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In this paper we present a novel method to extract information on hadron-hadron interactions using for
the first time femtoscopic data to constrain the low-energy constants of a QCD effective Lagrangian. This
method offers a new way to investigate the nonperturbative regime of QCD in sectors where scattering
experiments are not feasible, such as the multistrange and charm ones. As an example of its application, we
use the very precise K™ A correlation function data, recently measured in p p collisions at LHC, to constrain
the strangeness S = —2 meson-baryon interaction. The model obtained delivers new insights on the

molecular nature of the E(1620) and E(1690) states.
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Introduction. The dynamics of the strong interaction
between strange hadrons at low and intermediate energies
is still a rather uncharted territory, both experimentally and
theoretically. Namely, in this energy regime, a quantitative
description of hadronic interactions in terms of the elemen-
tary quark and gluon degrees of freedom is hindered by the
mathematical problems associated to the nonperturbative
character of quantum chromodynamics (QCD). Effective
Lagrangians, employing hadronic degrees of freedom and
including the fundamental symmetries of QCD as well as
spontaneous and anomalous breaking patterns, have been
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widely used to circumvent this difficulty since the pioneer-
ing work of Weinberg [1-3].

Amongst these effective approaches, chiral perturbation
theory (yPT) has proved to be an extremely powerful tool to
compute in a systematic way many low-energy observables
(e.g., cross sections) and to provide insights on the under-
lying hadronic interactions. The yPT framework allows us to
investigate higher-order terms in the chiral expansion of the
interaction, which can significantly improve the understand-
ing of the underlying QCD dynamics in the system at hand.
Each term in the Lagrangian is preceded by the so-called
low energy constants (LECs), parameters which are not fixed
by the underlying theory and hence must be constrained
by the available experimental data.

In this work, we show that experimental information on
hadron-hadron interactions, complementary to that obtained
from scattering experiments, can be extracted from the
measurement of two-particle correlation functions (CFs).
To illustrate the enormous potential of the CF technique, we
focus on the S = —2 meson-baryon interaction for which
scattering data are currently not available. This interaction is

Published by the American Physical Society
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dominated by the 72 — KA — KX — = coupled-channel
dynamics. Similarly to the A(1405), a molecular X — KN
state arising from the interplay between these two coupled-
channels [4-7], the E(1620) and E(1690) resonances
might also be dynamically generated within the § = -2
meson-baryon interaction, thereby acquiring a molecular
structure. In spite of the large theoretical effort devoted in
the last two decades [8—13] to the understanding of the
properties of the E(1620) and E(1690) states, a clear
picture on their nature is still missing. Recently, the authors
of Ref. [14] delivered the first unitarized effective meson-
baryon chiral Lagrangian that includes contributions
beyond the leading contact-term interaction in the § =
—2 sector. The inclusion of higher orders in the chiral
expansion reduced the disagreement between model
predictions and the available experimental data on the
two E* states, but it also introduced more LECs, namely
more unknown parameters to be constrained from data.
Unfortunately, current experimental information, which
includes only evidence of the £(1690) resonance decaying
into KA [15-17] and the first observation of the neutral
E(1620) decaying into z*E~ [18], is not sufficient to
constrain the next-to-leading order (NLO) LECs. This
limitation drove the authors of Ref. [14] to adopt the same
LECs of the meson-baryon interaction models in the
S = —1 sector, which benefit from a much larger data
sample [19-31]. Clearly, an improvement in the theoretical
developments on the S = —2 meson-baryon interaction
requires new and more precise experimental data.

Such experimental input became available with the
recent ALICE measurement of the K"A CF in pp colli-
sions at /s = 13 TeV, which delivered the most precise
data on this interaction and provided the first experimental
observation of the Z(1620) decaying into K~ A pairs [32].
In the present study, these femtoscopic data are used for the
first time to determine the parameters of the state-of-the-art
yPT effective Lagrangian at NLO [14]. The resulting
unitarized yPT (UyPT) amplitudes are employed to inves-
tigate the position and couplings of the poles related to the
E(1620) and E(1690) states to the different channels,
leading to a complete new distribution of the molecular
composition of these two resonances.

The results presented in this work make use of a novel
method to constrain the low-energy QCD effective models
for interactions involving multistrange and charm hadrons,
which cannot be accessed via traditional scattering experi-
ments. For these interactions, correlation measurements at
LHC already provided the experimental access to a large
amount of two-body and three-body interactions [33—42] In
the future, thanks to the even larger statistics expected at
LHC [43], and with brand new dedicated experiments [44],
femtoscopic measurements will be the only data at our
disposal able to directly constrain the two-body scattering

amplitude, hence the methodology described in this paper
provides a tool to guide future comparisons with correla-
tion data.

