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Abstract The mass and width of the lightest scalar open-
charm state listed in the Review of Particle Physics, the
D;;(2300), are in puzzling tension with predictions from uni-
tarized chiral perturbation theory (UChPT) and lattice QCD,
which favor a lighter state at around 2100 MeV. However,
to date, no direct experimental evidence for this lighter state
exists. In an effort to facilitate a direct observation, we intro-
duce angular asymmetries of B — Dm{v decays that allow
for a direct extraction of the Dmr S-wave phase shift and
discuss a novel measurement strategy for the Belle II exper-
iment. We conduct a sensitivity study, finding that the Belle
II experiment can determine the pole location with sufficient
precision to firmly establish the D§(2100) using the currently
available data set. We also investigate the possibility and nec-
essary statistics of measuring the D isospin 1/2 scattering
length with an accuracy sufficient to distinguish between the
predictions from both UChPT and lattice QCD and the mea-
surement by ALICE using femtoscopy.

1 Introduction

Semileptonic decays of mesons are a very valuable source
of information not only for tests of the Standard Model
(SM), but also for hadron physics. For the former they pro-
vide stringent tests of lepton flavor universality involving
semitauonic decays as well as theoretically clean avenues
to perform precise measurements of Cabibbo—Kobayashi—
Maskawa (CKM) matrix elements |V,;| and | V|, allowing
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for sensitive tests of the SM by overconstraining the CKM
unitarity triangle [1-3]. For hadron physics, the arguably
most valuable output is, thanks to Watson’s final-state inter-
action theorem, phase shifts at low relative momenta also for
particle pairs where direct scattering experiments are hin-
dered by their short life times. This allows for very strin-
gent constraints on the properties of hadronic interactions
and spectra. The prime example in this context is that a
measurement of the low-energy pion—pion phase shifts from
K—mmlv [4] not only provided the by far most precise
experimental value for the isoscalar scalar scattering length,
but also allowed for a significantly more precise determina-
tion of the pole of the f(500) [5—7] that for a long time was
subject of a heated controversy in the community [8].

Hadron spectroscopy in the charm sector has gained a
significant boost at the beginning of this century when
two states—D;kO(2317) [9] and x.1(3872), also known as
X (3872) [10]—were found with properties severely at odds
with the predictions of the simplest realization of the quark
model that assigns mesons as quark—antiquark bound sys-
tems. One way to pin down the structure of these potential
exotics is to investigate their SU(3) flavor partners. Here we
focus on the family of singly-heavy scalar mesons, which
not only hosts the D},(2317) but also the D§(2300). In mod-
ern literature those states are typically viewed as quark—anti-
quark bound states, dressed by two-hadron states [11-13], as
compact tetraquarks with a diquark—anti-diquark substruc-
ture [14—16], or as hadronic molecules [17-20].

Currently, the Review of Particle Physics lists the D (2300)
as the lightest open-charm state with scalar quantum num-
bers [21], which appears to be rather heavy given that its
strange partner state, the Dj0(2317), has basically the same
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mass. This mass proximity was interpreted as an indication
of a compact tetraquark structure for the two states [14].
In contrast, both UChPT and lattice gauge theory [22,23],
when extrapolated to physical pion masses, predict masses of
approximately 2100 MeV, which are significantly lower [ 18-
20,24-27]. The mass of 2300 MeV, extracted in experimental
analyses using a single Breit—~Wigner form, can be under-
stood as arising from the interplay of two poles [28]' that
appear inevitably from UChPT [30]; for a more general dis-
cussion of two-pole structures, see Ref. [31]. The heavier of
the two poles was identified as a member of the flavor [6]
representation [32], which is incompatible with an underly-
ing cg core, but consistent with both a compact diquark—anti-
diquark structure and a hadronic molecule. However, the for-
mer possibility was shown to be in conflict with the observed
similarity of the scalar and axial-vector charmed meson spec-
tra in lattice quantum chromodynamics (QCD) [33,34].

