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1 Introduction

The hadronic interaction between charmed D mesons and the Goldstone bosons ¢ of the
spontaneous breaking of chiral symmetry of the strong interaction (D-¢ interaction for short
hereafter) is important for the understanding of the chiral dynamics of quantum chromody-
namics (QCD) and the interpretation of the hadron spectrum in the heavy hadron sector.
Many investigations have been devoted to study it in the last decade, partly triggered by



the observation of the charm-strange meson DZ,(2317) with J¥ = 0% in 2003 [1, 2]. The

#0(2317) couples to the DK channel, and being below the DK threshold it decays into
the isospin breaking channel Dy . In order to unravel its nature, theorists study the D-¢
interaction and intend to extract the information encoded in it. For instance, the D},(2317)
is interpreted as a DK molecule [3] by using a chiral unitary approach to the S-wave D-¢
interaction [4-6]. In these works, the leading order (LO) amplitudes from the heavy meson
chiral perturbation theory (ChPT) [7-9] are used as the kernels of resummed amplitudes.
Extensions to the next-to-leading order (NLO) can be found in refs. [10-14].

Recently, renewed interest was stimulated due to the occurrence of lattice QCD cal-
culations of the scattering lengths given in refs. [15, 16]. In these works, only channels
free of disconnected Wick contractions are calculated, which are Dm with isospin I = 3/2,
DK with I = 0 and 1, D;K and Dgm. There have been lattice results on channels with
disconnected Wick contractions, such as D with I = 1/2 [17] and DK with I = 0 [18].
With these lattice calculations, more insights were gained into the nature of the D%;(2317).
The DK isoscalar scattering length was calculated indirectly in ref. [16], which is consis-
tent with the result from the direct lattice calculation in refs. [18, 19]. A reanalysis of the
lattice energy levels for the D) K lattice data [19] was performed in ref. [20] in terms of
an auxiliary potential and an extended Liischer formula. These results suggests that the
D?,(2317) is dominantly a DK hadronic molecule.!

The lattice data can be used to determine the low-energy constants (LECs) in the
chiral Lagrangian of higher orders. Especially, the lattice data in refs. [15, 16] were used
in refs. [12, 16, 23-27]. In the majority of those investigations, unitarized extensions of
ChPT, see e.g. refs. [28, 29|, are adopted so that one can consider larger meson masses
and channel couplings. The unitarized chiral perturbation theory (UChPT) is especially
necessary for the chiral extrapolation of scattering lengths in question since for larger
quark (or meson) masses the interaction normally becomes stronger and could even be
nonperturbative. However, in all the calculations in the framework of unitarized ChPT,
the kernel of the resummed amplitude was only calculated up to NLO at most and is purely
tree-level. Here, we will extend the calculation to the leading one-loop order, which is the
next-to-next-to-leading order (NNLO).

It is well-known that ChPT [30-32] has become an useful and standard tool in studying
the hadron interaction at low energies. Based on Weinberg’s power counting rules [30], great
achievements have been obtained both in the pure mesonic sector and the one including
matter fields such as baryons, the latter known as baryon ChPT. There is a notable power
counting breaking (PCB) issue in baryon ChPT [33]: using the dimensional regularization
with the modified minimal subtraction (MS) scheme in calculating loop integrals, the naive
power counting does not work and all loop diagrams start contributing at O (p2), with
p being a small momentum. There have been several solutions to this problem: heavy
baryon (HB) approach [34, 35], infrared regularizaion (IR) [36] and extended-on-mass-shell
(EOMS) scheme [37] (for a review and a detailed comparison of these approaches, see
ref. [38]).

A method of extracting the probability of a physical state to be a hadronic molecule in lattice us-
ing twisted boundary conditions is discussed in ref. [21] where the D}((2317) is used as an example for
illustration. The D3,(2317) was also studied in a finite volume in ref. [22].



Likewise, ChPT including the heavy D mesons encounters the same PCB problem.
To remedy it, in ref. [23], the D-¢ scattering lengths were calculated in the framework of
nonrelativistic heavy meson ChPT [7-9] to the leading one-loop order in the heavy quark
limit. Nevertheless, as mentioned by the authors and confirmed by ref. [24], this nonrelav-
istic formulation neglects sizable recoil corrections.? The calculations in various unitarized
versions of ChPT in refs. [12, 16, 25, 26] are performed in a covariant formalism, but only
up to NLO as mentioned above. The first NNLO calculation of the scattering lengths
was given by ref. [24] using the EOMS scheme. However, the calculation in that work
is perturbative while the interactions in certain channels are definitely nonperturbative.
For instance, in the channel with (S,I) = (1,0), where S and I represent strangeness and
isospin, respectively, the existence of the D¥,(2317) below the DK threshold calls for a
nonperturbative treatment of the DK interaction or inclusion of an explicit field for the

¥0(2317). In addition, all the NNLO counterterm contributions are neglected in ref. [24]
due to the poorly known LECs. In this paper, we intend to present a detailed covariant de-
scription of the D-¢ interaction up to NNLO in the framework of UChPT, and the EOMS
approach which preserves the proper analytic structure of the amplitudes will be used in
renormalization procedure.

First, we will calculate the D-¢ scattering amplitude in covariant ChPT up to the
NNLO. To our knowledge, the D-¢ scattering amplitudes (without vector charmed mesons)
shown in the present work are the first analytical and complete results up to NNLO.? The
vector charmed meson contributions, surviving in the heavy quark limit, are also taken into
account numerically to estimate their influences, although it was shown in ref. [13] that their
contribution to the S-wave scattering is small. Renormalization will be performed using
the EOMS scheme and it will be shown explicitly that the UV divergences are cancelled
properly and PCB terms are absorbed exactly by the counterterms, which ensures that
the EOMS-renormalized D-¢ scattering amplitudes possess the proper analytic, power
counting, and scale-independent properties.

We will fix the values of the LECs by fitting to the available lattice data of the S-wave
D-¢ scattering lengths. Since the lattice calculations are performed at large unphysical
quark masses, the perturbative expansion to a certain order may fail to converge. One
way to solve this issue is to employ unitarized amplitudes instead of the perturbative ones.
Many unitarization methods have been proposed in the past. In ref. [29], a unitarization
approach is developed and used to study the KN interaction. The unitarized amplitude
can be matched to the perturbative amplitude order by order. Throughout this paper,
we will call this approach UChPT for convenience. In refs. [40-44], the inverse amplitude
method (IAM) was proposed and adopted to study the 7w and K scattering. For the
purpose of comparison, both the two approaches will be employed.

2Tt is, however, known since a long time that in the heavy baryon approach such recoil corrections can
easily be incorporated by using as the propagator i/(v - I — 1?/2m) instead of simply i/v -1 [39].

3The analytical expressions for the amplitudes involving vector charmed mesons, which survive in the
heavy quark limit, are too lengthy to be shown explicitly in the paper and can be made available upon
request from the authors.



This paper is organized as follows. In section 2, the power counting and and its breaking
by heavy meson masses will be explained briefly and the chiral effective Lagrangian will be
given up to NNLO. In section 3, details on the computation of the D-¢ scattering amplitude
using the EOMS scheme are exhibited. Together with the loop results shown in appendix B,
the minimal but complete set of scattering amplitudes are given explicitly. Section 4
discusses how to obtain the partial wave amplitudes with definite strangeness S and isospin
I from the physical process amplitudes, and the two unitarization approaches mentioned
above will be introduced. In section 5, the S-wave scattering lengths are calculated and
fitted to the available lattice data at a few values of the pion masses, and the contributions
of the vector charmed mesons will also be discussed. Finally, section 6 comprises a summary
and outlook. Some technicalities are relegated to the appendices.

2 Theoretical framework

2.1 Power counting and power counting breaking terms

We denote the D-¢ interaction as D1(p1)¢1(p2) — Da2(ps)pa2(pa). The scattering process
is on-shell, hence, p? = M12)17 p3 = M¢2>1’ p3 = M12)2 and p3 = Md2>2’ with Mp, (My,) and
Mp, (My,) being the masses of the incoming and outgoing D mesons (Goldstone bosons),
respectively. In addition, the Mandelstam variables are defined as

s=(p1+p2)’, t=(1—p3)?, u=(p—ps)’, (2.1)
which satisfy the relation s +¢ + u = M1271 + M<§1 + M,%2 + MQ%Q. At low energies, one has

2 2 2 2
s—Mp — s—Mp, u-—Mp U_MD2NM¢1NM¢2 t

N N N 1, L«1 (22
AZ AZ Az AZ Ay TA ST RS (2:2)

where Ay ~ {47F;, Mp,, Mp,} denotes the high energy scale, with F; the pion decay
constant F ~ 92.2 MeV. The above small quantities can be simultaneously adopted as
expansion parameters. In a more conventional notation, one denotes the small parameters
by a unique symbol, say p, so that the power counting rules for the basic quantities read

MD1 ~ O(po)v MD2 ~ O(p0)7 M¢1 ~ O(p1)7 M¢>2 ~ O(p1)7 L~ O(p2)7
S_M%l ~ O(pl)’ S_M%Q ~ O(pl)? U_Mgl ~ O(p1)7 u_M%g ~ O(pl) (23)

It is worth noting that the the chiral limit masses of the charmed mesons are of the same
order as the corresponding physical masses. Every physical observable therefore has its
own chiral dimension by using the above given power counting rules.