Formalism. In the case of a multi-channel system, such as
the one we are considering in this work, the corresponding
two-particle CF of a given observed channel i (e.g., K"A)
reads [45-47]

Cik) = a™ [ @rs, (e )P (1)

Here k* and r* represent, respectively, the relative momen-
tum and distance between the two particles, measured in the
pair rest frame. The sum runs over the elastic (j = i = K™A)
and the inelastic channels (j = z~2°, 792, K~2% K%,
nE7).

The contributions of the inelastic channels are scaled by
the production weights a)?md, which take into account how
many j pairs, produced as initial states, can convert to
the measured i final state. The emitting source S;(r")
describes the probability of emitting the j pair at a relative
distance r* and, particularly in p — p femtoscopic mea-
surements, might be different in each channel due to the
feed-down from strongly decaying resonances, specific
for each pair [39,48,49]. Finally, the last ingredient is the
relative wave function y;;(k*, r*), embedding the strong
interaction arising from the coupled-channel dynamics in
the system. Following the formalism in [46], the wave
functions can be obtained from the scattering amplitude.

The starting point from which we derive the scattering
amplitude within the UyPT is the chiral effective

Lagrangian up to NLO L3}, = C(% + E%, with

- = 1 -
Ly = By, (D, B]) = Mo (BB) + 5 D{By,ys{u, BY)

+ 3 F{Brrslut B, @

L) = by(B{x,.BY) + bp(Bly..B]) + by(BB) ()
+dy (B{u,, [u", B]}) + dy(B[u,, [u", B]))
+ dy(Bu,) (u"B) + d4(BB)(uu,). (3)

The contact term, corresponding to the Weinberg-
Tomozawa (WT) contribution, and the direct and crossed

Born terms are included in E{% whereas the tree-level NLO

contributions are fully extracted from E{(/i;. In these equa-
tions, B is the octet baryon matrix, while the matrix of the
pseudoscalar mesons ¢ is implicitly contained in
u, = iu'0,Uu’, where U(p) = u*(¢) = exp (V2ig/f)
with f being the effective meson decay constant. The
covariant derivative is given by [D,,B] =d,B + [I',, B,
with T, = [u”,0,u]/2, while y, =2B,(u'Mu" + uM),
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with M = diag(m,, my, m;) and By = —(0|gq|0)/f>, is
the explicit chiral symmetry breaking term. The values of
the axial vector constants are taken as D = 0.8 and F =
0.46 and M|, stands for the baryon octet mass in the chiral
limit. Note, however, that we employ the physical baryon
(and meson) masses in the resulting interaction, as usually
done in this type of effective Lagrangian approaches. The
NLO Lagrangian depends on a few LECs, namely bp, by,
bpand d; (i = 1, ...,4), to be determined here from the fit to
the measured KA correlation.

The total interaction kernel up to NLO, derived from
Egs. (2) and (3), reads V;; = V¥ + V5 4+ V{4 VIO,
where the elements of the interaction matrix V/ ; couple all
possible meson-baryon channels, see Refs. [50,51] for
details. The interaction kernel in the present (S = -2,
QO = —1) sector is derived from the (§=-2, Q=0)
one [14] by employing basic isospin arguments.

The final step is to connect the interaction kernel to the
scattering amplitude T;, required to evaluate the wave
functions and calculate the CF. The UyPT method, adopted
here due to the presence of the Z* resonances, solves the
Bethe-Salpeter equations through an on-shell factorization,
leaving a simple system of algebraic equations expressed in
matrix form as

Tij=(1-VyG)™ 'V, (4)

being G, the meson-baryon loop function whose logarith-
mic divergence is handled by dimensional regularization

2M, M? m}—-M?+s_ m?

G =—— In—L+—+—L  "pn—L
1 (471_)2 {al(ﬂ) + ﬂz +

Gem | [(s + 21/5qem)* — (M} — m?)z} }

- \/E (S - 2\/§qcm)2 - (1‘/112 - m%)Z

(5)

The former expression comes in terms of the baryon (M)
and meson (m;) masses for the /-channel as well as the
subtraction constants (SCs) a;, replacing the divergence for
a given dimensional regularization scale y, taken to be
630 MeV. Despite a natural size can be established for
them, the lack of knowledge about the SCs requires their
inclusion in the fitting procedure. The number of indepen-
dent SCs is four, following isospin symmetry arguments.
Summarizing, the UyPT with WT + Born + NLO terms in
this sector leaves a scattering amplitude that depends on 13
parameters never determined before. Hence, the KA CF
offers an unprecedented opportunity to constrain a theo-
retical model that can be employed to make novel pre-
dictions in a quite unknown sector.