Thus, lattice QCD and UChPT apparently agree that the
lightest scalar charmed meson has a mass significantly lower
than the nominal mass of 2300 MeV for the Dj(2300), which
is consistent with the molecular nature of all low-lying pos-
itive parity charmed mesons. However, a direct experimen-
tal support for this lower mass is still missing. While the
Dr phase shifts extracted from the angular moments of
B~ — DTm ™ appear to be consistent with a pole at
2100 MeV [35], no unambiguous conclusion can be drawn
due to the complexity of the three-hadron final state, which
leads to the dominance of a triangle diagram in the production
process.

What is clearly required is a direct experimental determi-
nation of both the low-energy D scattering parameters and
the corresponding extraction of the pole location of the D.
The isospin-1/2 D scattering length in leading-order chiral
perturbation theory is /(47 F2) ~ 0.24 fm [36],” with p
being the D reduced mass and F; the pion decay constant.
This value is enhanced to 0.4 fm by unitarization [36,37],
which simultaneously generates the pole at 2100 MeV and
is thus consistent with the phenomenology described above.
The isospin-3/2 channel is found to have a scattering length of
—0.12 fm, indicating weak repulsion, which remains essen-
tially unchanged under unitarization. In contrast, the ALICE
Collaboration used the femtoscopy method to determine the
D scattering lengths in the isospin-1/2 and 3/2 channels
to be as small as 0.02(3)(1) fm and 0.01(2)(1) fm, respec-
tively [38], values that are clearly at odds with those reported
above. Whatis urgently needed is an independent, direct mea-
surement of the isospin-1/2 D scattering length, not only to
provide valuable information about the low-lying D-meson

! In Ref. [29], it is explained why the higher pole was overlooked in
the pertinent lattice QCD studies.

2 We use the particle physics sign convention, where a positive scatter-
ing length signifies an attractive interaction without a bound state.
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spectrum, but also to better understand the accuracy of scat-
tering length extraction from femtoscopy.® In this work, we
provide the foundations for such a measurement. In particu-
lar, we demonstrate to what extent existing and expected data
will constrain our understanding of the low-energy regime of
D scattering.

The remainder of this paper is structured as follows.
In Sect. 2, we discuss the form factor decomposition for
B— Dmfv decays that is necessary for generating pseudo-
data for this work and for future data analyses. In Sect. 3,
we introduce observables directly related to the scattering
phases. These observables allow us to extract both the pole
location and the scattering length, for which we perform a
sensitivity study in Sect. 4. We conclude in Sect. 5.

2 Description of B — Dm{v decays

The matrix elements entering semileptonic B — Dm{v
decays can be decomposed as [40,41]

(Dr|V*|B) =ik, ph.p% Y LV g1(q? M),

>0
1
(D7 |A"|B) = P (4>, Mp) + D 5T/ fila®, M)
>0
Mpz(M% — M?,_)
+ PPy L0, Fii(g?, M)
B >0
oo, (1)

where we neglected two form factors only relevant to the case
of massive leptons. Here p,, pp, and pp are the pion, D-
meson, and B-meson momenta, respectively. The momentum
transfer to the leptonic system is given by ¢ = ply — py —
Pk, Ppx = pp + pr, and M3 = p3 . The two vectors
appearing in the decomposition are given by

4
7/ =10 + P [(P5 - PDx)a" — (PDr - @) Pl ] LDV g,

M3 — M3
g @

P* = (pg + ppr)* —

The vector L) encodes the angular dependence of the final-
state two-meson system and fulfills

v ABADR
LOgh = X220 prcos6) LOpt =0. (3)
I 2 ’ w¥D

4MpM?, 4

3 For a recent critical comment on the femtoscopy method, see
Ref. [39].
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where the P; are the Legendre polynomials and 6 the D- w-
meson helicity angle. The kinematic factors are given by
b
_ > D
) 2 2 2 g2 B q
A’B:A’(MBﬂMDﬂ1q ), ADrx :)»(MDN,MD,MH), “)
q
q
with A(x, y,z) being the Killén function. Neglecting D 0 o

waves and higher, four form factors enter: f, is the S-wave
form factor, while g1, f1, and F | are the three P-wave form
factors.