Furthermore, in ChPT a power counting rule is assigned for each Feynman graph. In
the present case, the chiral dimension n for a given graph can be evaluated from

n=4L+> Vi—2I,—Ip, (2.4)
k

where L, Vi, Iy and Ip are the numbers of loops, kth order vertices, Goldstone boson
propagators and charmed meson propagators, respectively.



For a specific physical observable, if there exist terms with chiral dimensions obtained
using eq. (2.3) lower than that given by eq. (2.4), those terms are called PCB terms.
The PCB terms show up only when there are heavy particles with nonvanishing chiral
limit masses in loops as internal propagators. In our present calculation, since the heavy
charmed mesons are involved in some of one-loop graphs, there will be PCB terms if we
use dimensional regularization with the MS scheme. These terms can be treated in the
so-called EOMS scheme, which has a power counting consistent with eq. (2.4), as will be
detailed in section 3.

2.2 Chiral effective Lagrangian

The pseudoscalar charmed mesons can be collected in a SU(3) triplet, D = (D°, D*, D¥),
and the light Goldstone bosons are in an octet,

%770 - %n ot K+
K- K —=2

The chiral effective Lagrangian for D-¢ scattering can be decomposed into D meson-
Goldstone boson interacting parts and pure Goldstone bosonic parts, which has the follow-
ing form:

Log = L)+ L) + L5, +£3) + )+ ... (2.6)
Here, the numbers in the superscripts stand for the chiral dimensions, and the ellipsis
denotes the higher-order chiral operators which will not be used here. Besides, the operators
with external fields are also dropped (except for the scalar external field which is used for
the light quark mass insertions).
The familiar lowest order chiral Lagrangian for the Goldstone boson sector reads

£@ 0 (g oyt + I8 (ot 4 Ut
¢¢f1<,‘ (8U)>+I<XU +Ux) (2.7)
with U = exp (iv2¢/Fp) and x = 2By diag(my, ma,ms). Here (...) denotes the trace
in the light-flavor space, Fp is the pion decay constant in the chiral limit, and By is a
constant related to the quark condensate. We will work in the isospin limit with m, = my
and neglect the electromagnetic contributions.

The O(p*) pure Goldstone boson Lagrangian Egg is needed for renormalization. Its
LECs enter the D-¢ amplitudes merely through the wave renormalization constants and the
decay constants of the Goldstone bosons, which can be found elsewhere, see e.g. ref. [32].

The relevant terms read
£l) = 1, <8MU(8“U)T> <XUT + UXT> + Ly <8MU(8“U)T (XUT + UXT)> o (28)

For the interaction in the D meson-Goldstone boson sector, the LO effective Lagrangian
takes the form

%), =D, DD Dt — MZDD', (2.9)



where My is the mass of the D mesons in the chiral limit, and the covariant derivative
acting on the D mesons is defined by

o
DD =D, +T}), D.,D'=(9,+T,)D", (2.10)

with the so-called chiral connection I', = (uTﬁuu—i—u@“uT) /2. The NLO Lagrangian
reads [11]*

5532317 = D (—ho(x+) — hixs+ + ha(uyu) — hauyut) Df
+DuD (hafw”) = hs {u”, u”}) D, D', (2.11)

where the building blocks of the chiral effective Lagrangian are given by

i
V2F,

Here, the definition for y_ is also given as it is needed for the NNLO Lagrangian which,

Uy =1 (uTauu — u@uuf) , U= exp ( ) coxe = ulyul uxu. (2.12)

following the procedure detailed in ref. [45], can be constructed as

Ly, =D [igl[x_,m + g2 ([, [Do, u!]] + [0, [D*, w,]]) | DV D
+93D [uy, [Dy,u,|D*P DT, (2.13)

where the totally symmetrized product of three covariant derivatives is defined as DH*P =
{Dy:{Dv, Dp}}-

3 D-¢ scattering amplitudes up to NNLO

In this section, we exhibit the complete set of independent D-¢ scattering amplitudes on
the basis of the physical states. They correspond to 10 physical processes as listed in the
second column in table 1. All the other amplitudes can be obtained by using either crossing
symmetry or time-reversal invariance. In what follows, we will first calculate the tree-level
amplitude which can be reduced into a common structure but with different coefficients
because of SU(3) flavor symmetry. Then the loop amplitudes will be given explicitly. In
the end, the renormalization procedure within the EOMS scheme will be discussed.

3.1 Tree-level contribution

The Feynman diagrams of the tree-level contribution to the scattering amplitudes are dis-
played in the first line of figure 1. Since we do not consider the exchange of resonances,

*As in ref. [16], the he term in ref. [11] is dropped, and the ¥+ = x+ — (x+)/3 is replaced by x+ which
amounts to a redefinition of hg and h;. The hg term is redundant, since

— he D, D[u*, u"|D, D' = % {D[u“,u”](D#DVDT) + (DVDuD)[u“,u”}DT} + higher order terms,

where the first term is zero due to the symmetry property of the Lorentz indices p, v, and the higher order
terms are contained in the higher order Lagrangians.
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Figure 1. The 1-point irreducible (1PI) Feynman diagrams for D-¢ scattering up to leading one-
loop order. The solid (dashed) lines represent the D (Goldstone) mesons. The square stands for
the contact vertex coming from Lagrangian Cg;ﬂ while the filled circle denotes an insertion from

L’g’()ﬁ. All other vertices are generated either by Eg; or Eszth'

such contributions are encoded in the contact terms for the D-¢ scattering. When calcu-
lating the Feynman diagrams, all the bare parameters, such as the decay constant Fp and
the masses, are maintained. They will be replaced by the corresponding physical quan-
tities when the renormalization is performed. The LO, i.e. O(p), tree amplitude is the
Weinberg-Tomozawa term,® and has the following form,

AW (s,¢,u) = CLOZ%QL , (3.1)
where the coefficients Cro for different physical processes are listed in table 1. The
Weinberg-Tomozawa term depends only on the pion decay constant due to the fact that it
originates from the kinetic term in ngﬁ, which is a result of the spontaneous breaking of
chiral symmetry in QCD.

The O(p?) Lagrangian Eg()ﬁ generates the tree-level contribution at NLO as

AP (st u) = — | —4hoCP + 201 CH = 208 Hoy (s, t,u) + 200 Has (s, t,u) |, (3.2)

£

where the coefficients are shown in table 1, and the functions Hoy(s,t,u) and Hss(s,t,u)
are defined by

Hoy(s,t,u) = 2hapa - pa+ ha (p1 - paps - pa + p1 - pap2 - p3) , (3.3)
Hss(s,t,u) = h3pa-pa+ hs (p1 - paps - pa + p1 - pap2 - p3) - (3.4)

Finally, the tree-level amplitude at O(p?) reads

1
A (s, t,u) = — {491 [C1) (b1 + pa) - (02 +p) + €Y (01 + pa) - p2 + 4CE) G (s, t,w) .
0
(3.5)

5As the vector charmed mesons are not taken into account, there is no Born term due to the exchange
of these mesons.



Physical processes | Cro C(()z) C§2) Céi) Cé?
1 DK~ — DK~ 1| M} ~M? 1 1
2 DYKt - DtK* 0 | Mz 0 1 0
3 Dtrt — Dtxt 1 M2 —M? 1 1
4  Dtn— Dty 0 M7 — 3 M2 1 3
5 DKt — DrK* 1| ME ~M2% 1 1
6 Din— Dfn 0 | M2 §(M2-2M}) 1 3
7 Dfn’— Dfr® 0 | M2 0 1 0
8 D% — D0 0 0 ~ M 0 %
9 DfK- — D%° |0 s ME+M) 0
10 DFK~—D% | —\/8| 0 Jlo(sMi-3m?) 0 -

Table 1. The coefficients in the LO and NLO tree-level amplitudes of the 10 relevant physical pro-
cesses. The Gell-Mann-Okubo mass relation, 3M,$ = 4M% — M2, is used to simplify the coefficients
when necessary.

with

Ga3(s,t,u) = —gap2 - pa(p1 + p3) - (P2 + pa)
+2g3 [(p1 - p2)(p1 - pa)p1 - (p2 + pa) + (p1 — p3)] - (3.6)

The corresponding coeflicients can be found in table 2. The CS) term survives only for

inelastic scattering processes.

