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M. Albaladejo®,"" J. Nieves®,"" and E. Ruiz Arriola®**
Unstituto de Fisica Corpuscular (centro mixto CSIC-UV), Institutos de Investigacion de Paterna,
C/Catedrdtico José Beltrdn 2, E-46980 Paterna, Valencia, Spain
2Departamento de Fisica Atomica, Molecular y Nuclear and Instituto Carlos I de Fisica Teorica y
Computacional, Universidad de Granada, E-18071, Granada, Spain

® (Received 18 April 2023; accepted 26 June 2023; published 19 July 2023)

We predict femtoscopy correlation functions for S-wave D¢ pairs of lightest pseudoscalar open-charm
mesons and Goldstone bosons from next-to-leading-order unitarized heavy-meson chiral perturbation
theory amplitudes. The effect of the two-state structure around 2300 MeV can be clearly seen in the
(S,1) = (0,1/2) Dz, Dy, and DK correlation functions, while in the scalar-strange (1,0) sector, the

D?,(2317)* state lying below the DK threshold produces a depletion of the correlation function near
threshold. These exotic states owe their existence to the nonperturbative dynamics of Goldstone-boson
scattering off D ,y. The predicted correlation functions could be experimentally measured and will shed

light into the hadron spectrum, confirming that it should be viewed as more than a collection of quark

model states.

DOI: 10.1103/PhysRevD.108.014020

I. INTRODUCTION

For hadrons containing charm quarks, there is no
possibility of performing traditional scattering experiments
due to technical limitations imposed by the extremely short
lifetime of these heavy particles, and experimental infor-
mation on the interactions involving charmed hadrons is
commonly extracted from reactions where they are pro-
duced in the final state. In addition, lattice QCD (LQCD) is
seen as a benchmark scheme to constrain and validate the
effective field theories employed to describe the relevant
final state interactions (FSI) in the analyzed reactions.

The study of the lightest scalar open-charm D{(2300) and
D?,(2317)* provides an example of the performance of this
combined strategy [ 1—11]. These states are exotic in the sense
that they cannot be accommodated in simple constituent
quark models (see for instance the discussion in Ref. [12]).
However, both resonances are dynamically generated
from the S-wave scattering of Goldstone bosons (¢) off
the lightest pseudoscalar open-charm mesons [Dy)]. The T
matrix is obtained after solving the Bethe-Salpeter equation
with irreducible amplitudes evaluated at next-to-leading
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order (NLO) in heavy-meson chiral perturbation theory
(HMChPT) [13,14] and adopting the on-shell renormaliza-
tion scheme [15—-19]. All the unknown low-energy constants
(LECs) are determined from the LQCD D¢ scattering
lengths computed for different pion masses in Ref. [1]. The
scattering amplitudes fulfill elastic unitarity in coupled
channels and successfully describe [2,5] the D ¢ LQCD
energy levels obtained by the Hadron Spectrum [20] and
RQCD [21] Collaborations for various pion masses.’
Moreover the theoretical framework is strongly sup-
ported [4,8,9] by recent high-quality [D(D)¢] FSI data on
the B(;) — D(D)¢¢’ decays provided by the LHCb experi-
ment [27-31]. In the case of the D((2300), the theory
predicts a double-pole pattern which provides a natural
explanation to various puzzles in the charm-meson spec-
trum [4], in particular to why a single broad D{(2300)
resonance would have a mass almost equal to or even higher
than its strange sibling D%;(2317)*. Actually, it was only in
the 2018 edition of the Review of Particle Physics (RPP) [32]
when the possible existence of a lighter state associated to the
D{(2300) was first suggested based on the findings of
Refs. [2,4,6].