In the following, we discuss the dominant M p,, -dependence
of the form factors. Their ¢2-dependence is treated through
a z-expansion and unitarity bounds as in Ref. [40].

2.1 S wave

The goal of this work is to identify ideal observables and
to estimate the necessary luminosities to achieve sufficient
extraction accuracy for the D isospin 1/2 scattering length
and the Df pole to address the physics issues raised in the
introduction. We thus need to generate pseudo-data based on
a well motivated D amplitude.

To describe the Dmr S-wave lineshape in Ref. [40], a
coupled-channel approach based on the D/Dn/DsK T-
matrix from Ref. [37] was employed. However, the uncer-
tainty in the lineshape obtained was sizeable, as the relative
normalization of the three channels was left floating in the fit
to Belle data. In the following, we improve upon this treat-
ment by relating the three independent form factors.

At leading order (LO) of chiral perturbation theory, i.e.,
O(p) with p denoting a general small momentum scale, the
D(p1)m(p2) — D(p3)m(ps) scattering amplitude as given
by the Weinberg—Tomozawa term is proportional to (s — u),
with s = (p1 + p2)? and u = (p; — ps4)°. The leading
contribution of its S-wave projection is given by 4MpE,
where E; = (s + Mj% - M%)/(Zﬁ) is the pion energy
in the Dmr center-of-mass (c.m.) frame. Accordingly, at LO
of the chiral expansion, the amplitude has an Adler zero
located at E; = 0, i.e., s = M%) — M%. We have verified
numerically that the next-to-leading order (NLO) correction
to this approximation is less than 1 per mille, with the low-
energy constants in the NLO chiral Lagrangian determined
in Ref. [37]. Such an Adler zero also appears in the produc-
tion amplitude of the S-wave Dm system, and it is shown
in Ref. [42] that neglecting the chiral behavior could lead
to a sizeable overestimation of the Djj resonance mass. It is
important to note that the presence of the Adler zero, whose
appearance is a necessary consequence of the chiral struc-
ture of QCD, also needs to be acknowledged when extracting
physics parameters from the (pseudo)-data.

Fig. 1 Diagram for the semileptonic decay B — Dmr/Dn/DsK at the
quark level

First, we observe that the three-channel generalization of
the S-wave form factor f obeys

Imf=> Tipkfr o)
k

where the index i = 1, 2, 3 represents the D, Dn,4 and
D, K channels, respectively, and o (s) = gi/ (8w /s), with
q for the D @ (O =7, 7, K) relative momentum, denotes
the phase space of channel k. Without left-hand cuts, the
solution reads [43]

fri =T Pi(g?). (6)

For this study we drop a possible s dependence of the
Pj, but allow for a g* dependence. Taking into account
non-factorizable contributions is possible within the more
involved parameterization developed in Ref. [41], but would
require double-differential experimental measurements in ¢>
and Mp,. However, such contributions will cancel in the
observables constructed in Sect. 3.

The P;’s can be related to each other when SU (3) symme-
try is implemented. The Feynman diagram for the semilep-
tonic decay B — Dm/Dn/DyK at the quark level is shown
in Fig. 1.

In the low-energy region of D, the effective Lagrangian
can be expanded as

Lett = gete(ly™ (1 — ys)v)Bu, DY + .. .. 7

Here B = (B, BY, BY), D = (D", D*, D}"), and u,, =
it du—ud,ut) withu = exp(i ®/(v2Fp)), @ is the Gold-
stone boson matrix, and Fy the pseudoscalar decay constant
in the chiral limit.