3.2 One-loop contribution

The one-loop connected graphs for D-¢ scattering are shown in the second line of figure 1.
All the vertices in the loop graphs originate from the Lagrangians L’g; and 5552(;2 which
are free of unknown LECs. Similar to the tree-level amplitudes, it suffices to calculate
the loop amplitudes for the 10 physical processes. All these loop amplitudes are listed in
appendix B, which are expressed in terms of a set of one-loop integrals given in appendix A.

3.3 Renormalization

In the previous sections, the 1PI Feynman graphs are all calculated, which are related to
the so-called amputated amplitudes. To derive the S-matrix elements, one should perform
wave function renormalization. Moreover, in the end, all the bare parameters should be
replaced by the corresponding physical ones.



physical process C{i) Cg’) Cég)
1 DK~ — DOK— M2 0 1
2 D'Kt - DtKT 0 0 0
3 Dfat — Dtrt M? 0 1
4 Dtnp— DTy 0 0 0
5 DfK*™ - DfK™* Mz 0 1
6 Dfn— Din 0 0 0
7 Dir® — D0 0 0 0
8 D% — DY 0 0 0
9 DK~ — D% —%M[% % (M3 — M2) _%
10 DIK™ D% | —\/3Mk L (M2-ME) /8

Table 2. The coefficients in the NNLO tree-level amplitudes of the 10 relevant physical processes.
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Figure 2. Feynman diagrams for the wave function renormalization at O (p3).

3.3.1 Wave function renormalization

To perform the wave function renormalization, one multiplies the external lines with the
square roots of the wave function renormalization constants of the corresponding fields and
takes them on the mass shell. In perturbation theory, if the calculation is done up to a
certain order (up to O(p?) in our case), the wave function renormalization is equivalent to
taking the graphs in figure 2 into account. All the higher order contributions beyond the
required accuracy are ignored.

Hence, when taking wave function renormalization into consideration, the scattering
amplitude becomes

As,t) = AD) (s, 8) + AL (s, 8) + AD (5, 8) + AD (5,6) + AP (s,1).  (3.7)

loop

The first three terms are tree contribution given in section 3.1, while the fourth term
is the loop contribution discussed in section 3.2 and appendix B. The last term Ays(s,t)
corresponds to the contribution from the wave function renormalization. It can be obtained



from the LO amplitude in combination with the wave function renormalization constants.
For instance, considering the scattering process Di¢1 — Dago, it is given by

1
At (5,8) = S(0Zp, + 02, + 2, + 024 Alyle(s, 1), (3.8)

W

with 62 = Z — 1 and Z being the wave function renormalization constant up to the order
considered. To be explicit, the wave function renormalization constants for D and Dy are
Zp = Zp, = 1 and for the Goldstone bosons are

10 1 2

Zr = 1— —5 |8La(2Mp + M2) + 8Ls M2 + Tk + Iﬂ} ,
2| 3 3

ZK - 1—72 8L4(2MK+MW)+8L5MK+*IK+*Zﬂ‘i‘*zn 5
F2 | 2 4 4

_ _ i [ 2 2 é 2 2

Zy = 1— o5 |8La@Mf + M7) + 2 Ls(4Mf — M) + Tk |, (3.9)

0 L

where the tadpole loop integral Z;(i = m, K, n) can be found in appendix A. Note that in the
above expressions, the ultraviolet (UV) divergence of the loop functions is not subtracted
on purpose. This is due to the fact that the Z’s are not physical observables such that
they might be divergent, namely the LECs L4 and Ly are not sufficient to absorb the UV
divergence in those expressions. The UV divergence cancellation as well as the PCB terms
absorption will be discussed in the following section at the level of the S-matrix elements.
As one will see, the S-matrix elements are free of any divergence.

3.3.2 Extended-on-mass-shell subtraction scheme

The loop integrals in the amplitude shown in eq. (3.7) is UV divergent, and we need
renormalization to absorb the divergences by counterterms. Moreover, PCB terms show
up in the chiral expansion if we use dimensional regularization with the MS scheme. It
is necessary to get rid of them to have a good power counting. We will use the EOMS
subtraction scheme which has the proper analyticity and correct power counting for the
amplitudes. The essence of the EOMS scheme is to perform two subsequent subtractions:
the MS subtraction and the EOMS finite subtraction.

In the MS subtraction, the UV divergent parts are extracted and then cancelled by
the divergences in the bare LECs, which are separated into finite and divergent parts as
follows:

L'y

hi = hi (1) + 3922

@i r J r
o it = 9; R Lp=1L R, (3.10
167T2F02 ) gj g] (:U“) + 167T2F02 3 k k(/J) + s ( )

where R = ﬁ +7g —1—In(47) with vg being the Euler constant, and d is the space-time
dimension. The coefficients o; (1 =0,---,5), B; (j =1,2,3) and I', (k = 4,5) are given by

ME M 7 7

ag =0, ap =0, OQ_TS’ 03——ﬁ, a4_ﬂ’ 045——E7
9 1 3
=0 = —— =0 I'y=- I's = 5.
f1=0, B 198’ B3 =0, 1= 5= 3

~10 -



Although the UV divergences have been removed so far, it is still not sufficient to get
an amplitude that respects the power counting rule given by eq. (2.4). The charmed mesons
show up in the Feynman diagrams, say Loop(1) and Loop(2) in figure 1, and generate the
so-called PCB terms that often spoil the convergence of the chiral expansion [33]. The
EOMS finite subtraction is used to get rid of those PCB terms. For each physical process
given above, the PCB terms are easily obtained by replacing the loop function F ézd)(s, t),
see eq. (B.1), by fégd)(s,t)PCB, namely eq. (C.3), in the amplitudes and then performing
the chiral expansion with respect to the small quantities. Note that the infrared regular
parts for the required scalar loop integrals are also listed in appendix C for easy reference.
Eventually, the PCB terms are absorbed by decomposing the MS-renormalized LECs in

the O(p?) Lagrangian via
i

hi (1) = hi + 2F,ZMO, (3.11)
with the coefficient 6; (i = 0,---,5) defined by
1 ME 11, M
So=0=0, 0y=—— —1 53 = — — — log —2
0 1 ) 2 79 + ,UJQ ) 3 = 24 16 og —5- MQ )
35 7 M} 35 7 M}
= log =2, 5= —"p 1 —0 3.12
L Y VAT R T I R T VR T VAt (3.12)

The other LECs such as g7 (1) and Lj () are untouched when performing the finite EOMS
subtraction.

After the two steps described above, we have obtained the full renormalized amplitudes.
For the sake of easy practical usage, the chiral-limit D meson mass My and the chiral-
limit decay constant F{y should be further related to the corresponding physical quantities
according to the following expressions:

M3 = My? + 2 (ho +h1)M2 +4hg M%, (3.13)
Mp, = Mo® + 2 (ho — hi) M7 + 4 (ho + h1) M (3.14)
1 AM? 8M?
Fr = Fo+ = 2T + Th) + —== (L} + LE Kry. 1
w = Fot gp QI+ Tig) + —p = (Ly + L5) + —p =L (3.15)

Here, we rewrite Iy in terms of F;; rather than F and F;,. This is the convention to be used
throughout. Alternatively, one can also rewrites it in terms of Fx or F;;, and the difference
is of higher order. The loop functions and LECs with a superscript r stand for their finite
parts, namely, the contributions proportional to the UV divergence R are removed.

4 Partial wave amplitudes and unitarization

In this section, we will illustrate how to obtain partial wave amplitudes with definite
strangeness S and isospin I from the 10 physical process amplitudes exhibited in the pre-
vious section in detail. Then we will discuss the unitarization of the scattering amplitudes
using two different approaches. Based on the content of this section, it is straightforward
to derive the S-wave scattering lengths, which will be discussed and compared with lattice
data in the next section.
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4.1 Amplitudes for given strangeness and isospin

The scattering amplitudes in the isospin basis can be classified by two quantum numbers,
which are the strangeness S and isospin I of the scattering system. Hereafter, the scattering
amplitudes with definite strangeness and isospin are called strangeness-isospin amplitudes
for short. All the strangeness-isospin amplitudes can be related to the 10 amplitudes of
the physical processes using crossing symmetry and isospin symmetry.