On the other hand, femtoscopy has been traditionally
utilized to measure the size of the quark-gluon plasma fireball
created in relativistic heavy-ion collisions. However, since it

'The finite-volume scheme of Ref. [2] provides predictions
that also compare well with results from earlier [22,23] and
more recent [24-26] LQCD simulations carried out for different
no-physical Goldstone-boson masses.
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is sensitive to the correlations between the particles in the
final state, the parameters of the strong interaction can be
probed as well [33,34]. In high-multiplicity events of pp,
pA and AA collisions, the hadron production yields are
well described by the statistical models, thereby leaving the
correlations between outgoing particles relying upon the
FSI, from which the corresponding scattering parameters
can be extracted [35]. Femtoscopy techniques consist in
measuring the correlation in momentum space for any
hadron-hadron pair, and this information is encoded in the
so-called two-particle correlation function (CF). The latter
can be computed as the quotient of the number of pairs
of combined particles with the same relative momentum
produced in the same collision event over the reference
distribution of pairs from mixed events. On the theoretical
side, CF comes in terms of the product of the so-called
source function, which can be seen as a kind of form factor
that gives the probability that the two particles forming
a pair are emitted at a relative distance of each other,
times the squared of the absolute value of the wave function
of the considered channel, built from the scattering
amplitudes [36-52].

Additional independent information on the charm-hadron
spectrum would be most welcome to further learn about its
properties and nature. Femtoscopic CFs with the observa-
tion of channels involving charmed hadrons in heavy-ion
collisions should be then most valuable. There exist exper-
imental studies in the strangeness sector [33,53-60], but
importantly the ALICE Collaboration measurement of the
pD™ and pD" CFs in high-multiplicity pp collisions at
13 TeV [61] paves the way to access the charm quark sector.
This is precisely the goal of this paper, where we will predict
the visible signatures that the D*,(2317)* and the two-pole
structure of the D};(2300) will produce in the DK™, D*K°
and Dfn and the D*z° D°z* D*n and DfK° CFs,
respectively. None of these channels involve the Coulomb
interaction and therefore the unitarized NLO HMChPT
scheme, constrained and tested by data and LQCD input,
should perform very well and provide very accurate results
which could be confronted to experiment or used to validate
femtoscopic techniques and models.

II. CORRELATION FUNCTIONS

The fundamental quantities of our study are the CFs,
which can be written as

G =1+ [Tarstr) Swlts.n Pt (1

W{(S’r):j0<pir>5ij+Tji(s)Gj(s’r)v (1b)

where the usual Mandelstam variable s denotes the c.m.
energy squared. The index i denotes the coupled hadron
pair considered, and the sum in the index j runs over all

possible ones. Here we consider the channels Dz, Dy, and
D,K in the (S,I)=(0,1/2) sector and D%, D°KT,
D*K°, and D} for strangeness S = 1 and isospin [ = 0
and / = 1. The c.m. momentum of each channel is denoted
by p;(s), and jo(x) = sin(x)/x is the zeroth-order spherical
Bessel function. The functions G;(s, r), given in Ref. [51],
can be written as

G'(S 7") :l/oods/ pi(sl) jO(pi(sl)r)
o s 8”\/~?S_S/+i€

O(A = pi(s). (2)

The sharp momentum cutoff A is introduced to regularize the

r — 0 behavior of the wave functions ! (s, ). In the work of
Ref. [51], it is inherited from the regularization of the
amplitude 7'(s) and allows the on-shell factorization of the
latter out of the integral. As will be shown, its effect is very
small for natural A values in the range [600, 900] MeV.

The source function is generally taken as a Gaussian,
which in the radial direction reads S(r)=4znr?/
(42R?)3/? exp(—r?/4R?), with a source size R. A factor
4zr? coming from the differential volume element d7 has
been absorbed into S(r).

