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Distributions of baryons in high-energy collisions of hadrons and nuclei
contain important information on the mechanism underlying multiparticle
production processes. In this work, we present a phenomenological study
of new, high precision experimental data on non-strange baryon spectra
in pp and pC reactions at /syn = 17.3 GeV, made in the framework of
the Dual Parton Model. These new experimental data are not subject
to limitations imposed to earlier data sets used in such studies. We find
that the classical mechanism proposed by Capella and Tran Thanh Van
cannot describe the full distribution of final-state baryons in pC reactions
in which the proton projectile undergoes multiple collisions with carbon
nucleons. This reveals a new class of baryonic final states, characterized by
long-distance transfers of baryon number in rapidity space. If confirmed,
our observation brings important implications for antiproton reactions with
nuclear targets, suggesting the need for a new experimental programme
aimed at studies of such processes.
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1. Introduction

Processes of multiparticle production in inelastic scattering of hadrons on
nuclei at high energies and small momentum transfers have been studied for
many years. Such “soft processes” are very common and contribute a large
fraction to inelastic cross sections. Nevertheless, they are still rather poorly
understood. A rigorous theoretical description of soft processes is lacking
because perturbative QCD is not valid in this case. Only phenomenological
models are available at present which offer a quantitative description of
rather limited accuracy. These models depend on experimental information

* This research was initiated by the talk “Kacper as my mentor” delivered by one of
us (M.J.) in the session “Prof. Zalewski Laudare” at the XXVI Cracow Epiphany
Conference on LHC Physics: Standard Model and Beyond, Krakow, Poland, January
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in a most crucial way and their predictive power is also limited. However,
they provide us with some general picture and insight into the mechanism
of non-perturbative phenomena.

In this article, we present a brief report on our attempt to describe high
precision data on pp [1] and pC [2] inelastic scattering at 158 GeV /¢ beam
momentum, which corresponds to \/syny = 17.3 GeV. The analysis has been
performed in the framework of the Dual Parton Model [3]. Our work has
revealed a new class of final states in multiple scattering of protons on nu-
clei. These final states are characterized by long-distance transfers of baryon
number in rapidity space. If true, this observation leads to very interesting
implications for inelastic scattering of antiprotons on nucleons and nuclei. In
processes involving p and two or more nucleons in a nucleus, a long-distance
transfer of baryon number may result in antiproton annihilation on a few
participating nucleons, in contrast with annihilation on a single nucleon.

Our work is a logical continuation of the study started a few decades ago
by Kacper Zalewski and one of us (M.J.) [4] and followed later in Refs. [5, 6].
It is largely inspired by the fact that the limitations of the cited analyses
related to the scarcity of available experimental data have been at present
at least partially lifted.

2. Collisions of hadrons and nuclei in the Dual Parton Model

An attractive feature of the Dual Parton Model (DPM) is that it resem-
bles and closely follows a successful description of “hard” processes in the
framework of QCD. Hadrons are described as systems of constituents with
longitudinal momentum fractions given by constituent distribution func-
tions. However, there is a clear difference between constituents of DPM and
partons of QCD. The number of partons in a hadron is infinite, whereas the
number of constituents is always finite. Let us start from hadron—hadron col-
lisions. In single scattering processes, a meson is described as a compound of
a colour triplet valence quark ¢ and a colour antitriplet valence antiquark g,
whereas a baryon is composed of a diquark D and a quark ¢q. The diquark is
a constituent containing two valence quarks in colour antitriplet state. We
will further elaborate on this below.