We begin with the single-channel interactions. There are 4 single channels in total.
The corresponding quantum numbers of (S,I) are (—1,0), (—1,1), (0,3/2) and (2,1/2).
Their strangeness-isospin amplitudes are related to the physical-process amplitudes by

ACLD | (s,t,u) = 2Aps e prics (s, 8) — Apoge poc— (situ),  (4.1)
D;BDK(& t,u) = Apog-_pog-(s,t,u), (4.2)
AR (5, t,u) = Apirispigs(s,t,u), (4.3)
Ag 1[42—>D x(s,tu) = Aprper prper(s,tiu). (4.4)

For the coupled channels with (S,I) = (1,0), the strangeness-isospin amplitudes read

A%]?—)DK( t,u) = 2Apog-pox-(u,t,s) = Ap+x+pri+(s,t,u), (4.5)
AR p(sitou) = Apepe (s,tu), (4.6)
A (85t 0) = ~V2Aps g pop (1, 8). (4.7)
For the coupled channels with (S,I) = (1, 1), one has
'A%7:L3HDSW(S7t7 u) = Aptro_,pipol(s it u), (4.8)
AgéLDK(S t,u) = Ap+g+opri+ (s, tu), (4.9)
AD p a(situ) = V2 Ape e poo(unt,s). (4.10)

For (S, 1) = (0,1/2), there are three channels: D, D and DsK. The isospin relations are
given by

AL, (s,tu) = gAmﬂmmﬁ (u,t,s) — 1AD+ﬂ+ﬁD+ﬁ+(s,t,u), (4.11)
AG (st 1) = Apiypiy(stu), (4.12)
Ag %i)p (s;t,u) = Apt v p e+ (us £, 5) (4.13)
A (5 t,0) = VBApo,,pogo(s, t,u), (4.14)
lglléipﬂ(s’t’“) \[-ADJFK L pogo (8t ), (4.15)
Agsllég—{Dn(S’t’“) Aps k- —po(s:t 1) (4.16)

4.2 Partial wave projection

Each of the strangeness-isospin amplitudes can be denoted by Ag;)l Dy ¢2( t). Its partial

wave projection with definite angular momentum ¢ is given by

1 1
AESJ)(S)D1¢1—>D2¢2 - 2 /_ dcos§ Py(cos6) AE:)1¢)1—>D2¢2 (s, t(s, cos0)). (4.17)
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Here, the Mandelstam variable ¢ is expressed in terms of s and the scattering angle 6,

1
t(s,cos) = M%l —I—M%2 ~5; (s + M12)1 - th) (s + M%Q — M(§2)

\/)\(s, M3, M2 )\(s, M3, M2,). (4.18)

cos
2s

with A(a,b,c) = a? + b? + c® — 2ab — 2bc — 2ac the Killén function. From eq. (4.18), one
sees that at each of the thresholds of Di¢1 and Da¢s, i.e. when s takes one of the following
two values

S1 = (MD1 + M¢1)27 82 = (MD2 + M¢2)2’ (4'19)

t is independent of cosf. Taking s = s; for instance, the S-wave amplitude becomes

S, S,
‘AE:O)(Sl)DlmﬁDQ@ = A(Dl¢)1—>D2q52 (317 t(*sl)) : (4'20)

This means that the S-wave amplitude at threshold can be obtained directly from the full
amplitude by setting the energy squared at its threshold value. However, note that this
simple recipe can only be used for the single channel case. For coupled channels, it is
necessary to perform the partial wave projection using eq. (4.17).

Before ending this section, we remark that it is helpful to use matrix notation to
denote the partial wave amplitudes with definite strangeness S and isospin /. In the matrix
notation, the subscript D1¢1 — Da¢s is redundant. For single channels, this is apparent
since the process is specified uniquely by (.S, I). For coupled channels, taking (S, 1) = (1,1)
for example, there are four processes: Dyw — Dgw, DK — DK, DK — Dgym and its time
reversal process. Using time reversal invariance, one can write

Aél’l)(S)DstDsﬂ' Ay’l)(S)DK%Dsfr

A (5) = (4.21)

AéLI)(S)DKHDSn Aél’l)(S)DKﬁDK

Later on, we will refer to the amplitudes for a given process in the isospin basis by
A§S’I)(s)ij, with ¢ and j being channel indices. Unitarization of the scattering amplitudes
will be discussed in the matrix notation in the following.

4.3 Unitarization

Unitarization is often adopted to extend ChPT to higher energies. The unitarized ampli-
tudes sum up a series of s-channel loops,® which correspond to the right-hand cut, and
thus one would naively expect that they can be used for higher momenta as well as larger
pion masses. Phenomenologically, it is now well-known that the unitarized amplitudes can
well describe the scattering data for the pion and kaon systems up to 1.2 GeV, see, e.g.,
refs. [28, 47]. We thus expect that these amplitudes allows for a description of the lattice
data at pion masses higher than the conventional ChPT. Yet, there is no rigorous proof a

5Since the unitarization procedure is normally equivalent to a resummation of the scattering amplitudes
in the s-channel, it breaks the crossing symmetry. Crossing symmetry can be restored using Roy-type
equations, for an early attempt, see ref. [46].
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priori. For varying the quark masses (or equivalently the masses of the Goldstone bosons),
it provides a way to performing the chiral extrapolation of lattice simulation results or
studying the quark mass dependence of physical quantities. In the present work, we will
consider two different versions of unitarization for the sake of comparison and for quanti-
fying the inherent model-dependence of such approaches. For the sake of simplicity and
generality, all the quantum number indices of the amplitudes such as S, I and ¢ will be
suppressed in this section. That is to say T, A, 7 and T, which will appear later on, are
T e(S’I), Aés’l), 72(5’]) and TZ(S’I), respectively, for our case.

The first approach we will use is the one proposed in ref. [29], which is denoted by
UChPT throughout this paper. In matrix form, the unitarized amplitude is given by

T(s) ={1=T(s) - g(s)} " - T(s), (4.22)

where ¢(s) is a diagonal matrix g(s) = diag{g(s);}, with ¢ the channel index. The funda-
mental loop integral g(s); reads

[ dYg 1 _
g(s); _z/ 2t (7~ 30, + 0P —qff —MZ 4 id) s= P2, (4.23)

Note that g(s); is counted as O(p) and its explicit expression is

1 M} s—Mp +M; M
g(s)i = 167T2{a(u) +In e + P In 7y
.
+ 2 [In(s — M3, + M, +03) — In(—s + M, — M, + o)

+In(s+ M(l%z — Mp, +0;) —In(—s — Mf,l + Mp, +0y)] } , (4.24)

with o; = {[s — (My, + Mp,)?|[s — (M, — Mp,)?|}*/? and p the renormalization scale. One
can define a p-independent parameter a = a(u) + ln(Ml%i /u?), since a change of u in the
logarithm can be compensated by a(u). Notice that the parameter a in g(s) of eq. (4.22)
cannot be absorbed by redefining the LECs. It is introduced through the dispersion integral
along the right-hand cut, and is a free parameter in principle. The only constraint here
is from the requirement of a proper power counting: while all other terms in eq. (4.24)
are of order O (p), a should be much smaller than 1 so that its presence will not cause a
breaking of the power counting if we expand the resummed amplitude to a certain order,
i.e. @ = O (p). The kernel matrix 7 (s) can be obtained perturbatively by matching to the
ChPT amplitudes order by order. Up to NNLO, it can be expressed as

T(s) = AW (s) + AP (s) + A®) (5) — AW (5) - g(s) - AD(s), (4.25)

where A" (s) (n = 1,2,3) stand for the partial wave amplitudes from the perturbative cal-
culation with the superscript n denoting the chiral dimension. Notice that the right hand
cut from the NNLO amplitude is subtracted in the last term in order to avoid double count-
ing in the unitarization. In the function g(s) in the above equation, the subtraction constant
@ may be removed as it can be absorbed into the redefinition of the LECs in A®)(s).
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The other approach is the so-called inverse amplitude method (IAM) [40-44, 47]. In
our case, the IAM unitized amplitudes has the matrix form

T(s) = TW(s) - [TW(5) - T (s)] - T (), (4.26)

where

TW(s) = AV (s), TO(s) = AP (s) + A (s). (4.27)

The above assignments guarantee that the unitarized amplitudes exactly obey unitarity
when the perturbatively unitary equations are employed, i.e.,

ImAM(s) =0, ImA®@(s)=0, ImA®(s)=AD(s)p(s) AV (s)T, (4.28)

with p(s) = diag{p(s)i}, p(s)i = —qi/(8m/s) and g; is the magnitude of the center-of-mass
(CM) three-momentum in the 7*" channel.