The procedure to determine the LECs and SCs of this
model, referred from now on as the Valencia-Barcelona-
Catania (VBC) model, is described in the following section.

Fitting procedure. Following the approach in the exper-
imental K~A analysis [32], the function we use to fit the
data reads

C<k*) = ND X Cmodel(k*) X Cbackground(k*)' (6)

The term Cmodel(k*) =1 + /Igen X (Cgen(k*) - 1) +
D res Ares X (Cres(k*) — 1) includes the genuine K~A cor-
relation, defined via Eq. (1) and obtained within the VBC
model, as well as the residual contributions. The correla-
tions are weighted with the same A parameters used in [32]
and the interaction amongst the pairs composing the
residual correlations is modeled using the same assump-
tions adopted in [32].

A prior knowledge of the source function is needed
to evaluate both the genuine and residual contribu-
tions [45,52]. In particular, to obtain Cy,(k*), we deter-
mined the specific emitting sources for each elastic and
inelastic channel, following the same approach used in the
treatment of the coupled-channel contributions of the K™p
correlation in [39]. For the elastic K~ A part, we assume the
same double Gaussian source parametrization employed
in [32]. The same source distribution is assumed also for
the residual correlations.

As shown in [39], depending on the pairs entering the
inelastic contributions, the corresponding source profiles
can significantly deviate from the elastic one. Such an effect
is particularly relevant when pions are involved, as in the
case at hand here in which the channels 7~E° and #z°Z~ are
present. We perform a detailed study on the source profiles
of the inelastic channels by adopting the data-driven
resonance source model (RSM) in [48], used as well in
the KA correlation measurement [32] and in several
femtoscopic analyses [34,37,39-42,53]. Following [39],
we build, for each inelastic channel, a total source having
a Gaussian core with radius r.,,. = 1.11 +£0.04 [32],
common to all channels, and a non-Gaussian contribution
from the feeding of strongly decaying resonances. As done
for the elastic K~A channel, the final inelastic sources
are modeled with a double Gaussian parametrization.
Compatible parameters are found between the K=Y and
K%~ effective sources and the KA one, while larger radii
are obtained for the zZ channels due to the long-lived
resonances (c7 2 5 fm) feeding to the pions. The remaining
S,=-(r*) distribution is localized at slightly smaller r* since
no significant strong feed-down to the E baryon is present.
We assign the same relative uncertainties (x4%) on the
inelastic source’s parameters of the reported one on r..

in [32].
The last quantities to be evaluated are the production
weights @"". We employed the same data-driven method

used for the K™p correlation analysis [39], measured in
the same high-multiplicity dataset we are considering.

The values obtained for each inelastic channel (normalized

to the KA one, e.g., a)%rf’i: 1) are o™ =1.53,

20 T
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ol = 1.58, ol =0.68, ol =0.63 and oft’ =
0.18. We associate errors on the productions weights of
the order of maximum ~10% by propagating the available
uncertainties on the parameters used to estimate the
inelastic pairs yields [54] and the k* kinematics, as
done in [39]. Additional details on the source and

w?md determination can be found in the Supplemental

Material [55].

For the comparison with the measured K~ A correlation
in [32], a residual background, given by the last term in
Eq. (6), must be taken into account. The profile of
Chackground (K*), publicly available at [56], is composed of
a polynomial function plus the presence of several reso-
nances at large k*, amongst which the £(1690). In [32], the
latter has been modeled with a Breit-Wigner distribution
and the corresponding mass and widths extracted from the
fit were found compatible with the PDG values [57]. In
our work, the Z(1690) is dynamically generated within
the VBC model entering the Cjoqq(k*) term, hence the
modeling of this resonance in the background should not be
included. To do so, we perform a fit to the available
Chackground (K*), using Eq. (3) in [32], and we set to zero
the Breit-Wigner term for the E(1690). The final back-
ground correlation entering in our fit contains only as
resonances the Q at k*~ 210 MeV/c and the E(1820)
at k* ~ 400 MeV/c.

The fit of Cy(k*) to the K~A correlation data
is performed, as in [32], in the range 0 <k* <
500 MeV/c, leaving as free parameters the normalization
constant N, the LECs and SCs of the VBC model. The
experimental momentum resolution applied to the theo-
retical correlation was not taken into account since its
effect has been found negligible in similar measured
correlations [40].

