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1. Introduction

The Nuclotron at JINR will provide beams of heavy ions with energies up Ac&eV for
isospin symmetric nuclei, and 4.65@eV for Au nuclei. In central heavy-ion collisions at these
energies, nuclear densities of about 4 times nuclear matter density cathedeThese conditions
are well suited to investigate the equation-of-state (EOS) of dense nucitter which plays a
central role for the dynamics of core collapse supernovae and fotahiity of neutron stars. At
the same time, heavy-ion collisions are a rich source of strangeness eatwbtbscence of kaons
with lambdas or of lambdas with nucleons will produce a vast variety of multigtragperons or
of light hypernuclei, respectively. Even the production of light doubtpernuclei or of double-
strange dibaryons is expected to be measurable in heavy-ion collisionglatidn energies. The
observation of those objects would represent a breakthrough in darstanding of strange matter,
and would pave the road for the experimental exploration of the 3-rd dioveakthe nuclear chart
[1]. These studies are complimentary to the CBM experimental progransaosl[2].

Short range correlations (SRC) of nucleons in nuclei is the subjectefsive theoretical and
experimental works during last years. Since SRC have densities cdng#rdhe density in the
center of a nucleon which is abopit~ 509 (oo ~ 0.17 fm~2), they can be considered as the drops
of cold dense nuclear matter [3]. These studies explore a new part phése diagram and very
essential to understand the evolution of neutron stars.

The results obtained at BNL [4], SLAC [5] and JLAB [6, 7] clearly derstrate that: (i) more
than 90% all nucleons with momerka> 300 MeVk belong to 2N SRC; (ii) probability for a given
proton with momenta 30& k < 600 MeVk to belong topn correlation is~18 times larger than
for pp correlations; (iii) probability for a nucleon to have momentan800 MeVEk in medium
nuclei is~25%; (iv) 3N SRC are present in nuclei with a significant probability dwever, still
many open questions persist and further investigations are requirettdrotthe experimental and
theoretical sides. For instance, the experimental data on the spin stroic2Nél=1) and 3N SRC
are almost absent.

The main tools to study SRCs at hadronic facilities can be deuteron strucresgigations
at large internal momenta allowing to explore 2N SRC Witk 0; 3He structure to understand
the role of 2N SRC witH =1 and 3N SRC; nuclei breakuf(p, pp)X, A(p, pn)X, A(p, ppp X
etc. with the detection of few nucleons in the final state. The greate imporitatieestudy of the
spin effects in these reactions because the data on the SRCs spin stavetscarce. Nuclotron
and NICA will allow to investigate the spin effects for multi-nucleon correlatiors wide energy
range.

The spin structure of thep SRCs has been investigated at JINR via the measurements of the
tensor analyzing poweky in deuteron inclusive breakup at different energies in the wide regions
of thexg and transverse proton momentym[9, 10, 11, 12, 13]. The data on the tensor analyzing
power Ayy obtained in theA(d, p)X reaction at different values o ~0.61,~0.67,~0.72 and
~0.78 and plotted as a function of the proton transverse momepuene shown in left panels a),
b), ¢) and d) in Fig.1, respectively. The figure is taken from ref.[1B]s seen that thé\,y data
for differentxg are strongly dependent of the transverse momentum of the prgipnsValues
of Ayy are positive at smalpr and monotonously decrease while transverse momentum increasing
for all x= values. On the other hand,y values change the sign pt ~600 MeVt independently
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Figure 1: The dependence of the tensor analyzing potgas a function of the proton transverse momen-
tum pr at four different fixed values ofs ~ 0.61, 0.67, 0.72 and 0.78, are shown in the a), b), ¢) andd) lef
panels, respectivelyl, data plotted as a function of longitudinal momentum fractip obtained at fixed

pr values of~550 MeVEk, ~700 MeVk, ~800 MeVkt and~900 MeVk are presented in the a), b), c) and
d) right panels, respectively. The data are taken form [911012, 13]. The curves are explained in the
text.