4 Here, n refers to the octet component of the physical eta meson.
Singlet—octet mixing effects only enter at higher orders in the chiral
expansion and, given the small influence of the D7 channel on the low-
energy D system, will not affect the following discussion.
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At LO, a relation among the P;’s can be read off from
the Lagrangian (7). For example, at tree level, the production
amplitudes for B — D® have the ratios

AB~ > D2 : A(B- - D*x7): A(B~ > D%)
e
tA(B” - DK )=—:1:

01, 8
7 (®)

Sl -

or

A(B™ — Drn(I = 1/2)): A(B~ — Dn(I = 1/2))
1

:A(B——>DS1€(1=1/2))=\/§: %:1. )

With these, the solution of Eq. (6) reads

3 =
fora-(g%s) = P<q2>(\ETé;Z%n )

I =12 1=}
+ %TDn—ZDn ) +T, ¢y (S))- (10)

Consequently, only one unknown form factor remains.
Since neither lattice calculations nor experimental data for
this form factor exists, we treat its ¢>-dependence following
Ref. [40], capturing the dominant features at high ¢> due
to subthreshold axial-vector B.-resonances, but leading to a
sizeable uncertainty at low ¢2.

2.2 P wave

Due to the narrow width of the D* resonance, we approxi-
mate the P-wave form factors as in Ref. [40]:

Fi1(g% M3 ) ~ Fi1(¢DHh(M3,),
fig® M3 ~ fi(gHh(M3),
g1(q*, M3 ) ~ §1(gHh(M3,). (11)

Here h encodes the D* line shape, which we parameterize
by a relativistic Breit—-Wigner form,

g1 FOWM? . q0)
(M}, — M%) +iMg Tr(M3,)

h(Mp,) = (12)

The line shape is parameterized through the D* mass Mg | =
Mp+, the D*Dr* coupling constant g1 = 4.877 GeV, deter-
mined from the D* width and branching ratios [21], and the
P-wave Blatt—Weisskopf damping factor F1),

In contrast to Ref. [40], we follow Ref. [44] to express the
energy-dependent width by Chew—Mandelstam functions.
To this end, for decays into to unequal mass pseudoscalar

@ Springer

mesons, we need to evaluate the dispersive integral

_ 00 5 n2 S/’
(s +ie) = 2 S+/ psIni (s, go)
T

—ds’, (13)
se (=50 — s —ie€)

where s+ = (m :I:m2)2, qo = 0.5 GeV is a fixed momentum
scale, and

[
ni(s, qo) = (q—") FOqr/q0),
q0

(54 —5)(s— — %)

2s

While we do not need the [ = 0 case, it provides us with the
only non-trivial integral we need to evaluate:

qk(s) = (14)

Sols i) = S0 [T Ve =6 =)
0 o162 [ s/ — s — s —ie)
=" 1. (15)
1672

The closed-form solution is given by

2 [ [ s —sy
I(s) = — /(s —s4)(s— — ) arccos
s(s4 — ) S_ — S4
+

— i /SyS— (1 — i) arccos /S+s_ S—} (16)

which reduces to the expression in Ref. [44] in the equal-
mass limit (s_ = 0). The calculation of the [ = 1 case can
be significantly simplified by observing

2 2
qk 1) 9 (s—sp)(s—s)
—_ F — e
<q0> (ax/90) @ +qt =56 =)

7)

with

1
s12 = 3 <s+ +s_ —so £ \/(s+ +5_ —s0)% — 4s+s_>
(18)
and sg = 4q§. A partial-fraction decomposition of the result-

ing integrand allows one to express Xj as a sum of terms
containing the / = 0 integral 7 (s),

s — S+
1672

Ti(s) = [us)n%(s, q0)

(s1—s4)(s1 —5-)
(s1 = 8)(s1 — 52)
(52 —s4)(s2 —5-)

+ 1(s2) } 19)

(52 —8)(s2 — 1)

+ 1(s1)
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Since we do not include any other resonances or background
terms in the P-wave, we can simply express the energy-
dependent width together with the respective dispersive cor-
rections as

. . 1 g2 0.0
il'(s) =il'pr—py + M_D*[EIEID T(s)
+ g%(ZlD+”_(s) - z{ﬁ”‘(M})*))] (20)

Following Ref. [40], we fix the ¢g2-dependence and nor-
malization of the form factors by integrating over M %ﬂ and
equating to the lattice QCD calculation of the form factors
by the Fermilab/MILC Collaboration [45]:

d5
dm?
/ b dM?_dg2d cos6d cos 6;dy
d‘r
dg2dcosfd cos f;dx

— Br(D* — D) ,
FNAL/MILC
(21)

where ) and y are the helicity angle of the charged lepton and
the angle between the leptonic and hadronic decay planes,
respectively.