Of course, before the collision hadrons are colour singlets. Exchanges
of an octet or a singlet are only allowed by the SU(3) algebra of colour in
interactions of mesons with hadrons and nuclei. It is so because for the
two constituents of a meson, which are in colour representations 3 and 3,
respectively, only the octet and singlet states can be made out of them. It is
plausible that the singlet exchange initiates inelastic diffraction events be-
cause it does not affect the colour configuration of all the constituents, which
together produce a very energetic secondary particle in the final state. It is
assumed that non-diffractive inelastic processes are initiated by colour octet
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(gluon) exchange between colliding particles 1 and 2. As a result, the con-
stituents of these particles are in colour octet states. However, it is possible
to form two colour singlets by connecting one constituent of particle 1 with
a constituent of particle 2. The two remaining constituents form another
colour singlet. Baryons are composed of three valence quarks. In the prod-
uct of three fundamental representations of SU(3), 3®3®3 = 1®8®8® 10,
only three irreducible representations appear: singlet, octet and decuplet.
However, soft collisions of mesons and baryons are initiated by octet or
singlet exchanges only. The decuplet exchange is not allowed between two
baryons which are initially both in colour singlet states. It is so, because
after the decuplet being exchanged, one of these protons would become an
antidecuplet which is impossible for an object composed of three quark con-
stituents. Due to this limitation, in all hadron—hadron processes, baryons
can be treated as composed of two constituents: a quark ¢ and a diquark D.

Let us now consider a meson—meson collision. A fundamental building
block is a high mass colour singlet system ¢;g> which fragments into hadrons
in the same way as a virtual photon or a W boson of the same mass. In our
notation, ¢; denotes the quark in particle 1 and ¢ the antiquark in parti-
cle 2, and ¢1¢o is the other colour singlet. A colour singlet system of two
constituents spanned by a colour field tube (a string) is called a chain. For
meson—meson processes, two chains are formed: ¢—¢ and g—q. With elapsing
time, the strings break via quark—antiquark pair creation in a strong colour
field and each of the chains fragments (dominantly) into mesons. This mech-
anism of chain fragmentation implies that the electric charge of a constituent
is transferred into a particle whose rapidity is not much different from the
rapidity of this constituent. This means that the net electric charge of lead-
ing (i.e. most energetic) particles which are created in the fragmentation
process depends on the electric charge of the corresponding constituent. In
other words, this electric charge is deposited locally, i.e. within a limited
distance in rapidity. However, the same mechanism of string fragmentation
leads to a very different result for the baryon number: for a chain of 3-3
type, the baryon number B = % is transferred from a colour triplet con-
stituent at one end to 3 at the other end of the chain. We observe that a
long-distance transfer of the baryon number in rapidity space is a very com-
mon phenomenon and it always goes in the direction given by the underlying
colour configuration: from 3 to 3. Of course, it does not mean that these
long-distance transfers are always manifest. On the contrary, in processes
which are initiated by octet exchange two chains are formed, one of 3-3 and
the other of 3-3 type, and the corresponding transfers of baryon number
cancel out.
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For those meson-baryon inelastic collisions which are initiated by colour
octet exchange, two chains are formed. One of them is a §g—¢ chain, which
has been already discussed, and the other is ¢—D, a new type of 3-3 chain.
A long-distance transfer of baryon number for a ¢—D chain results in pro-
duction of a baryon whose momentum is a large fraction of the constituent
diquark. We note that the same conclusion can be obtained by studying
the fragmentation of the ¢g—D chain in the diquark rest frame: it is evident
that this process should be dominated by fragmentation into a slow baryon
and a ¢—q chain. In principle, the fragmentation function for the ¢—D chain
can be obtained from a good quality experimental input. This has been
attempted in the past in Ref. [6] and will again be performed, with better
accuracy, in Sec. 4 below.