The fitting procedure we adopt is based on the bootstrap
technique used as in [32]. A total of 1000 samplings is
performed in which we also, at each iteration, vary
randomly the values of the source parameters and produc-
tion weights within the quoted uncertainties.

Results. In Fig. 1 we present the results of the fit of C(k*)
(red band) to the measured K~ A correlation. The extracted
parameters of the VBC model are shown in Table 1. Values
of the SCs of ~ — 2 are of “natural size” [58]. The lowest-
order LEC f tends toward its smallest allowed value, f,.
The NLO LECs are, in general, comparable in size with
those determined for the S = —1 interaction [59-61], with
the exception of b,, whose size turns out to be roughly one
order of magnitude larger. As this parameter appears in all
the diagonal elements of the NLO D;; coefficients (see
Table 1 in [14] and Eq. (10) in [51]), it is responsible for the
generation of moderately attractive interactions in the K™A
and 7=~ channels that are otherwise null at the WT level.
This provides the S = —2 model at NLO with a richer

HALELELE BLELELELE BLELELEL BLELELELE BLELELELE BLELELELE BLELELELE B B
14 BA-K @ A-K'data 7
1.35 * _Cmodel _;
1.3 - Cbackground =

- Z(1620) .
125 =

g | z
1.15F " . -
11F \h ’? =(1690) _(1820)‘5

1-_uuu.I....I....I....I....I....I....I....I..T:

0 50 100 150 200 250 300 350 400

k* (MeV/c)

FIG. 1. Experimental K~A correlation data with systematic
(gray boxes) and statistical (vertical lines) uncertainties [32]. The
red band is the total fit obtained with the VBC model. The darker
shade is due to the statistical uncertainty on the data, while the

light shade corresponds to the total error oy, = /0%, + 3.

The gray band represents the background. Lower panel: deviation
between data and model in terms of numbers of standard
deviations.

coupled-channel structure than its LO counterpart, allowing
it to reproduce the CF in a wide momentum range. Indeed,
the tuned VBC model describes the data very well in the
region of k* <200 MeV/c, where the presence of the
E(1620), dynamically generated as a meson-baryon quasi-
bound state in the model, is dominant. A reasonable
description is also found for the peak around k* =~
250 MeV/ ¢ associated to the E(1690) state, which is also
generated dynamically by the VBC model.

In Table IT we present the pole properties for the Z(1620)
and E(1690) states obtained in the VBC model. Both poles
are found in the physically relevant Riemann sheet and the
corresponding masses and widths are compatible with the
current experimental data [15,18], reported in the last two
rows. Such an agreement confirms, as demonstrated in [14]
and in contrast to all previous studies [8—13], that the
inclusion of Born and the NLO contributions is crucial to
dynamically generate both E* simultaneously. A novel
aspect of the present study comes when inspecting the
couplings g; of the different channels to the Z(1620) pole.
The strong coupling to the highest channel, at the expense
of reducing sizeably the ones to the z= and K™ A, reveals a
paradigm shift in the compositeness of the Z(1620) state.
All former works interpret such a state as a 72-KA
molecule with a non-negligible coupling to the KX channel.
In the present study, the molecule basically consists of a
K~A—#E~ mixing, with the latter being the dominant
component. A direct consequence of the reduced couplings
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TABLE 1. Extracted fit parameters with LECs and subtraction
constants of the VBC § = —2 meson-baryon interaction at NLO
and normalization constant Np. The bootstrap method [62—64]
was employed to determine the errors of the parameters.

TABLE II. Poles, couplings and compositeness of the reso-
nances generated by the VBC S = —2 meson-baryon interaction
at NLO. The number between brackets in the first column denotes
the channel threshold energy in MeV.

az, —2.96 +0.11
ang —1.87 £0.10
asg —1.32+£0.02
as, —2.42 +0.03
f1fx 1.000 + 0.001
by [GeV™'] —2.997 £ 0.002
bp [GeV™] 1.20 + 0.09
br [GeV™!] —0.30 £0.12
d, [GeV™!] —0.69 +0.18
d [GeV™'] —0.21 £ 0.06
d; [GeV™] 0.08 +0.20
d, [GeV™1] —0.39 + 0.05
Np 1.0015 = 0.0004

to the z2 and K~A open channels is a much narrower
E(1620) width, in contrast to previous values, which
approaches the experimental data. For the Z(1690) reso-
nance, which appears basically as a KX quasibound state,
we observe that the theoretical energy is located below the
expected experimental value and the lowest KX threshold.
The latter condition reduces the possibility of decaying into
KX states, leading to a reduction of the width with respect
to [14].