3 Directly measuring phases in semileptonic decays

The rich angular structure of semileptonic four-body decays
allows for the construction of five different observables sensi-
tive to the relative phase between S and P waves. One is given
by the forward—backward asymmetry in the helicity angle of
the D-meson 0, while the other four arise from contributions
to the differential decay rate that vanish upon integration over
the helicity angle of the lepton 6; and the angle between the
leptonic and hadronic decay planes x. The corresponding
terms in the differential decay rate are given by [40]

1 are
K (g% M?_)dg>dM3_dy dcos@dcosd

int

= sinfsin§ < Re(f1 f]) cos ) cos x

1
VAp
+ Im(f1g7)cosdsin x
Im(fy f7) sin X)

Re(f+F7 1)
N

1
v AB

M)

— Re(f1g7)cos x —

+ cos 0 sin? Oy (M5 — (22)

The prefactor is given by

G2V |* Va* VABADr

8.6 3272
497 MMy,

K(q> M3 ) = (23)

While the forward—backward asymmetry of the D-meson is
proportional to Re(f 77 ), no counterpart containing the
corresponding imaginary’ part exists. Thus, to extract the
phase difference, knowledge about the form factors them-
selves is necessary. However, for the other combinations,
f+ fif and fi g}, we can measure both real and imaginary
parts. This provides direct access to the tangent of the phase
difference, since the norms of the form factors cancel in the
ratios. Consequently, we will neglect the forward—backward
asymmetry of the D-meson in the following.

The four terms can be projected out by integrating over
cos 6, followed by antisymmetric integrations over cos 6; and
X - We define the following operators to project on the various
angular structures:

2 1
peost — —/ dcos®,
T J-
PCOSQ’ = dcos§,
T
3 1 0
PCOSG’ = </ dcos 6, —/ dcosGl),
2\Jo -1

/2 2
—/ dy —f dx). (24)
kg 37/2

Thus, we obtain

Re(fy ) = PeosOpefipr .
Vi  dr®
X

K(q?, M3 ) dQ
Im(f+g1) _ Pcoserpcos(-)lp_{_i___
1 dr®

X 3 5
K(g% M3_) dQ
Re(fygl) = —Psopipr
1 dr®

X 3 3
K(g% M3 _) dQ
Im(f+f1*) — _Pcosepj—oielp-)i(-+——

’

’

’
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y JAg dr®
K(g2, M3 ) dQ

(25)

The real and imaginary parts of the products of form fac-
tors are proportional to the cosine and sine of the phase dif-
ference, respectively. Consequently, in their ratio the form
factors cancel and we are left with the tangent of the phase
difference. Since the phase shift of the D P wave, which is
completely determined by the D*, is known to be 7 immedi-
ately above threshold, we get direct access to the D S-wave
phase shift in a model-independent way. Since two different
P-wave form factors contribute, two ratios leading to the same
tangent can be constructed, providing a valuable cross-check:

Im(f5 f7)
Re(f1 f7)

_ Im(feg))
Re(f+g})’

tan(§g — 61) = (26)

3.1 Measurements of asymmetries at Belle II

B-factory experiments like Belle II are particularly well-
suited for studies of semileptonic B-meson decays due to
the distinct experimental setup of a precisely known initial
state, coupled with an almost exclusive production of a BB
pair through the Y (45) resonance. By exploiting this unique
event topology, one of the bottom mesons can be fully recon-
structed through purely hadronic decay chains, allowing for
the kinematics of the remaining bottom meson to be inferred
using conservation constraints, a method called hadronic tag-
ging.