The key ingredient in the CFs are the S-wave unitarized
partial wave amplitudes 7';(s), which encode the meson-
meson interactions. In this work, they are taken from
Ref. [1] and written as

T7l(s) = V='(s) = G(s). (3)

with elementary interactions V(s) computed from NLO
HMChPT, and G(s) are two-meson loop functions regu-
larized with a subtraction constant. As mentioned in the
introduction, the LECs as well as the subtraction constants
have been successfully determined in Ref. [1] through the
computation of D¢ scattering lengths for different pion
masses. Therefore, these amplitudes are completely deter-
mined (no free parameters) and, in this sense, the calcu-
lations presented in this manuscript are genuine predictions
for future experiments. The amplitudes, in turn, have been
used in Refs. [2,5] to compute energy levels in a finite
volume for the Dz, Dy, and D,K and DK systems, that are
successfully compared with the LQCD simulations in
Refs. [20,21], respectively. Importantly, in Ref. [2] it is
shown that these amplitudes contain two poles in two
different Riemann sheets, corresponding to two different
Dy states in the 2300 MeV region, and not just one
[previously known as D((2400); see Refs. [32,62]], as
traditionally thought. Later on, Ref. [4] showed that this
two-state structure is also compatible with the experimental
LHCb dataon B~ — D*z~z~ [31] and B — D°K~z" [27].
As already mentioned, this two-state picture has been
further tested using FSI data from LHCb experiment and
is now considered as a strong possibility in the current
edition of the RPP [62]. For later reference, the modulus
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FIG. 1. Modulus squared of the diagonal elements of the
I =1/2J" =0 T matrix in Eq. (3).

squared of the diagonal matrix elements are shown in
Fig. 1, where a clear peak around 2135 MeV produced by
the lightest Dj state can be seen, and the structure of the
second resonance can be appreciated also at 2450 MeYV,
together with a strong interference with the Dy and D K
thresholds.

III. NONSTRANGE SECTOR
AND THE TWO D; STATES

The CFs for the I = 1/2 channels are shown in Fig. 2 for
different, typical sizes R = 1,2, and 5 fm of the source.
One would expect the clear peak at /s ~ 2135 MeV in the
Dz amplitude (see Fig. 1), produced by the lightest Dy
state, to leave a strong imprint in the Cp,(k) CF at
k~215 MeV. Instead of a bump, a depletion and a
minimum can be found there for the R = 1 fm source,
which might come as a surprise. However, one can show
(see the Appendix) from the Lednicky-Lyuboshits
model [37] that this result can be expected for a Breit-
Wigner-like resonance with a width I" ~ 200 MeV and for a
source size R = 1 fm. For R = 2 and 5 fm, the minimum is
still present, but certainly diluted. One would need a much
narrower state (I' <50 MeV) or smaller source size
(R £0.5 fm) to observe a clear peak. Nonetheless, the
position of the minimum closer to 215 MeV rather than to
400 MeV (as expected for a nominal mass around
2340 MeV [62]) would be a clear indication of the
existence of a lower pole.

The strongest effect of the second (higher) pole can be
seen in the D K amplitude depicted in Fig. 1, although it is
located below the threshold. Indeed, one can observe in
Cp & (k) [Fig. 2(c)] a clear dip for low momentum £, i.e. for
energies +/s slightly above the D K threshold.

All these features can be better appreciated in Fig. 2(d),
where the CFs of the three pairs are shown for R = 1 fm as
a function of /s. There, the two different minima at /s =~
2135 (Dx CF) and 2475 MeV (D,K CF), produced by the
two different Dy states, can be observed. The experimental
observation of these features would constitute a strong

additional support of the two-state pattern predicted by the
HMCHPT unitary amplitudes employed.