onxr and demonstrate kind of negative asymptotic at lgrgeThe dashed, dash-dotted and solid
curves are the results of the calculations using standard [14, 15] &adamt [16] deuteron wave
functions (DWFs), respectively. In the right panel in Fig.1 fg data are plotted at different
values of transverse momenpa as a function ofx= . The data shown in panels a), b), ¢) and
d) correspond to the averaged valueef~550 MeVk, ~700 MeVk, ~800 MeVk and ~900
MeV/c, respectively. The figure is also taken from ref.[13]. The solid csiare the results of the
calculations by using covariant DWF [16]. One can see thatfealata for different values of
pr demonstrate a weak dependencexpnThe data obtained gqtr ~550~MeV/c are in a good
agreement with the calculations by using covariant DWF [16]. At highehyy data have negative
values, while the theory predicts a positive sign in the range of measuré&imemefore, thé,y data
clearly demonstrate the dependence on two internal varialgeamd pr (or their combinations).
However, the use of the deuteron structure function that depends ovatiedles [16] does not
allow to describe the data.

The fundamental degrees of freedom in the frame of QCD are the qaadkgluons. These
degrees (effective ones a4\, N*N, NN or 6g and 9 components) begin to play a role at the
internucleonic distances comparable with the size of the nucleon. At higlgiessrand large
transverse momentgr the constituent counting rules (CCR) [17, 18] are working. These rules
predict the dependence of the cross section of the binary re- actioihe fixed scattering angle
in the cms as a power-law &f The analysis of the experimental data on the cross sections of
thedp — pd anddd —3 Henreactions [19] has shown that the regime corresponding to CCR can
occur already afy ~ 500 MeV. Therefore, the fundamental degrees of freedom can rsaimfeéne
deuteron induced reactions at Nuclotron energies.
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2. Recent resultsobtained at internal target

The main goal of the Deuteron Spin Structure (DSS) experimental progréanobtain the
information on the spin - dependent parts of two-nucledy) @nd three-nucleon [B) forces from
two processed p- elastic scattering in a wide energy range dipe nonmesonic breakup with two
protons detection at energies 300 — 500 MeV [20, 21, 22]. The motivafithis program is based
on theoretical analysis of the experimental results obtained at low and intieteenergies for the
deuteron induced reactions (see recent reviews [23, 24] anénefs therein).

Such experimental program at Nuclotron was started by the measurerférsectorA, and
tensorAyy andAyy analyzing powers il p- elastic scattering afy of 880 MeV [25] and 2000 MeV
[26].
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Figure 2: The angular dependence of the analyzing power#\,, andAyy [25] (left panel) and differential
cross section [27, 28] (right panel) df- elastic scattering aly ~ 880 MeV. The lines are explained in the
text. The pictures are taken from ref. [25].

The results on the angular dependencies of the analyzing péwekg, andAy, of d p- elastic
scattering obtained at Nuclotron at 880 MeV [25] are presented in the@dekl of Fig.2. The
differential cross section obtained at 940 MeV [27] and 850 MeV [28&)@earlier experiments are
shown in the right panel of Fig.2 by the open circles and triangles, régglgc The solid, dashed
and dot-dashed lines are the results of the non-relativistic FaddeeVatiaos [23], relativistic
multiple scattering model [29, 30] and optical potential approach [31]. Hddeleev calculations
without invoking N forces reproduce the behaviour of the analyzing powers, howtbesrfail to
describe the cross section data at the scattering angles larger tharti®cms. The calculations
performed within relativistic multiple scattering model [29, 30] describes the da the vector
analyzing powerd, and cross section. However, there are some problems in the description of
the tensor analyzing powers at large angles in the cms. The optical potppiadach fails to
reproduce both cross section and analyzing powers. The obsegfietcies in the description
of the differential cross section and deuteron analyzing powers @880 MeV obtained at quite
large transverse momenta require the consideration of the additional nenbafor instance,’8
forces. Since preseni\3forces models cannot improve the agreement with the data obtained even
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at lower energies, new models dfi 3orces (including their short-range part) should be considered.
For instance, the next step in the relativistic multiple scattering model [29,88@]abment could
be taking into account the explid+ isobar excitation.
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Figure 3: The angular dependence of the analyzing potyén d p- elastic scattering obtained at 2000 MeV
at JINR [32] and ANL [33] is shown in the left panel by the sdadiguares and open triangles, respectively.
The differential cross section data as a function of thetsdag angle in the cms obtained at 2000 MeV at
JINR [32] and BNL [34] are given in the right panel by the sdliguares and open triangles, respectively.
The lines are explained in the text. The pictures are takan fef. [32].