A good quality fit to the CF at low momenta can also be
obtained with the simpler WT model at the expense of
some SCs being close to zero and thus being rather
“unnatural.” The resulting amplitudes present a low energy
pole compatible with the lower one of the NLO fit.
However, the WT model fails at describing the data around
k* ~ 250 MeV//c since no higher energy pole is generated.

Two important observations can be drawn: first, the
information encoded in the CF strongly indicates the
existence of a resonance having an energy of around
1620 MeV and a width of <30 MeV, as its shape can only
be reproduced by an explicit inclusion of the resonance [32],
or by theoretical models that generate it dynamically with
similar characteristics. Second, it is necessary to implement
the NLO terms of the chiral Lagrangian in order to
reproduce the low momenta region of the CF and the
E(1690) at k* ~ 250 MeV/c.

The position of the near-threshold Z(1620) pole is related
to the scattering length f, and effective range r, [13,65-67].
The tuned VBC model delivers respectively f, = (0.23 +
0.05) + i(0.45 + 0.07) fm and rz=(—6.35+5.57) +
(36.22+£3.90) fm, in agreement with the results obtained
within a more phenomenological approach in [32].

It is known that a near-threshold resonance above the
threshold requires an important contribution from the
effective range [13,67], as it is the case of the E(1620)

mass M: 1612.68 MeV 1670.28 MeV
width I™: 24.57 MeV 7.44 MeV

Riemann sheet: (—=—=+++) (———+++)

|9:] lg;dG/dE| gl |g7dG/dE|

7~E(1454) 0.51 0014 022 0002
HOE_(1456) 0.36 0.007 0.39 0.007
K~A(1609) 0.94 0.162 0.07 0.000
K‘ZO(1686) 0.17 0.002 2.20 0.761
KO ~(1695) 0.21 0.003 1.37 0.230
7=~ (1868) 5.86 0.937 0.05 0.000

Experimental Z*:
mass M:
width I™:

E(1620) [18]
1610.4 +6.0137 MeV
59.9 £4.8758 MeV

2(1690) [57]
1690 + 10 MeV
20 + 15 MeV

pole with the present model. With the scattering length
only, the pole position is estimated as M —il'/2 =
1739.83 +1180.53 MeV, largely deviating from the values
in Table II. The situation improves by including the
effective  range correction, M —il'/2 =1616.31+
11.75 MeV. The importance of r,, having a larger magni-
tude than fy, is due to the location of the E(1620) pole
above the K~ A threshold. Interestingly, one can also repeat
the study of Ref. [32] by using the same phenomenological
Sill energy line-shape of Ref. [68] extended to all the six
channels studied in this work. The pole for £(1620) in the
(=, —,—,+ + +) Riemann sheet reads 1617.4—1i3.6 MeV,
compatible with (but having a smaller width than) the
VBC results.

Conclusions. In this letter, we present a novel method to
extract information on hadron-hadron interactions using for
the first time high-precision femtoscopic data to constrain
the low-energy constants of a QCD effective Lagrangian. In
particular, we determined for the first time the LECs, up to
higher-order corrections, of the effective Lagrangian in the
S = —2 meson-baryon sector using the measured KA
correlation by ALICE [32]. The description of the data is
based on a UyPT NLO Lagrangian, which accounts for the
full (S=-2,0 =—1) meson-baryon coupled channel
dynamics and dynamically generates the Z(1620) and
E(1690) states [14]. Effects of the inelastic channels on
the calculated K™A CF were carefully taken into account
with a data-driven estimation on the emitting source
parameters and production weights.

The VBC model delivers a very good description of the
data in the considered k* range. The extracted SCs take
their “natural size” values and we observe a large sensitivity
of the correlation data to the NLO LECs responsible for the
elastic transitions.
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The fitted parameters were used to study of the Z(1620)
and E(1690) poles, whose masses and widths turned out to
be compatible with the available experimental measure-
ments. As a novel effect of the femtoscopic constraints and
in contrast to previous calculations, one of the molecular
states generated [2(1620)] mainly consist of a #E quasi-
bound state.

The method presented here can be extended to other
interactions, involving strange and charm hadrons, which
may potentially generate states from coupled channel
dynamics, such as the E(1620) and E(1690) ones in the
present study. For these cases the synergy between the
theoretical modeling and available femtoscopic data can
provide complementary information on the nature of such
exotic states.
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