Finally, we note that we have considered the CF for
the I = 1/2 Dx system, which, for I, = +1/2, is a linear
combination of the physical D*z° and D°z*+.> To obtain
the truly measurable CFs for the physical Dz states, one
would need to consider also the 7 =3/2 components.
Introducing the appropriate isospin combinations in Eq. (1)
one finds

2 1
CD+HO = §C3D/ﬂ2 +§C1D/ﬂz, (43)
1 Drn 2 Dn
Cpog+ = 3 C3/2 + 3 C1/2» (4b)
Cpor = CEB, (4c)

where the last equation follows from the fact that Dz~ is a
purely I = 3/2 state. We note that this latter CF does not
involve either the Coulomb interaction.’ Inverting the
above equations, one finds

CPE(k) = 2Cpog (K) = Cpyopo (k) (5a)

o 3C’1D0714r (k) - CDOﬂ’ (k)
= 5 ,

(5b)

C3D/ﬂz<k) - 2CD+”U(k) - CDO”+<k) - CDOJZ_' <SC)

The interaction in the I =3/2 sector is weaker and
repulsive, and we find 0.9 < C?/”z(k) <1, as can be seen

in Fig. 2(d) for a source of size R = 1 fm. Indeed, this is
what one would expect from the Lednicky-Lyuboshits
model (see Ref. [37] and the Appendix) for an elastic
channel with a scattering length @ ~ —0.1 fm, as obtained
with our amplitudes [1,2]. Finally, we also note that
Eq. (5b) involves two pairs with the same threshold and
that they are not affected by Coulomb distorted waves,
making it particularly suitable for experimental purposes.

IV. STRANGE SECTOR AND THE
D;,(2317)* STATE

In the S = 1 sector we consider the D z°, DK, D*K°,
and D{#n channels, with /=0 and I =1 components.

*Note that, by considering I, = +1/2, we avoid the interfer-
ence with Coulomb interaction. The latter is present in the case
I, = —1/2, which mixes D*z~ and D°z°, and would be also
present in Df K~ channel. Note also that the isospin-breaking
effect between the D 7% and D%z states induced by the masses is
expected to be small, since their thresholds are just 1 MeV apart.

*The D* 7" pair is also a purely I = 3/2 state, but in this case
to access to the strong interaction one needs to account also for
the electromagnetic repulsion.
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FIG.2. Correlation function for the Dz (a), Dn (b), and DK (c) channels with = I, = 1/2 as a function of their c.m. momentum k
for different values of the source size R = 1 (red), 2 (blue), and 5 fm. The dark, inner bands represent the variation of A in Eq. (2) in a
range [600, 900] MeV. The light, outer bands represent the addition in quadrature of the 68% confident-level (CL) uncertainties in the
CFs inherited from those affecting the LECs of the NLO unitarized scattering amplitudes. In panel (d) we present together the CFs,
computed for a source of size R = 1 fm, as a function of the c.m. energy /5. We present the three I = 1/2 channels and, in addition, the
I =3/2 Dx one (purple). In this latter panel, we only display the full uncertainty band.

The CF for the DK™ channel (the lowest lying of the two
DK states with I, = 0) is shown in Fig. 3 for different source
sizes R. The D* K threshold lies ~9 MeV above the D°K ™
one, which implies a momentum k o+ ~ 83 MeV, where a
cusp effect can be seen in Fig. 3. Furthermore, and unlike the
Dz CFs mentioned before, the DK CFs cannot be filtered,

with CPX the CFs for definite isospin 1. This fact, together
with the larger mass difference between the D°K+ and D+ K°
thresholds, prompts one to use physical channels from the
beginning instead of definite isospin ones.”

A clear depletion in Cpog+ at the origin can be seen in
Fig. 3, being the suppression larger for the smaller source

sizes. This effect is due to the presence in our amplitudes
T,;(s) of the D%,(2317)* bound-state pole’ below the DK

threshold, with a binding energy around 45 MeV, which
translates into a large binding momentum p = iy,,

7p =~ 190 MeV. The observation of this behavior at the

because
CDK + CDK
CDOK+ = CD+KO = % (6)
T T T T T
1.0 P —— i
09" /,/ _— i
Q = /// p— -~ B
< 08 7 / 8
5 = / i
Q
O 0.7 S 8
- < R=1fm |
(Y = — R=2fm
L R=5fm - channel.
0 5 I - I - I I | I I | I I |- I I
0 50 100 150 200 250 300
k [MeV]

FIG. 3.
R =1 (red), 2 (blue), and 5 fm (green).