The data on the analyzing poway in dp- elastic scattering obtained at 2000 MeV at JINR
[32] and ANL [33] are shown in the left panel of Fig.3 by the solid sgeaed open triangles,
respectively. The dashed and solid lines are the relativistic multiple scattedaigl [29, 30]
calculations without and with double scattering term, respectively. Oneeamithat the single
scattering mechanism does not reproduce the experimental data attteersgangle* larger
than 25. The calculation taking into account the double scattering gives a beteragnt with
the experimental data in this angular domain.

The right panel of Fig.3 represents the data on the differential cras®sen dp- elastic
scattering obtained at 2000 MeV at JINR [32] and BNL [34] shown bysthlel squares and open
triangles, respectively. Meaning of the lines is the same as in the left pamsl.c&h see that
inclusion of the double scattering term in the calculations, on the one hahd;a® the value of
the cross section in the range of the present measurements and, on thieaoitheprovides fair
agreement with the experimental results up4t6Q° in the cms. Therefore, the data on the cross
section and vector analyzing pow&y at 2000 MeV are qualitatively described by the relativistic
multiple scattering theory [29, 30]. However, some problems in the descrigtiloremain. In this
respect new experimental data in deuteron induced reaction are equire

As the first stage of the Deuteron Spin Structure (DSS) experimentalgmnd@0, 21, 22] the
beam energy scan dfp- elastic scattering cross section at the deuteron energies 400 — 2000 MeV
and measurements dfg- non-mesonic breakup at 300, 400 and 500 MeV in different kinematic
configurations have been performed at Nuclotron. These measurememrperformed using
internal target station at Nuclotron [35] with new control and data acquis#ystem [36]. The
10 um CH, foil and 8 um carbon wire were used as the targets. The effect on the hydrogen ha
been obtained using GHC subtraction.
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The detection apparatus for the studydgF elastic scattering consists of 4 scintillation coun-
ters with FEU-85 photomultiplier tubes for the detection of the protons and regtén coinci-
dence [37]. The amplitudes of the signals and timing information from the desegtre recorded
and used in the further data analysis for the elastic scattering events selection. The scintillation
counters coupled to Hamamatsu H7416MOD PMTs having better timing and ampimation
than FEU-85 PMTs were used for the measurementg at 1000 MeV. Thed p — ppnreaction
will be investigated using\E-E techniques for the detection of both protons. The details of the
experimental setup with BE-E detectors are given in ref.[38].

The measurements of the differential cross sectiod mfelastic scattering were performed
in the energy domain 400 — 880 MeV [39, 40]. The data obtained at 500 ¥V@&¥ MeV and
880 MeV [39] are in a reasonable agreement with the relativistic multiple scattheory [29, 30]
calculations. The preliminary data on the differential cross sectidpoglastic scattering obtained
at Nuclotron afTy > 1000 MeV have been reported in ref.[41]. The data for differentrkismtic
configuration for thed p— ppnreaction have been obtained at 300, 400 and 500 MeV [42]. The
procedure for useful events selection is described in ref.[43]. Bkeeahalysis is in progress.

The continuation of the DSS experimental program is related with new palanrnesource
developed at LHEP-JINR [44].