5 Calculation of the scattering lengths

5.1 Definition and pion mass dependence

Given definite strangeness S and isospin I, the S-wave scattering lengths of the i channel
are related to the diagonal elements of the T-matrix,’

Q50 _ 1 (S.1)

= — T - — (Mn 4+ M2 -
i 87"(MD,- -+ M¢Z> =0 (Sth)na Sth ( D, + ¢Z) ( )

Here, Mp, and My, denote the masses of the charmed meson and Goldstone boson ¢ in
the channel i, respectively, and Té(jbl)(sth) stands for the S-wave unitarized amplitude at
threshold using either UChPT given by eq. (4.22) or IAM given by eq. (4.26).

Due to the short lifetime of the charmed meson, there are no experimental data for
D-¢ scattering lengths. Nevertheless, lattice QCD calculations in the last a few years
provide very valuable information on the interaction between the charmed mesons and
light pseudoscalar mesons [15-18]. Since the lattice calculations were performed at several
unphysical pion masses, in order to describe these lattice data, one should know the pion
mass dependence of the scattering lengths. This is achieved by replacing all the quantities in

the expressions by the pion mass dependent ones. For the involved meson masses, we have

[ . M2 . M2
Mg = M%%—M%/Q, ]\41):]WD—i-(fu-i-zho)]\%7r , .7\4135:]\4Ds-f—2h()]\o47T . (52)
D Dg

Note that all the formulae shown above are of NLO for the pion mass dependence.® Here
the LEC hy can be fixed by the mass difference between D and D,. Using these two

"We are using the sign convention such that the scattering length for a repulsive interaction is negative.

8In eq. (5.2), although the formula we used for the kaon mass is a LO expression in SU(3) ChPT, it
contains two parts: the part ~ Mf{ proportional to Boms remains in the SU(2) chiral limit and is regarded
as a LO contribution of the pion mass dependence, while the part related to Bom., /a4 ~ M?2/2 vanishes
in the SU(2) chiral limit and is thus a NLO contribution. In this sense, we spelled out the pion mass
dependence for all of the masses and decay constants consistently up to the order M2.
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equations, one has [12]

h Mp, = Mp 0.4266 (5.3)

1= 2o 50, — U 5 .
A(MF — MR)

where the physical values for the meson masses are used, ie., M; = 138MeV,

My = 496 MeV, Mp = 1867 MeV and Mp, = 1968 MeV.” The pion decay constant should
also be substituted by [32]

4 M2 8M?2
Fo= o {12, =t S 00 + 300+ SHELW 6
0 0

where My is understood as the one in eq. (5.2), and p & is a scale dependent function for
the Goldstone boson ¢
My M
= In —-. 5.5
32m2F2 2 (5:5)
So far, except for hq, the LECs L}, Lt and hg and the chiral limit quantities M K, M D,
Mp, and Fp are all unknown. Since we will fit to the lattice results on the scattering

Hg

lengths calculated in ref. [16], we choose to fix the above mentioned quantities from fitting
to the lattice data calculated using the same gauge configurations. In addition, the kaon
decay constant Fj data are also included to have a bigger data set for fixing Fy and L 5.
The pion mass dependence of F is given by [32]

3 4M2 AMZ ,
Fx = Fo{l = 5 W+ 2prc + i) + —5" Li(p) + F72K 2L (1) + L5(w)] }, (5.6)
0 0

with M7 = (4Mj — M?2)/3 and Mg given by eq. (5.2).

The lattice data for Mg, Mp and Mp, are taken from ref. [16]. There are four data sets
for each quantity, corresponding to the four ensembles (labelled by M007, M010, M020 and
MO030) with pion mass approximately 301.1 MeV, 363.8 MeV, 511.0 MeV and 617.0 MeV, in
order. Since the same ensembles are employed in ref. [48], we take the data for f; and fx
from ref. [48], where fr = v2F; and fx = v2Fk. Those lattice data are well described

3!9 when the parameters take the values given in table 3. Our fitting

as shown in figure
values for L 5 are consistent with the determinations given in refs. [49, 50]. Therein, the
values are obtained at p = M, and the corresponding values transformed to . = M, can

be found in ref. [51].
5.2 Fits to lattice data on the scattering lengths

5.2.1 Introduction to the fitting procedure

Since all the necessary preparations are completed, we proceed to the description of the
lattice QCD data of the S-wave scattering lengths. There are two points to be discussed
before carrying out the fits.

9The mass of the 7 is always expressed in terms of M, and My through the Gell-Mann-Okubo mass
relation, 3 M; = 4Mjz — M?2.

10We have neglected the subtleties due to the use of mixed action gauge configurations in the lattice
calculations, which in principle requires to use the partially quenched ChPT instead of the standard one
for the chiral extrapolation, and the effect of finite lattice spacing, see ref. [48].

~16 —



0.80 . 2.10 , : 2.080 .
— 075 : A = ! — 2075 : ¥
E 0.70 ! o E 200 E _art E 2.070 ! Lfi
2 0.65 ! ',/" 22000 - = 2,065 ! I
w 0.60 ' " a ] | __,..5“' o 2.060 ! __,—"
¥ 055j=mmrm" A T 2055 g
0.50 . 1.90 ! 2.050 .
00 0.1 02 0.3 0.4 0.5 06 00 0.1 02 0.3 0.4 0.5 0.6 00 0.1 02 0.3 0.4 0.5 0.6
M, [GeV] M, [GeV] M, [GeV]
, 0.15 .
0.14 , |
> 012 ' ad oM
@ | - © !
3 | - 3013k ]
= 010 J—"" So2f | .oamemmmy
« 0.08}=="""1 gy S e
= ' 11T !
0.06 ! .
0.10 -
00 0.1 02 0.3 04 05 0.6 00 0.1 02 0.3 0.4 05 0.6
M, [GeV] M, [GeV]

Figure 3. Chiral extrapolation of masses and decay constants. All the lattice data are obtained
from the same ensembles, namely M007-M030. Data for My, Mp and Mp, is taken from ref. [16]
and the one for Fi; and Fi from ref. [48]. Except for Mp_, the data errors are so tiny that we do not
show them explicitly in the plots. The vertical dashed line corresponds to the physical pion mass.

o o

Mg  Mp  Mp ho hy Fy 10%-L; 10%.L%

B

560.41 1940.4 2061.2 0.0172 0.4266* 73.31 0.0095 1.3264

Table 3. Parameters for chiral extrapolation. L} and Lf are obtained at u = M, (= 775.5 MeV).
The masses and decay constant in the chiral limit are in units of MeV. hy and h; and dimensionless.
The asterisk marks an input value.

The first one is related to the lattice data. From ref. [16], 20 data for 5 channels
are available. Amongst the five channels, the Dy with (S,I) = (1,1) can actually be
coupled to the isovector DK channel while the other four are single channels. Although
in ref. [16] only the Ds7 interpolating operator was constructed and used, the propagation
of all the quarks should know about the presence of the coupled DK channel with
(S,I) = (1,1) because the channel-coupling in this case does not require disconnected
Wick contractions which were not included in ref. [16]. Thus, we will describe the Dsm
data using a coupled-channel unitarized amplitude.

In addition, lattice QCD results were published in the last two years for two more
channels: Dm with (S,1I) = (0,1/2) [17] and DK with (S,I) = (1,0) [18]. These channels
are more difficult since both of them involve disconnected Wick contractions,'! but they
are also more interesting as they can provide valuable information for the lightest scalar
charmed mesons in the corresponding channels. The calculation for the D7 scattering was

"1t is shown in ref. [52] that as long as the singly disconnected Wick contractions contribute, which is
the case for the isoscalar DK channel, they are of LO in both the 1/N. and chiral expansion. Therefore,
they cannot be neglected.
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performed using Ny = 2 gauge configurations, and the DK calculation has results from
both Ny = 2 and Ny = 2 + 1 gauge configurations. Because the amplitudes derived here
are based on SU(3) ChPT, we will only include in the fits the new result with Ny =241,
ie. ag[gLDK = —1.33(20) fm obtained at M, = 156 MeV, and the unitarized amplitude
used in the fits is obtained including the Dgyn coupled channel. Notice that these new
lattice calculations use gauge configurations and actions different from those in ref. [16],
the chiral-limit masses for the kaon and charmed mesons should take different values from
those given in table 3. Because the physical masses of the involved ground state mesons such
as the kaon and charmed mesons were reproduced rather well with the lattice setup used in
ref. [18] (for details, see ref. [19]), the chiral-limit values of the involved meson masses and
Fp are determined by requiring them to coincide with the corresponding phylscal values at
the physical pion mass, namely, My = 486.3 MeV, Mp = 1862.3 MeV, MD = 1967.7 MeV
and Fy = 76.23 MeV. The values for the LECs in the extrapolating expressions of these
quantities are the same as those listed in table 3.

