD*> 0 mD)

(A8)

BO(mD7 0 mD*)

(A9)

Here the involved scalar one-loop integrals stand for their finite parts only, which are obtained
from the original ones, defined in Eq. ([AIl), by performing the M S — 1 subtraction.
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