For proton—proton collisions and octet exchange, two chains are pro-
duced: ¢—D and D—q. In our convention, the first constituent defining the
chain originates from the proton moving to the right and the second one is
coming from the proton moving to the left in the center-of-mass frame. In
the fragmentation of the g—D chain, a fast baryon is produced which in most
cases moves to the left, 7.e. it is slow in the rest frame of the diquark D. In
the process of the D—¢q chain fragmentation, another baryon appears mov-
ing to the right. Apparently in the spectrum of the produced particles, no
long-distance transfer of baryon number is present in accordance with our
earlier remark. However, for protons scattered on more than one nucleon in
a nucleus, a decuplet exchange is not forbidden by the rules of colour alge-
bra. If the time evolution starts from the three constituents of the incident
proton in the colour decuplet state, which is colour symmetric, it is not pos-
sible to describe these constituents as a quark + diquark system. Evidently,
if such a situation happens and the diquark is disintegrated by subsequent
collisions with participating nucleons, then the framework of DPM becomes
too restrictive and has to be extended. As an example, let us consider a
decuplet exchange in interaction with three participants in the nucleus and
assume that after the colour exchange, each participant in the nucleus is a
normal DPM colour octet gD system composed of two constituents, whereas
the proton is gqq in colour 10 representation. It is not forbidden by the rules
of colour algebra that three chains of ¢—D type are produced, where all the
quarks come from the proton. Long-distance transfers of baryon number due
to fragmentation of the ¢—D chains do not cancel out. It is just opposite:
they add and result in a transfer of B = 1 from the proton hemisphere to
the hemisphere of the nucleus. It is necessary to study the fate of three
“orphans” — the quark constituents of the nucleons — participants. Be-
ing a colour singlet they may form a new object whose fragmentation leads
to production of a baryon in the nucleus hemisphere. A similar construc-
tion with a long transfer of baryon number can be made for any number of
participating target nucleons larger than one.
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As the last and presumably the most interesting case, we consider pp
and p—nucleus inelastic collisions. For pp and octet exchange, two chains
are produced: §-¢ and D-D. The latter is a new type of a chain and its
fragmentation is dominated by production of a fast antibaryon moving in
the direction of p and a fast baryon moving in the direction of p [6]. There is,
however, another option: D—D can fragment into mesons only, which may
be related to a contribution to pp annihilation, decreasing with energy.

An exciting possibility is that the decuplet exchange is not very much
suppressed for pp. Such a process is not forbidden by the rules of colour
addition. In contrast to pp, the antiproton can be an antidecuplet in the
process of decuplet exchange. It is up to the experiment to measure the
corresponding cross section and to decide whether it can be neglected. As
the fragmentation of three ¢—¢ chains is dominated by final states with no
baryons, this would be another contribution to the annihilation. One may
even speculate that the cross section of such a contribution does not decrease
with energy. If the decuplet exchange is found to be strongly suppressed in
pp processes, such an observation can be understood as a consequence of a
single octet exchange as a dominating mechanism initiating hadron—hadron
inelastic collisions. Even if the cross section for the annihilation of pp into
three ¢—¢ chains is found to be very small, it is still possible that a novel
mechanism of annihilation on a few nucleons in nuclei exists and is not small.
This result follows from a reasoning in a close analogy to that presented
above and leading to long-distance transfers of baryon number in the case
of proton—nucleus collisions.

3. Experimental progress

A significant limitation for the earlier studies was the lack of complete,
precise experimental data on baryon emission in (at least) the full projectile
hemisphere of hadron—hadron and hadron—nucleus reactions. We note that
even nowadays, high precision data in these processes usually suffer from
limited coverage as it is the case, for instance, for measurements performed
at the Large Hadron Collider. Hermeticity still remains on the experimental
to-do list even at much lower energies of the order of \/syn = 20 GeV.

However, an improvement of this situation is to be noted at CERN SPS
energies where high precision and extended coverage data on pp and pC
collisions have been released in 2005-2013 [1, 2, 7-9|. Specifically, new mea-
surements include not only proton but also neutron spectra and extend up
to the kinematic limit at xp = 1 with no lower cut-off on transverse mo-
mentum pr. This brings us several advantages with respect to the earlier
studies [4-6]:
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— The necessity of very doubtful basing of the phenomenological anal-
ysis on protons as a proxy for the total baryon number disappears.
Specifically, no assumptions on the “isospin flip” in the course of the
constituent fragmentation process has to be made as the latter becomes
in fact a measured quantity.

— The inclusion of essentially all emitted protons into the measure-
ments [1, 2| allows for the delimitation of processes without colour
exchange (diffractive) which is important for the normalization of our
model predictions.

— The fact that both pp and pC data sets were provided by the same
experiment (NA49 at the CERN SPS [10]) allows for the isolation
of baryon distributions in the final state of multiple proton—nucleon
collisions, as it will be discussed in Sec. 5.

In the following two sections, we briefly summarize our study of the cited
data; a fully detailed description will be provided in a separate paper.