DPK™ correlation function for different source sizes,

DPK™ threshold in the measurement of these CFs, and in
] particular their dependence on the source size R, could
provide important feedback on the exotic state D*,(2317)*.

*The interaction in the DK isovector channel, though smaller
than in the scalar sector which generates the exotic D}(2317)%,
is not negligible in contrast to the case of the I =3/2 Dxn

*In the isospin limit the / = 0 and I = 1 sectors decouple, and
the D*,(2317)* is a bound state in the [ = 0 amplitudes below

the DK threshold. This state lies above the / = 1 DY z° channel
but has a negligible coupling to it when the latter is coupled to the

bound state.
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The D°K™* CF has been recently computed in Ref. [52].
There, the chiral amplitudes were computed only at LO and
the T';; amplitudes were regularized with Gaussian-like form
factors, inducing a different off-shell behavior of the 7 matrix
which also produces variations in the wave functions. The
cutoff was fixed by adjusting the position of the generated
pole to the mass of the D%;(2317)*, but this does not
guarantee that the DK I = 1/2 scattering length obtained in
Ref. [52] is equal to that calculated in our scheme. These
differences could explain the changes that can be seen in the
CFs, in particular at k ~ O where, for instance, the scheme of
Ref. [52] predicts Cpog+(0) ~ 0.4 for R = 1.2 fm. However,
the trend is similar for both Ref. [52] and the present work,
which is reassuring. Moreover, the CF uncertainty bands in
our results might partially account for the variations.

V. CONCLUSIONS

We have presented the first joint prediction of the CFs of
the open-charm D, ¢ pairs in the (S,1) = (0,1/2) and
S =1 sectors based on well-determined NLO unitarized
chiral amplitudes. For I = 1/2 two distinct minima are
observed in the correlation functions Cp, and Cp, g, which
are produced by the lower and higher Dj poles, respec-
tively. The measurement of these features of the CFs could
shed light on this otherwise elusive resonance(s). We also
predict 1 > 2Cp-,0(k) — Cpo,+ (k) = Cpo,-(k) > 0.9. For
the DYK™ pair, a sizable depletion is observed at threshold
in the CF (as in Ref. [52]), due to the presence of the
D?,(2317)* bound state originated from the I = 0 inter-
action. While our specific predictions concern D ¢ CFs,

*

we expect the results for Da)gb, being D () the lowest-lying

open-charm vector mesons, to be qualitatively similar due
to heavy quark spin symmetry.

Given the expected precision that can be achieved in the
measurements of CFs at ALICE, and other experiments that
could join the femtoscopy venture, a clear comparison with
the CFs predicted in this work should be feasible in the near
future. In particular, the observation of the features produced
by the two-state pattern in the Dz and DK CFs would
constitute further strong support of this picture. In addition to
the experimental consequences of the measurements of these
correlation functions, the comparison with the predictions
presented in this work would certainly help to reduce the
theoretical uncertainties of the chiral amplitudes.

Finally, we would like to stress that the accurate
measurement in future of the CFs studied in this work
will provide additional information to that inferred by the
invariant mass distributions reported by experiments like
LHCb, Belle, BABAR or BESIIL In particular the possibil-
ity to compare results obtained from different sources
(proton-proton, proton-nucleus or even heavy-ion colli-
sions) could effectively constrain the dynamical features
of the D}(2300) and D*,(2317)*, and push forward our
understanding of these exotic states.
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APPENDIX: LEDNICKY-LYUBOSHITS MODEL
AND RESONANCES

In the Lednicky-Lyuboshits approximation for a single-
channel CF [37], one substitutes the full wave function
w(s,r) in Eq. (1) with its nonrelativistic, asymptotic
(r > oco) form:

sin kr etkr

Byl r) = ()