The other point concerns the LECs to be determined. There are 7 unknown LECs in
total: hg, hs, ha, hs, g1, g2 and g3. As mentioned in the previous work [16], ho (hg) and
hy (hs) are largely correlated. Therefore, redefinitions of the LECs are employed to reduce
these correlations, which are

hots = ho + hly, hss =hs+2hy, hly=hiMp, hi=hsMp. (5.7)

The new parameters hog, hss, hy and hf will be determined in our fits. The average of the
physical masses of the charmed D and Ds mesons, Mp = (M,lghy + ngy )/2, is introduced
to make the four new parameters dimensionless. Similarly, for the LECs from the NNLO
contact terms, go and g3 are largely correlated with each other, and it is better to redefine
these LECs as

g3 =gy — 205, di=a1Mp, gh=gMp, gs=g3M}. (5.8)

The parameters g}, g23 and g4 have a dimension of inverse mass and will be fixed from
fitting to the lattice data. One can fix g} and ga3 separately only when the coupled-channel
unitarized amplitudes are used, i.e. from fitting to the lattice results of the Dsm and the
isoscalar DK scattering lengths. The single-channel unitarized amplitudes is only sensitive
to the combination gi23 = go3 — g7, instead of g} and go3 separately, and gj.

5.2.2 Results

We will try different fit procedures. In the fit UChPT-6(a), all of the 20 data points for
5 channels, with pion masses from 301 MeV up to 617 MeV, in ref. [16] as well as the
Ny = 2+ 1 datum for the isoscalar DK channel, with an almost physical pion mass of
156 MeV, in ref. [18] are taken into consideration. We notice that there are two possibilities
for a scattering length to be negative in our sign convention: a repulsive interaction, and
an attractive interaction with a bound state pole below the threshold. In the (S, 1) = (1,0)
channel, there is the well-known state D},(2317) below the DK threshold which was not
included as an explicit degree of freedom in our theory. Because the number of data is
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UChPT-6(a) UChPT-6(b) UChPT-6(a’) UChPT-6(b')

no prior no prior with prior with prior

hoa 0.79%009  0.76%50g 0.83015 0.80515
hss 0.7310:50 0.8119-95 0.4319-23 0.4010:33

f —149%05 156106 ~1.3310%0 —1.72%55s

R —11.477220 15387181 —4.2510:68 —2.607052

g 16673 2y 1107038 190703
923 ~1.24702 9 g0t032 —0.707919 ~1.4810%;

9% 2.127033 2.857006 0.9870 1] 0.58707
i/dof. 322 =225 343 =149 TLE2-2331 _3g8 SLE-1660 30

Table 4. Values of the LECs from the 6-channel fits using the method of UChPT. The h;’s are
dimensionless, and the ¢}, go3 and g4 are in GeV 1.

small but the number of parameters is large, a direct fit to these lattice data might result
in solutions which are not physically acceptable.
parameters of a direct fit, the (5,1) =
is reflected by the fact that the kernel of the unitarized amplitude takes a positive value
at the threshold. Given that the LO interaction in the corresponding DK channel is the
most attractive one among all the charmed meson-Goldstone boson scattering processes,

For instance, within the range of the
(1,0) DK channel could even be repulsive which

see table II in ref. [16] for instance, we regard such a situation as unacceptable. Therefore,
we put a constraint by hand requiring that when all the particles take their physical
= (1,0) channel at 2317 MeV. Following
ref. [16], this is done by adjusting the subtraction constant @ in the loop function g(s) in the

values there is a bound state pole in the (S, 1)

unitarized amplitude, eq. (4.22), to produce the pole at the right position. The resulting
values of the LECs from the fit are shown in table 4.

However, a pion mass larger than 600 MeV is definitely too large for the chiral extrapo-
lation using the standard ChPT. The unitarized approach arguably has a larger convergence
range than the standard ChPT. But the range is not known a priori. Therefore, for the sake
of comparison, we perform another fit, denoted as UChPT-6(b), using the same method but
excluding the lattice data at M; = 617 MeV. The fit results are shown in the third column
of table 4. One can see that the values of all the LECs from these two fits are similar, but
those from UChPT-6(b) have larger uncertainties as a result of being less constrained. The
fit results from both fits are plotted in figure 4. The bands represent the variation of the
scattering lengths with respect to the LECs within 1-o standard deviation. As we can see,
both fits describe the lattice data reasonably well with the exception that the isoscalar DK

~19 —



-0.1F

£ £ -02
—0.3¢
I e E
8‘? :\‘? 0.4 -;:-f_,-;"'
._Ir|: ,_Ir|: —05
= k. O 06}
Ol )
0.0 0.1 02 03 04 0.5 06 0.0 0.1 02 03 04 0.5 06
M, [GeV] M, [GeV]
0.00 _
E _0.05t ] E -0.1}
_ —0.10} : v -0.2}
8% -0.15} a7 -03
23 _0.20} 3l oo
S 0'25 & 04}
0.0 01 02 03 04 05 0.6 00 0.1 02 03 04 0.5 06
M, [GeV] M, [GeV]
0.0
| | ; 4_ —
0.02' _0.5
K v
_§ o000 51 10}
oL S
o oQ
S —0.02} = s _isl | | |
0.0 0.1 02 03 04 0.5 06 00 01 02 03 04
M, [GeV] M, [GeV]

Figure 4. Comparison of the results of the 6-channel fits (without a prior x?) to the lattice data
of the scattering lengths. UxPT-6(a): solid blue line with red band, UxPT-6(b): dashed blue line
with green band. The filled circles are lattice results in ref. [16], and the filled square (not included
in the fits) and diamond are taken from ref. [18].

scattering length around M, = 156 MeV is too large in comparison with the lattice result.
However, both fits are consistent with the Ny = 2 lattice result for DK at a pion mass
around 266 MeV which was not included in the fits. We notice that the lattice ensemble
for the M, = 156 MeV datum has a rather small volume with ML = 2.3. It is a bit too
small for Liischer’s finite volume formalism to be strictly applicable, and thus this datum
might bear a large systematic uncertainty. The isospin-3/2 Dm — D7 scattering length
vanishes at the chiral limit as required by chiral symmetry. Lattice discretization often
breaks chiral symmetry. However, due to the use of the domain-wall action for the valence
quarks in the lattice calculation of the pionic channels, the chiral behavior is protected in
our case. For related discussions in mixed-action ChPT, we refer to refs. [53-56].
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Figure 5. Comparison of the results of the 6-channel fits (with a prior x?) to the lattice data of
the scattering lengths. UxPT-6(a): solid blue line with red band, UxPT-6(b): dashed blue line
with green band. The filled circles are lattice results in ref. [16], and the filled square (not included
in the fits) and diamond are taken from ref. [18].

In both fits, the values of all the LECs except for hf turn out to be of a natural
size. However, the absolute value of the dimensionless LEC hf is too large to be natural.
This means that the absolute value of hf is so large that this single term would give a
contribution larger than the LO amplitude. It would spoil the convergence, and thus the
perturbative expansion, at least for some quantities (although for some other quantities,
due to fine-tuned cancellation the sum of the NLO contribution could still be much smaller
than the LO one). Therefore, we try to constrain all the LECs to natural values following
ref. [57] which discusses the use of the Bayesian method in effective field theories. Following
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UChPT-4 TAM-4

hay 0.50709 0.537007
h3s —0.89709%  —0.5971Y

A 1237103 0.6470%8

hl ~3.09745%  —6.087500
9123 0.18%515  0.23%53,
4 LOLFSS 142t
/dof. 1352 =136 1320 =140

Table 5. Values of the LECs from the 4-channel fits using both the methods of UChPT and TAM.
The h;’s are dimensionless, and the g1235 = g23 — ¢’ and g4 are in GeV—L

that paper, the so-called augmented chi-squared can be defined by'?

Xg,ug = X2 + X]?)rior ’ (59)

where x? is the usual chi-squared used in the standard least chi-squared fit and X?)rior is

a prior chi-squared encoding the naturalness requirement of the fit parameters. In our
specific case, the Xgrior is set to be the sum of squares of the fit LECs. This means that we

require the dimensionless LECs h,gl)’s to be O(1) and g’s to be O(1 GeV~!). The results by
minimizing the augmented chi-squared are listed in the last two columns in table 4, denoted
as UChPT-6(a’) and UChPT-6(b'), where the values for x? are given with Xfmor subtracted.
One sees that the value of hf gets more natural at the price of a larger x2. A comparison
of the scattering lengths with the lattice data in various channels is given in figure 5, and
one can see that the lattice data in all six channels can still be described reasonably well.