3. Extracted beam experiments

3.1 Spin studieswith polarized deuteron beam

Spin physics with extracted polarized deuteron beam from new polaragdn source [44]
can be performed with the start version of the BM@N setup [1]. Since the dizitfipof the
secondary particles is small (2 or 3 tracks) the forward and outer nsokdy can be used. The
BM@N experimental setup is installed at the 6V beamline in the fixed-targetftia# &luclotron.
The 6V beamline contains the quadrupole lenses doublet, two dipole magneiaglto correct
the beam position in the vertical and horizontal planes, and large ap8fdre dipole magnet for
the momentum measurements [1]. The first results with the relativistic deut#spard carbon
[46] beams are demonstrated the feasibility of the dense baryonic matterssiuttidight nuclei
using 6V beamline infrastructure.

The major direction of possible spin studies is the investigation of the spirtgtewaf light nu-
clei at short inter-nucleonic distances in different deuteron indueactions:A(d, p)X, d(p, p)d,
d(d, p)t (d(d,3He)n), He(d, p)*He [20, 21, 22] etc. in order to obtain independent information on
the SRC. Another topics are the investigation of the change of the bargsunances properties
in nuclear matter via the measurement of the polarization observablest¢.) in theA(d, pp)X
andA(d,d)X reactions; the investigation of the spin effects in the meson production usng th
A(d,3He)X reactions; the investigation of the spin effects in neutron induced reactigimsttie
proton spectator detection) likep— pn, np— pprr, np— nprr' T, np— drt T etc.

The transportation line VP1 does not require modification in the sense ofdtadlation or
removing of magnetic elements. But spin program realization requires to itietgbolarimeters
(with CH,-C targets) at F3 and F5 focuses for polarimetry of the deuteron (or prbeg@m. Also
the place at F5 (or F3) is needed to install liquid hydrogen (deuterium)t;tqu@arizeoeﬁe target
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[47] and set of nuclear targets. Perhaps, it will be necessary toduawe place for the stop time-
of-flight detector.

The spin physics can be divided on 3 part due to position of the targa® attNdnsportation
beam line. The physics with the target position at F5(or F3) focus is reldtedhe measurements
of the polarization observables in the reactions with the emission of the depeatade at forward
angles. The solid angle is defined by the lenses doublet 7k100-8k186 ®P1 transportation
beam line. The separation of the primary deuteron and secondary beganmgded by the bending
magnet 3SP40. The physics program can include the measurements

e of the tensor analyzing powdgg (and, possibly, vector polarization transfer coefficiegt
in the inclusive deuteron breakufd, p(0°))X, [48, 49, 50] at the highest available energy
at Nuclotron;

¢ of the tensor analyzing pow@gg in the inclusive pion productiom(d, 7 (0°))X, [51] also
at the highest available energy at Nuclotron;

o of the tensor analyzing pow@gg (and, possibly, vector polarization transfer coefficiegit
in the inelastic deuteron scattering(d,d’)X, in the vicinity of the baryonic resonances
excitation [52];

e of the tensor analyzing powépo (and, possibly, vector polarization transfer coefficiggt
in p(d, p)d [53, 54] andd(d, p)t [55] reactions;

¢ of the tensor analyzing powdpo and spin correlatioyy in the 3He(d, p)*He reaction in
the kinetic energy range between 1.0 and 1.75 GeV [56, 57];

e of the analyzing poweT,g in the A(d,®He)X [58] reactions.

The measurements of tiiele(d, p)*He reaction is mostly challenging throughout the above
mentioned experiments due to low density of the polariZidé target [47]. The goal of the
3He(d, p)*He reaction study at Nuclotron is to understand the reasons of the loriggstayz-
zle, namely, the behaviour of the tensor analyzing po¥ggrin d p- backward elastic scattering
[53, 54]. Whiletyo data ined- elastic scattering obtained at JLAB [59] afigh data ind p- in-
clusive breakup [48, 49] can be explained by using the conventianakon structure functions
and additional to the Born approximation mechanisms,THgén d p- backward elastic scattering
demonstrate unexplained the strange structure at the internal momlertQr8—0.5 GeWg in the
vicinity of the D- wave dominance.