4. Diquark fragmentation in proton—proton collisions

As a first part of our analysis, we study pp collisions [1] in the frame-
work of the diquark—quark (D—q) chain fragmentation scenario formulated
by Capella and Tran Thanh Van [3]. Our approach is identical to that
applied in Ref. [6] but our fragmentation function parametrizes the frag-
mentation of the chain into all non-strange baryons. In Fig. 1, we present
the net non-strange baryon rapidity distribution which we obtained from net
proton and neutron spectra [1]:

le (vp — (B - B) X) = jZ(pp% (p—ﬁ)X)+?;(pp—> (n—)X) . (1)

We note that in Eq. (1) above, in order to subtract the contribution from
baryon—antibaryon pair creation, we took the assumption n = p for sim-
plicity (see Ref. [1]| for comparison). We also derived the neutron rapidity
distribution from the published dn/dxp spectrum assuming the similarity of
pr distributions for protons and neutrons. As it is evident from the figure,
a properly defined fragmentation function allows for a detailed description of
the net baryon spectrum up to 2.5 units in c.m.s. rapidity. This description
does evidently not include the proton diffractive peak at high rapidity which
is generally believed to originate from processes with no colour exchange.
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Fig.1. Distribution of net non-strange baryons measured in pp collisions at
VNN = 17.3 GeV (data points), put together with the result of our model calcu-
lation (solid line). The dotted lines in the region of matching the model to the data
represent our tentative estimate of the uncertainty of the data points, evaluated
from systematic errors provided in Ref. [1]. The contribution from the projectile
diquark is indicated with a dashed line.

5. Collision of a proton with more than one nucleon

As the second step of this analysis, we turn towards inclusive inelastic
pC reactions where experimental data on non-strange baryons of quality
comparable to pp collisions are available [2]. We obtain the net non-strange
baryon rapidity distribution (ciTZ (pC — (B—-B)X ) in the way identical to pp
reactions discussed above. Subsequently, we note that the inclusive sample
of inelastic proton—carbon collisions is in fact dominated by single proton—
nucleon interactions, which will be similar to pp collisions once proper isospin
effects are taken into account. We make use of the fact that the two data
sets [1] and [2] originate from the same experiment which results in similar
data coverage, binning, and systematic errors. Consequently, we extract the
net baryon distribution in the sub-inclusive sample of pC reactions in which
the projectile proton undergoes only multiple collisions with nucleons from
the carbon target!. This distribution we obtain as

! We take this term from Ref. [11], where a similar extraction was performed for pion
spectra.



1214 M. JEZABEK, A. RYBICKI

(:; (PCruttipte coltisions — (B — B) X))
B 1—113(1) (jZ (nC = (B-B) X) - P(1) iZ (pp = (B-B) X)) , (2)

where P(1) is the probability of the proton projectile to hit a single nucleon
from carbon which we take from a Glauber Monte Carlo dedicated to the
data sample [2| which one of us (A.R.) published elsewhere [11]|. The result is
presented in Fig. 2 as data points. Account taken that the multiple collision
pC sample is dominated by events where the proton collides with n = 2
carbon nucleons, it becomes evident that the latter are characterized by
significantly “softer” final-state baryons with respect to pp collisions shown
in Fig. 1.
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Fig.2. Distribution of net non-strange baryons in pC reactions at /syy =
17.3 GeV in which the projectile proton undergoes only multiple collisions with
target nucleons (data points), put together with the result of our model calculation
(solid line). The dotted lines represent our tentative estimate of the uncertainty
of the data points, evaluated from systematic errors provided in Refs. [1, 2]. The
dashed line illustrates the result of our model calculation (solid line) scaled by 0.6.