Belle and Belle II recently utilized this reconstruction
technique to measure the angular-asymmetry observables of
B — D*{v decays [46,47]. As the decay kinematics of
B — D*{v and B — Dmw{v decays are described by the
same helicity angles, a similar strategy to the previous anal-
yses can be employed to determine the angular observables
defined in Sect. 3 with the main difference that these variables
are measured differentially in Mp,. Following the Belle II
analysis, these asymmetries are redefined in terms of one-
dimensional integrals

AcMpr) = (dMDn)l [/ / ] dMDn 2D

with x = sin x for Im(f f"), cos 8¢ cos x for Re(f f),
cos x for Re(f;g}), and cos@ysin y for Im(f; fi*). The
equivalence between the two-dimensional asymmetry cat-
egories and the one-dimensional categories is illustrated in
Figs. 2 and 3. Each of the angular asymmetries is determined
by measuring the signal yields N withx € [—1,0) and N
with x € [0, 1] after accounting for detector resolution and

@ Springer
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0 7l2 37/2 27

«— N

sin y

|
—
o
—

cosd,
1
0
-1
0 /2 /2 37/2
cosf,cos y
= 0 1

Fig. 2 Illustrative schematic of the equivalence between the two-
dimensional asymmetry categories and the simplified one-dimensional
categories. The asymmetry variables are defined as differences between
yields of + (blue) and — (yellow) regions of their respective angular
variable(s). The upper observable is proportional to Im( f;. f;") and the
lower one to Re(f f[")

acceptance effects. The asymmetries are then calculated as

Nf(Mpz) — Ny (Mpy)

A (Mpr) = .
M) = S Mpo) + Ne (Mpn)

(28)

This method has the advantage that various experimental
uncertainties cancel in the asymmetries A,. Furthermore,
measuring signal yields in N and N, allows for higher
reconstruction efficiencies, while reducing fluctuations due
to limited statistics. Finally, to extract the tangent of the phase
difference the appropriate ratios of the asymmetries .4, can
be constructed as shown in Eq. (26).

4 Sensitivity study

In the following, we estimate the achievable precision on
the pole location of the charmed scalar resonance Dfj and
the S-wave D scattering length. As a starting point, we
take the measurement of the M p, spectrum in B — Dm{v
decays by the Belle experiment [48]. This measurement uses
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cosb,

b3 37/2 27
cosf,siny
-1 0 1
X
0 7l2 b2 37/2 2m
cosy
-1 0 1

Fig. 3 TIllustrative schematic of the equivalence between the one-
dimensional asymmetry categories and the simplified one-dimensional
categories. The asymmetry variables are defined as differences between
yields of + (blue) and — (yellow) regions of their respective angular
variable(s). The upper observable is proportional to Im( f g}) and the
lower one to Re(f g})

the hadronic tagging method and measures the branching
fraction and Mp distributions of B — D™ x%¢v, decays.
From this data, we extract the normalization of the S-wave
component by updating the fit of Ref. [40] with the changes
to the S- and P-wave contributions discussed in Sect. 2. While
hadronic tagging would allow for precise measurements of
angular distributions or the g2 spectrum, no such measure-
ment was performed in Ref. [48].

Next, based on the fit results, we extrapolate the num-
ber of events in the Bt — D~ xt¢+v, channel® obtained
in Ref. [48] in the region of Mp, € [2.05,2.3] GeV to
Mpr € [(Mp- + My+),2.3 GeV], leading to 400 + 23
events. In the following, we scale this number, correspond-

5 We do not consider the B — D%z~ ¢tv, channel here, as it has
larger uncertainties in the Belle analysis [48] and the D* resonance is
above threshold, possibly leading to a significant change in reconstruc-
tion efficiency, thus inhibiting our extrapolation.

ing to an integrated luminosity of 772 fb~! at the Y (45)
resonance, to different luminosity scenarios. We will study
two scenarios for which data have already been recorded:
the current Belle II dataset, as well as the combined Belle
and Belle II dataset. Furthermore, we make projections for
2 ab~!, 5 ab~!, and 10 ab™! of data. Belle II is expected
to reach these target integrated luminosities by 2027, 2030,
and 2032, respectively, according to the current projection
plan [49].