It turns out that in all of these fits |hf| > |h}|, which is consistent with the N, counting
|| = O (|h5|/Ne) [16]. The values of the h;’s are different from those obtained in ref. [16].
The reason may be attributed to the use of the EOMS scheme in this work, and all of hs 3 45
absorb a power counting breaking contribution, see eq. (3.11). For the case of the Dy,
the scattering length does not vanish at the limit of a vanishing pion mass. This is due to
the presence of the DK-loop in the coupled-channel amplitude which has a nonvanishing
contribution in the SU(2) chiral limit. We have checked that the elastic contribution tends
to zero as M, approaches zero as required by chiral symmetry.

For comparison, we also perform fits with just the four single-channel data, i.e. the
Dgm and isoscalar DK data are excluded. For this case, we use two different unitarization

2The method in ref. [57] was only derived for the case that the dependence on the parameters to be fitted
is linear. Although our case is non-linear and thus the augmented x? lacks a strict statistical meaning, we
still try this method as the x? defined in this way comprises a “naturalness prior” so as to favor natural
values for the LECs.
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Figure 6. Comparison of the results of the 4-channel fits to the lattice data of the scattering
lengths. UxPT-4: solid red line with blue band, IAM-4: dashed red line with green band. The
lattice data are taken from ref. [16].

methods: UChPT, to be denoted as UChPT-4, and IAM, to be denoted as IAM-4. We
did not use the IAM approach in the 6-channel fits because this approach is not suitable
to unitarize a perturbative amplitude with a zero LO contribution. As can be seen from
eq. (4.26), if the LO amplitude vanishes the unitarized one will vanish as well. This
happens to the case of the Dsm. The UChPT approach is free of this problem. The results
of these two fits are compiled in table 5. Notice that in this case g] and go3 cannot be
determined separately, and the effective combined parameter is gio3 = ga3 — gj. One sees
that the values of LECs from the fits using different unitarization methods are consistent
with each other,!® but are only marginally consistent with those in the 6-channel fits.
In addition, the uncertainties are quite large. More lattice simulations are apparently
necessary to pin down the LEC values. A comparison of the results of the 4-channel fits
to the lattice data in these channels are plotted in figure 6.

For reference, the values for the scattering lengths extrapolated to the physical pion
mass are presented in table 6. The chiral limit values in table 3 are adopted for all the 16
channels when performing the chiral extrapolation . Here we only show the results using
the 6-channel fits to the data with the pion mass up to 511 MeV, i.e. UChPT-6(b) and

3However, not all of the LECs in these different unitarization methods ought to take the same values.
One can see this by expanding the IAM resummed amplitude up to O (p3). Considering the single channel
case for simplicity, one has Tiam(s) = AM (s)+ AP (s)+ AP (s)+[AP (5)]2 /AP (5) 4+ O (p*). It is different
from that of UChPT, Tucher(s) = AV (s) + AP (s) + A® (s) + O (p*). Thus, the LECs in the O (p*)
Lagrangian could take different values.
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al>!) UChPT-6(b) UChPT-6(V)
bR i 176703 0.931012
ab bt —0.40100!1 —0.451001
0 e 0.65° 5 .42
ag;i) by —0.187004 40,0000 —0.21%9% 1001733t
gﬁg b —L3THOEL+i0.617000  —0.475008 +i0.5070 1
A5 e ~0.144381 ~0.15*53]
a(Dl}gLDK _1'04418:83 _1-50J—r8:52
oy o 0627002 +i0.01408  ~0.76790% +i0.055.9°
aSl —0.01+00! ~0.01+0:01
at) o —111702 4077021 0827059 4 i1.64100!
W ~0.25:3) 032453

Table 6. Predictions of the scattering lengths at physical pion mass using the LECs determined
in the 6-channel fits UChPT-6(b) and UChPT-6(’) in units of fm.

UChPT-6(b"). We notice that the numerical results of the scattering lengths extrapolated
to the physical pion masses in some channels differ from those obtained in ref. [16]. This
could indicate that the uncertainties are underestimated as the SU(3) formalism for UChPT
was applied to pion masses higher than 500 MeV. We expect that the situation will improve
when lattice results at lower pion masses are availble.

5.2.3 Contribution of vector charmed mesons

In this section, contributions from vector charmed mesons will be included explicitly in
order to quantify their influences on the S-wave scattering lengths. The diagrams that
survive in the heavy quark limit, see also ref. [24], are taken into account and shown in
figure 7. Those diagrams vanishing in the heavy quark limit are suppressed by 1/m. and
therefore are neglected. We denote the vector charmed mesons by D* = (D*?, D** D**),
and the vertices involved in figure 7 are described by the following Lagrangian,

Lp-pe = —D,D*¥DID + M;D D +i (DZu“DT — DutDy ) , (5.10)

where the covariant derivatives acting on D* are analogous to those defined in eq. (2.10).
Further, Mg is the mass of D* in the chiral limit. The relation between the axial cou-
pling constant g defined here and the coupling g which is employed usually in the heavy
meson ChPT [7-9, 58] is § = v/ MpMp- g. Following ref. [59], we take g = 0.570 % 0.006,
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UChPT-6(a) UChPT-6(b) UChPT-6(d’) UChPT-6(V)

no prior no prior with prior with prior

o 080700 080t 0.8519 0.85019
has 0.820.60 0.98%051 0.5075:53 0.5975:59

A —1.27102% 140102 —1.221938 —1.5970:62

hL 11617238 —15.067450 —3.871067 —2.4870%3

g, —2.047099 9 ggt051 —1.4570%0 ~1.9075%
923 —2.56705  —2.28707 ~1.10%55 ~1.51%57%5

9% 215500 2.80%55¢ 0.91%53 056515
Y/dof. =210 BT =153 220 _37¢ 55000-1596 379

Table 7. Values of the LECs from the 6-channel fits (including explicit D*) using the method of
UChPT. The h;’s are dimensionless, and the ¢/, go3 and g} are in GeV~!.

D%t and then one
gets g ~ (1103.3 £ 11.6) MeV. The calculations of the Feynman diagrams in figure 7 are

determined by calculating the decay width of the process D*T —

straightforward but the analytical results are too lengthy to be shown here. Similar to
eq. (5.2), the pion-mass dependence of the D* and D} masses reads
. - - M? . - M2
Mp+ = Mp-« +(h1+2h0) — MDS* :MDQ* + 2hg—2L (5.11)
M p~ ‘ ‘ Mp,

where ho and hy are the analogues of hg and hq, respectively. In the heavy quark limit, one
has h1 = hi and hg =
try is only about 3%. Therefore, to a good approximation, we impose these two heavy-quark

ho. As discussed in ref. [26], the breaking of heavy quark spin symme-

limit relations. The masses of the vector charmed mesons in the limit of M; — 0, i.e. M D+
and M Dr, are related to the corresponding ones of the pseudoscalar charmed mesons via
MD*Phy' —MDPhy' EMD* —MD, MD;Phy' —MDSPhy' ZMD; —MDS, (5.12)
with Mg?y‘ = 2008.6 MeV and Mg?y' = 2112.3 MeV, which are physical masses for D* and
D7, respectively. In parallel to the four kinds of 6-channel fits in the previous section, we
refit the S-wave scattering lengths and the results are shown in table 7. In each case, the
LECs as well as the chi-squared are almost same as before. This implies that the influence
of D* to the S-wave scattering lengths is marginal and it is a good approximation to

exclude them in the calculation.
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Figure 7. Feynman diagrams (including the vector charmed mesons) that survive in the heavy
quark limit.

6 Summary and outlook

We have computed the D-¢ scattering amplitude that is valid up to the NNLO in the
chiral expansion within the framework of ChPT. The complete analytical expressions for
the amplitudes are given using a renormalization procedure with the EOMS subtraction
scheme. We show explicitly that the UV divergences and the PCB terms, both of which
stem from the loops, can be absorbed into the LECs. We then obtained the EOMS-
renormalized D-¢ scattering amplitudes which are independent of the renormalization scale
and possess good properties such as correct power counting and proper analyticity.

In order to describe the lattice data on the S-wave scattering lengths at relatively high
pion masses and to account for the nonperturbative nature in the channels like the (S, 1) =
(1,0) DK, the aforementioned perturbative amplitudes are inserted into a unitarization
procedure to perform the chiral extrapolation from large unphysical light quark masses
down to the SU(2) chiral limit. We tried different fitting procedures with and without a
naturalness constraint. It turns out that the absolute value of hf could be quite large if the
naturalness constraint is not put by hand. We want to stress that more lattice simulations
in different channels are necessary for a better determination of the involved LECs and a
better understanding of the scalar and axial-vector charmed mesons. When the LECs are
well constrained, we can make reliable predictions in the channels which have not been
calculated on the lattice and in the bottom sector utilizing heavy quark spin symmetry.
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A Definition of one-loop integrals

In this appendix, all the relevant one-loop integrals are defined. For the current case, only
one- and two-point loop functions are involved. As is well known, each tensor one-loop
integral can be expressed as a linear sum of scalar one-loop integrals by using the method
of Passarino-Veltmann (PV) decomposition [60]. Hence, if the explicit expressions of the
scalar one-loop integrals are known, the loop amplitudes can be obtained analytically.