Subsequently, we perform the analysis of this sub-inclusive multiple colli-
sion component of pC reactions in the framework of the Dual Parton Model.
In the “standard” DPM scenario formulated by Capella and Tran Thanh
Van [3], a proton undergoing the process of collision with n target nucle-
ons is composed of 2n constituents, out of which 2n — 2 are sea quarks and
antiquarks, while the remaining are the valence quark and diquark whose
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momentum distribution is modified as a function of n following the formu-
lae specified in Ref. [6]. Our present work follows strictly the prescriptions
given therein, but our Monte Carlo code includes also the formation of ¢—D
chains between valence and sea quarks from the projectile proton and the
diquarks from the carbon target, which contribute to the target baryon num-
ber feed-over into the projectile hemisphere at positive c.m.s. rapidity. We
use the chain fragmentation function obtained from pp collisions in Sec. 4,
and take for granted that all processes where the proton collides with mul-
tiple nucleons are attributable to colour exchange rather than to diffractive
phenomena’.

The result of our analysis is presented in Fig. 2 as the solid line. Evi-
dently, the standard scenario of softening the projectile diquark D—q chain
fragmenting into baryons significantly underpredicts the nuclear stopping
power? in the situation of a collision with n > 1 nucleons. In this way, an
old controversy [13] is fixed in favour of Ref. [12]. The failure of the model
is quite spectacular account taken of its success at n = 1, see Fig. 1 for
comparison. In the collision of the projectile proton with multiple carbon
target nucleons, the fragmentation of the D—q chain cannot be considered as
the only mechanism responsible for bringing the initial baryon number into
the final state.

6. Transport of baryon number in more than one collision

The precision of the experimental data allows us to establish the upper
limit for the contribution of the standard D—¢q fragmentation mechanism
for n > 1 collisions. As shown in Fig. 2, we estimate this upper limit to
about 60% (this number has some uncertainty imposed by the accuracy
of the data points also presented in the figure). The remaining ~ 40%
must be attributed to another mechanism, the importance of which should
increase for baryons found at lower rapidities. We remind the reader that this
mechanism cannot be the standard fragmentation of g—D chains connected
to target diquarks because the latter is already included in our calculation
(Fig. 2, solid line) and, in fact, gives a significant contribution to the baryon
spectrum at y = 0, see Fig. 1 for comparison.

Our conclusion from our study is that the projectile diquark can remain
intact in the course of not more than about 60% of multiple collision pro-
cesses. In our view, the most evident alternative is its disintegration into
separate valence quarks. This scenario clearly opens new configurations for
colour string (chain) formation, including in particular the appearance of
multiple chains connecting the target diquark to projectile valence quark,

2 A justification based on experimental data [1, 2] will be presented in a separate paper.
The conclusions formulated in Secs. 6-8 depend very little on this statement.
3 Term taken from Ref. [12].
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far more efficient in bringing the net baryon number towards low or negative
rapidities than the standard scenario proposed by Capella and Tran Thanh
Van [3], see discussion made in Sec. 2.

Of course, the above may result in quite a complicated picture as it is
difficult to believe that the contribution from this new mechanism will re-
main constant for n = 2,3,4,... or more collisions. On the contrary, it
seems more plausible to suppose an n-dependence for the probability of di-
quark disintegration. We will further elaborate on this issue in a separate
paper. However, it seems clear to us that already the modern experimental
data [1, 2| offer deeper insight into the mechanism of transport of baryon
number to the final state with respect to what was available to earlier stud-
ies [4-6, 14]. This has important consequences which we will address below.

7. Need for measurements with antiprotonic beams

It is generally not disputable that the transport of baryon number from
the initial to the final state of the high-energy collision offers one of the
best chances to obtain a reliable insight into the fate of quarks in non-
perturbative strong processes. The transfer of initial collision energy into
final-state baryons has a fundamental importance for the totality of nowa-
days heavy-ion physics, including most of all the energy density necessary for
quark—gluon plasma formation [15], and this issue is not exempt of spectacu-
lar controversies [16]. Having this in mind, the state-of-the-art knowledge on
this process must be stated as surprisingly limited. This is even more so as
our main present source of information on strong interactions at high energy
— the LHC experimental programme — suffers from stringent limitations
as far as new measurements of identified baryons in large continued ranges
of g of the type discussed here are concerned. This is trivially imposed by
the characteristic ranges of /sy of the order of tens of TeV.