To generate the pseudo-data we sample events from the
five-fold differential rate, based on the central values for the
form factors. Next, we compute the N~ and N for each
observable in six bins of M p, between 2.0 and 2.3 GeV and
determine the statistical uncertainties through bootstrapping.
We then compute the asymmetries .4, in each M p, bin and
take the respective ratios.

Finally, we subtract the P-wave phase 31, based on the
Chew—Mandelstam improved Breit—Wigner lineshape. From
the corrected data, we can extract the pole location of the D,
as well as the isospin-1/2 S-wave scattering length.

4.1 Pole location

To extract the pole location from the pseudo-data (as well as
later for the real data), we parameterize the scattering ampli-
tude in a modified K-matrix formalism, taking into account
the correct chiral behavior near threshold (see discussion in
Sect. 2.1):

T(s) = Ks) (29)
Y T TS0 +i0K ()
2
K(s) = M + Eqg. (30)

2
s — My

Here, the phase space factor in the Chew—Mandelstam rep-
resentation, X, is given in Eq. (15).

For each scenario, we find the minimum of the like-
lihood using the Migrad algorithm as implemented in
iminuit [50,51]. In the next step, we compute confidence
regions with the Minos algorithm and determine the pole
location on the borders of these regions.

The results of the minimal scenario with g1 = g»0 = 0
for the 1o region are shown in Fig. 4. Even with the current
Belle II dataset alone, the current Review of Particle Physics
(RPP) average [21] for the Dg;(2300) resonance parameters
could be ruled out at the 2.20 level. A combined analysis of
the existing Belle and Belle II datasets could rule out the RPP
average by more than 3¢, while 2 ab~! would be sufficient
for 5. While even with 10 ab™! of data, the pole location cal-
culated in Ref. [28] remains more precise than our projected
experimental accuracy, any experimental improvement over
the assumed efficiencies will make the direct extraction com-
petitive with the existing theoretical determination.

@ Springer
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Fig. 4 The pole location M + iI"/2 extracted from the pseudo-data
generated from the amplitude of Ref. [37] in the mass versus width
plane. For the five different scenarios we show the 68% confidence
contours. In addition, we show the pole location from Ref. [28], as well
as the average from the RPP [21]

Allowing for either g1 or g to be non-zero in the fit does
not change the outcome significantly: with the current Belle
II dataset, the RPP value could still be ruled out at the 20
level.® However, with increasing statistics, uncertainties due
to the truncation order of the K -matrix parameterization need
to be assessed.

4.2 Scattering length

In a non-relativistic normalization the T -matrix TnR for elas-
tic D scattering may be expressed as

2 1

I _ .

W2 _ %
H gy cotd, iqq

NRO —

€1V}

with g1 for the c.m. momentum of the D system, as before.

Traditionally, the scattering length, a(()l/ 2

range, r(()l/ 2

sion (ERE):

, and the effective

, are defined through the effective-range expan-

! L a2 » 4
a(()l/Z) + 570" di + O0(q).- (32)

g1 cot 8(()1/2) =

However, the radius of convergence of the ERE is restricted
by the location of the nearest singularity. As a consequence

6 Allowing for g; and g to be non-zero at the same time leads to large
correlations between the two, but no change in outcome.