Throughout this work, the ultraviolet divergence is contained in the quantity R which
is defined by

2

with vg the Euler constant and d the space-time dimension. In addition, we will denote
the renormalization scale by p. In terms of these notations, various loop integrals involved
in the calculations are given as follows:

e One-point loop function:

4—d d 2 2
1 M: M
7, = /dk : (A.2)
i @2m)d k2 — M2 +i0t 1672 u

e Two-point loop function for unequal masses: (M, > M;)

{Hao(P), P Hap (D7), 9" Hop () + P Hap ()}
_pte / 4%k {1, k", KFEV} (A3)
i (2m)d (k2 — M2 +i0%) [(k + p)? — MZ +i0F]’ '

where the PV coefficients are given by

Hiplt) = 55 [T =T = (0 + B Han(s?)]

Hop(p%) = mlpg {(0® + Aa)Ta + (P* = Aap) Ty + [4p* M2 — (0° + Aw)?] Hap(0%) }
_161 2%( >~ 3%a)

Hap(p*) = { (P* + Aap)Ta + (207 + Dap)Ty — [p2 M2 — (9> + Aap)?] Hap(0%)}
+ 1617r? 181p2( t - 3%).

where we have defined Ay, = M2 Mb2 and Yo = M2 + sz. The scalar two-point
one-loop function Hq(p?) has the following analytical form,

1 M2 Ay + ]\J2
2y _ b ab p
Hap(p”) = 162 —-R+1—In 2 + o In 2
2 2
p* — (M, — My) o+ pap(P?) — 1
+ o In PP )~ - , A4
p? parlP) pab(p?) +1 (A4
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with

_[p* = (Mo + My)?
pab(p2> = \/]32 _ (Ma — MZ)Q (A5)

To get the imaginary part above the threshold properly, one should take the branch
cut for the logarithm along the negative real axis.

e Two-point loop function for equal masses:

{Ta(0®), P Ts (), 9" T () + Pp" T  (0°)}
pt=d oAl {1, kH kY
i / (2m)d (k2 — M2 + i07) [(k — p)2 — M2+ i0T]

where the Passarino-Veltmann coefficients are given by

1
TiW?) = —57.0°%) .
1 11,

1
00/, 2 2 2 2 2
= —(4M2 - ST ———(6M2 —
Ja" (07) = 5 (4Ma = p)Ja(p”) + Lo+ 15575 (6Ma — 1),
1 1
11/,2\ _ 2 2 2 2 2
T 7)) = 35 [(0* — M2)Tu(p?) + L] o Tap P T M)

In this case, the scalar two-point one-loop function J,(p?) has a much simpler ana-
lytical form,

1 M aa(p?) -1 AMZ
ja(pz):ﬁ —R+1-1In 2 —i—aa(p2)lnm . oa(pH)=4/1- PR (A.6)

B Loop amplitudes without explicit charmed vector mensons

In order to express the loop amplitude in a short form, the following abbreviation is
adopted,

FlD(5,8) = [3(s — M2) + (s — M2)] Ty — (5 — Spe)? Heals) + 2 (t — 2M2) HOY(s)
+2(5 — Aap) (5 — Spe) Hoa(s) — (s — Aap)” Hig(s). (B.1)

We first list the loop amplitudes concerning the elastic scattering processes.

e DVK— — DK~

00 1 DK 3 Dy 1 Dgm
AR o (5= 1 {f%()(& 02T )+ 5 F ™ (1) 5 Fpgt™ (. 1)

+(s—u) (Z,+ 2T +Ir) —4(s—u) [TOt)+2T(t)] } (B.2)

e DTKT — DTK™

(e]0) 1 sT
ARDes e (5, =g PO (5, )+ Fopt) (u,8) =4(s—) [72°(0) = TR D))}
(B.3)
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Dtxt — Dtgt

.
AT s (5:8) = o {fé’i’:‘)(s, D)+ 3FH0 (u,t) + For ™ (u, )
—|—§(s—u) (2T, + Ik ) —4(s—u) 2T°) +TL(t)] } (B.4)
e Dtnp— DTy
A () = < B FP(s, 1)+ SFP t)] . (85

DfK+ — DfK+

Apicsspp e (5:8)= W[f%ﬁ“ (s, )+ Fp i (. 1)+ gf b (s )+ gfgf}? (u, )
+(s —u) (T + 2Tk + ) — 12(s — u)j;go(t)] . (B.6)
e Din— Din
AP e (5,8 = 5 61F4 [3 Fooi (s,0) + 3 F5 1 (u, t)] . (B.7)
e Dfn% — DFr0
All(;(;)*irOaDjwo(s’t) - 161F4 []:z(jlzf)(&t) + ]:,E—ff)(u,t)} : (B.8)

As for the inelastic processes, the amplitudes become a little more complicated. To
reduce them, we further need

e 1 1
gébfc)d(sa t) = §A§d7ief(5) +5 (Bac — ANpa)? Hip(s) = Apa (Dae — Apg) Hip(s).  (B.9)

In the above equation, the letters a and b (¢ and d) label the incoming (outgoing) par-

ticles, while e and f mark the particles in the loop. This convention also holds for the

abbreviations 1/CL(;f C) 4(s,t) and QICELZf c) 4(s,t), whose explicit expressions are given by

e 1 1
Kiila(s,t) = Ade {2 £+ gt [Her(0) +Hiy (0] = H) — m;}u)} :

1
28D (s,1) = —3(s — w)HU(t) — Ae o (6Zae + 60g — 1320)HE (1)

1
+6(32de + 3Agr — 28p0)He (1) — 3Abd7¢;}(t)] : (B.10)

In combination with the abovementioned notations, the inelastic one-loop scattering am-
plitudes are given as follows:
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e D% — D70

00 \[ DsK DsK
AZE pools,t) = =i [fw B (s,0) + ForM (s,0) + 2600 ) (5,0) + (s ¢ u)} .
(B.11)
e DfK= — D0
00 1 (Dm
AP pore(s:t) = 16F4{2[ )+ Foo (s,1) + 2G5 Igm(s,t)}
17 (DK D.K
+5 [}"( (s, >+f,g s.t) + 2605 Das,)]
23T, + 11T, + 10T) + =222 (37, — 5T, + 2Ix)
K
( ICD K,r( ZK%? K)Dw(Sat))
5 K~
<3 D KDT(' s,t) + 2’C§) K)Dw(svt)> } . (B.12)
e DfK— — D%
loop V6 1/ _(p.K) (D K) (D K)
'AD“‘K —DOp (s,t) = 16F% ) 4 (‘FDSK (5,t) + +7p (S’t)+2gDSK,Dn(Sat)>

1
5 (o R )+ F O )68 1 (4, )+G5 e (. 1)
+( K:E)K}T()Dn(s t) QK%KﬂK)Dn(S?t))
= (K o5, ) 2K 1))

Ap
+7s(5M$ + 8Mj — M2) (2Hie,(t) + Hicr(t))

6
A

~ =P (M — AME 4 MZ) (23 (1) + Mo (1)
A J—

+ =22 (L, + I, — 2L - % (Z, + Zr + 6Zx) } . (B13)

C Infrared regular parts of the loop integrals
The following expressions for the infrared regular parts are taken from ref. [61] with the
nucleon mass (pion) mass) replaced by the D meson (Goldstone boson) mass:

e one-point: a € {D, D,}
Mg M
16m2  p? -

e two-point: a € {D, Ds} and b € {rm, K, n}
1 M? s— M2 1
reg. — 1 _ 1 a _ a o
P () = 15 ( o8 ;ﬂ) 2M2 1677 <
2
a

R M273—M3 1OM
3272 | M2 12 M2 &2

Iree = — (C.1)

+0®*) . (C.2)
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The power counting breaking term of F ézd)(s, t) is of O(p?) and its explicit form reads

1, M? 8 1. M?
{2(5—M3)(3—M3) |:210g 2 —1} —(s—M?*)? [9—310g MQ}

1

(cd) PCB _
‘Fab (8, t) = @

M? 1 1, M?
—(s — M,)* {1 — log M;} +2(t — 2MP) M? [9 —5log M; } } . (C.3)

Since the difference between M2 and M? is at least O(p?), the above expression can be
reduced to a simpler form

1
14472

]__élc)d)(& £)PCB _ { [2 (t —2MZ) M2 — 35 (s — ME)Q}

+3 [7 (s — M2)? — (¢t — 2MP) Mf} log Ajj} . (C4)
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