On the other hand, our study described here makes it apparent to us
that with the advent of new experimental data like [1, 2], quite fundamental
elements of this process — such as the survival or disintegration of diquarks
in the course of the collision® — can be elucidated with far better certitude
than in the earlier studies which built the present state-of-the-art knowledge
on the energy deposition in collisions of hadrons and nuclei [5, 6, 12, 15].
The corresponding key factors seem to us to be the completeness, coverage
and precision of new measurements, as well as their isospin-independence
obtained by means of neutron data of unprecedented reliability.

Consequently, we feel obliged to point out the two possible ways for a
feasible improvement of the present phenomenological situation.

4 We note in passing the connection between the discussion made here and the nu-
merous phenomenological issues raised by the studies made in the framework of the
wounded constituent (quark—diquark) model [17-19].
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The first, more obvious option is of course the need for new experimen-
tal data — fulfilling the reasonably rigorous requirements specified above —
on meson-induced and proton-induced reactions on protons and heavier nu-
clei. It is evident that a phenomenological analysis of such reactions would
allow for studies of processes such as diquark disintegration in multiple scat-
tering processes more in-depth with respect to what we presented above.
We admit that at the present moment, we are not aware of such data of
quality comparable to [1, 2| at least for \/syy > 15 GeV, although various
preliminary and final data are available from, e.g. NA49 and NA61/SHINE
collaborations [20-25]. However, obtaining such new data seems to con-
stitute a manpower /financial effort close to negligible with respect to the
overall working effort of the heavy-ion field.

The second, less obvious but possibly more rewarding option is a new ex-
perimental programme aimed at new data on antiproton-induced reactions.
It has been known since the early works [4—6| that the usage of a projectile
with negative baryon number offers new possibilities of studying the proper-
ties of the non-perturbative strong process by the presence of its annihilation,
see Sec. 2 for comparison. In our view, the results of the introductory study
reported in Secs. 4-5 entitle us to the statement that a comparative analy-
sis of identified net antibaryon (net baryon) spectra in antiproton (proton)
induced reactions as a function of the number of interacting target nucleons
offers the unique (best ever) opportunity for a detailed disentanglement of
the different elements of the process of baryon number transport up to, e.g.
the annithilation of baryon number from the disintegrated anti-diquark over
multiple nucleons. It seems evident that such an experimental programme,
followed by proper phenomenological analyses not constrained by the limi-
tations characteristic to the old data sets, would constitute a relatively easy
way to improve and concretize the presently still unclear “map” of the pro-
cess of baryon transport in its relation to energy loss, quark-gluon plasma
formation and particle production.

8. Summary

As a logical continuation of the work started by Kacper Zalewski and one
of us in 1979, we performed a phenomenological analysis of new high pre-
cision data on pp and pC reactions at \/syny = 17.3 GeV in the framework
of the Dual Parton Model. This analysis was not subject to the limitations
imposed by older data sets including in particular data coverage and isospin
flip uncertainties. Our study revealed a new class of baryonic final states,
characterized by long transfers of baryon number in rapidity space. Specif-
ically, the corresponding distances are, on the average, significantly longer
than these predicted by the original mechanism [3|. If confirmed, our ob-
servation leads to very interesting implications for antiproton collisions with
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nucleons and nuclear targets, including antiproton annihilation on multiple
scattered nucleons rather than one nucleon. In our view, a new experimental
programme aimed to study such reactions as a function of the number of
participating target nucleons and collision energy is to be considered as a
realistic option to improve the presently limited state-of-the-art knowledge
on the fate of quarks in the non-perturbative baryon number transport pro-
cess and its relation to the characteristics of the system created in heavy-ion
collisions, including quark—gluon plasma formation.

We warmly congratulate Professor Kacper Zalewski for His 85" birthday,

and gratefully acknowledge His many years long collaboration with one of
us, as well as his teaching and advice brought to the two of us. We wish
Him all the very best for many years of fruitful scientific work.
We also acknowledge the work of Hans Gerhard Fischer on the release of
the experimental data [1, 2] which made this study possible. This work
was supported by the National Science Centre, Poland (NCN) under grant
No. 2014/14/E/ ST2/00018.
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