@ Springer

Table 1 Extracted value of the scattering length, as well as 90% con-
fidence level lower limits in the sensitivity study for the five scenarios

Scenario al'’”? ad’? at90% CL
Belle IT 0.4515%, fm > 0.03 fm
Belle + Belle IT 0.447%9 fm > 0.04 fm
2ab~! 0.457%9 fm > 0.05 fm
5ab~! 0.45107% fm > 0.11 fm
10 ab~! 0.457930 fm > 0.15 fm

of the approximate chiral symmetry of QCD, the scattering
amplitude has an Adler zero right below the threshold (see
discussion in Sect. 2.1), which, according to Eq. (31), trans-
lates into a pole of g1 cot 6(()1/ 2). Thus, for areliable extraction
of the scattering length from a fit to data, the ERE needs to
be modified and we propose to employ a modified ERE with
a significantly enhanced radius of convergence:

Cc_
q1 cota(()]/z) = E_l +cot+caEr + O(E%) . (33)
T

Once the parameters ¢; are determined from the fit to the
phase shifts, the scattering length can be extracted from the
threshold value of Eq. (33), namely

M
af'’? = " = (34)
c_1+coMy +c1 Mz

The values of a(()l/ 2 extracted from the pseudo-data, as well

as lower limits at 90% confidence level for the five scenarios,
are given in Table 1.

Due to large correlations between the different coeffi-
cients, a direct measurement of the scattering length proves
challenging, especially at lower statistics. In particular, for
the existing Belle Il scenario, only a lower limit on the scatter-
ing length can be set. While a precision measurement of the
scattering length requires significantly more data,” almost all
studied scenarios can set lower limits at the 90% confidence
level challenging the ALICE results.

In Fig. 5, we show our fit result for the 5 ab™! scenario,
the corresponding simulated data, and the expectation based
on ALICE’ measurement of a(()l/ 2 For the ALICE curve we
set higher orders in the ERE to zero, but include the Adler
ZEero.

It is clearly visible that near the threshold, where the
approximation for the ALICE curve is valid, the slopes differ
significantly.

7 Note, that the K — 7 £v were conducted with two orders of mag-
nitude more signal events than the 10 ab~! scenario [4].
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2.0 — Fit result wave phase shifts. Since the Dz D-wave is dominated by the
ALICE af*? Breit-Wigner-like D} (2460) resonance, it might be possible
+ Pseudodata 5ab™! to observe the S-wave phase motion near the Dy and DsK
13 thresholds, which is expected to show nontrivial structure in
= UChPT [28].
Z 101
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Fig. 5 Example scattering phase fit for the 5 ab~! scenario. The
pseudo-data is shown together with the result of the fit to the parameter-
ization in Eq. (33) and a curve obtained from ALICE’ measurement of

a(()l/ 2), but neglecting the higher orders in the effective range expansion
«!""? = 0in Eq. (32))

5 Conclusion and outlook

In this work we proposed observables allowing for the direct
extraction of the Dz S-wave scattering phase from semilep-
tonic B — Dm{v decays. We have demonstrated that with
the existing Belle and Belle II datasets, a meaningful deter-
mination of the pole location of the lightest scalar charmed
meson could be achieved. In addition, with continued data
taking of the Belle II experiment, also the D S-wave scat-
tering length can be measured to sufficient precision to chal-
lenge recent measurements reported by the ALICE collabo-
ration.

The sensitivity estimates provided here are all based
on the hadronic tagging method, which provides excel-
lent angular resolution, but is statistically limited by the
tagging efficiency. However, there is significant room for
improvement beyond the sensitivities obtained here. First,
BY — DO7~¢%v, decays can be combined with the BT —
D~m £~ v decays studied here. Second, our study is based
on efficiencies obtained by the Belle collaboration, while the
Belle II detector provides improved particle identification.

Given the promising results obtained here, it would be
worth studying the use of the semileptonic tagging method
or performing an untagged measurement at Belle II, provid-
ing larger reconstruction efficiencies at the cost of increased
backgrounds and more complicated reconstruction of the
required angles. Encouragingly, the Belle II Collaboration
already performed a measurement of the cos 6y and x distri-
butions in untagged B — D*~(— D%z )¢+, decays.

On the theoretical side, it is worth extending our analysis
of asymmetry observables by including the D wave, thus
allowing for the extraction of the difference of S- and D-
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