(A1)

where for clarity the momentum k& instead of the
Mandelstam variable s has been taken as a variable.
Introducing Eq. (Al) into Eq. (1a), and assuming still a
Gaussian source S(r), the resulting CF is

F(OF | 2Ref (k)
2R? VR

B Im];(k) (),

Cro(k) =1+ Fi(x)

(A2)

where x = 2kR, Fi(x)= [§dre")/x, and F,(x) =
(1 — e™")/x. Above f(k) is the standard quantum mechan-
ics amplitude, Imf (k) = —k. It can be written as

(k) = keot5(k) — ik, (A3)
where §(k) is the phase shift, and one gets

2sin%5(k )
Cro(k)=1 +7x2 (k) (e_x_ +

2xF(x)

N

coté(k)) . (A4)

At threshold,

a(a+ &)

NZ2
CipLk=0)=1 , A5
LL( ) + 2R2 ( )
where a is the scattering length, a=! = limy_ k cot 5(k).

Fora>0ora< —\/%Rz—2.26R, one has Cy; (k=0) > 1.
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The lowest value Cpy(k=0) can achieve is for a =
—\/%R ~ —1.13R, when one has Cy (k=0)=1-2~0.36.
Incidentally, the / =0 DK scattering length is a =—0.84 fm,
thus not far from this value for R = 1 fm. The depletion at
threshold in the D°K* CF is thus caused by its [ =0
component.

On a different note, if there is a resonance for a
momentum kg, then §(kg) = /2, and one has Cyy (kg) =

2

1+ zex_;R, with xp = 2kgR. Therefore, for large xp, say
R

Xg 2 2, the correlation function is largely suppressed,
Cip(kg) =1, slightly above unity. Furthermore, with a
regular Breit-Wigner shape for the phase shift §(k), it can
also be proven that C’'(kg) < 0; i.e. the CF is decreasing at
k = kg. For k > ki one has cotd(k) <0 (5(k) > z/2),
which is a necessary condition for the bracket in Eq. (A4) to
change sign. It is then possible for Cy; (k) to go below one
for k > kg, especially taking into account that the first term
in the bracket is very suppressed with respect to the
coefficient of cotd(k) in the second term. Since asymp-
totically for large momenta one has Ciy (k) — 1, then a
minimum will appear if the CF becomes smaller than one
for some momentum region above kg.

Certainly, whether this minimum is pronounced or
diluted, or a maximum can appear for k < kp, depends
on the details of the resonance (ki and its width I') and the
source size R. For illustrative purposes, let us assume a
nonrelativistic Breit-Wigner shape for cot §(k):

kRkZ—kIZQZ_ Xg X% — X%

(A6)

ne—
= ) W, -
1 N cmemm. =
[ \ N xr =0.6 ]
LY
N vy e———— =
[ \ \ \‘\ xr=1.6 |
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FIG. 4. Correlation function in the Lednicky-Lyuboshits
approximation [Cyy (k)], in terms of the reduced variable
x = 2kR, for different values of the reduced width x% =
4ul'R? (see text for further details).

with x% = 4u'R? and p the reduced mass of the hadron
pair. We show in Fig. 4 Cy; (k) (as a function of the reduced
variable x) obtained for different values of xr, taking, for
definiteness, xz = 2.2 (for R = 1 fm, this would corre-
spond to kg ~215 MeV, and /s = 2135 MeV for a Dx
system). As discussed earlier, since xp 2 2, all the curves
are very close to one and decreasing around x ~ xp. As can
be seen, for a narrow resonance (x = 0.6, red dashed line)
there appears a maximum before xp, but there is still a
minimum after. In the case of a broader resonance with
xr = 1.6 (blue dashed line) (which would correspond to
I'~200 MeV for R = 1 fm and Dz reduced mass ) only a
minimum can be appreciated. For larger xr, the minimum
can no longer be observed.
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