The experiments performed at RIKEN at the energies below 270 MeV $tawen that the
polarization correlation coefficien,, = 1 — Z\%TZOJF 3C,y , for the3He(d, p)*He reaction may
be a unique probe to the D-state admixture in deuteron [56]. The usesubfekis observable
to investigate the D-state admixture is attributed to the strong spin-selectivity ironezapture
process by’He nucleus, i.e., spins of transferred neutron 3idd must be anti-parallel to each
other in order to fornfHe in the final state. In the one-nucleon exchange (ONE), the expnessio
for C,, is proportional to the D-state fraction in deuteron as

9 w

Cy
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whereu andw are the S- and D-state wave functions of deuteron in momentum space. This is
a marked contrast tdg and kg for d p backward elastic scattering which include S- and D-state
interference termuw-term) together with a-term. It is thus expected th@y, may be a candi-

date to provide an information on the deuteron structure complementary toftbos&, andkp
obtained ind p- backward elastic scattering [53].

0 500 1000 1500 2000

Tun MeV

Figure 4: Left panel: tensor analyzing pow@po, spin correlatiorCyy and polarization correlation co-
efficientC,, for the 3He(d, p)*He reaction. The dashed and solid lines represent oneaneechange
calculations without [60] and taking into account the Fennaition in the target nucleus, respectively. The
full symbols are the data obtained at RIKEN [57]. The operasgsl show the expected precision for the
data at Nuclotron. Right panel: modified for Nuclotron exmpent polarizec®He target [47].

Tensor analyzing powel,, spin correlatiorCyy and polarization correlation coefficie@y,
for the 3He(d, p)*He reaction are shown in the left panel of Fig. 4. Solid lines in the figures
represent calculations based on an impulse approximation proposed [6®efn the calculation,
the Fermi motion in the target nucleus is taken into account [57]. The full sigyd@re the data
obtained at RIKEN [57]. The open squares show the expected predwsithe data at Nuclotron.

The main goal of the experiment is to obtain the dataCgnin the energy region of 1.0—
1.75 GeV, where the contribution from the deuteron D-state is expecteédb eemaximum in
one-nucleon exchange approximation, to obtain new information on thgstsamcture observed
in the behaviour of,g in thed p- backward elastic scattering and to realize experiment on the full
determination of the matrix element of tREle(d, p)*He reaction in the model independent way.
These data will help us also to understand the short-range spin strutieateron and effects
of non-nucleonic degrees of freedom. For these purposes polatizgdron beam from new PIS
[44] and spin-exchange-type polarizéde target developed at CNS of Tokyo University [47] and
modified for the experiment at Nuclotron can be used.

The polarization observables in tpéd, p)d [53, 54] andd(d, p)t [55, 61, 62] reactions in the
collinear geometry can be measured with the same experimental setup usindhiiduogen or
deuterium target a€H, andCD, solid targets with carbon background subtraction.

The solid nuclear target can be placed inside the pole of the 3SP40 magrest. be varied
from the beginning to the middle of the pole of the 3SP40 magnet. The targebpasthe middle
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of the switched off magnet correspondst@00 mr. The following experiments can be performed
in this configuration:

¢ of the tenso,y and vectord, analyzing powers (and, possibly, vector polarization transfer
coefficientC§,’) in inclusive deuteron breakupy(d, p)X, at large transverse proton momenta
[9, 10, 11, 12, 13] at the highest available energy at Nuclotron;

¢ of the tensorAyy and vectorA, analyzing powers [63, 64, 65, 66] (and, possibly, vector
polarization transfer coefficiem},’ [67]) in the inelastic deuteron scatteriryd,d’)X, in the
vicinity of the baryonic resonances excitation;

¢ of the tensoAyy and vecto”, analyzing powers in the inclusive pion productiéd, 1) X,
[68] also at the highest available energy at Nuclotron.

The measurements of the analyzing powers in inclusive deuteron braa#ulpe inelastic deuteron
scattering in the vicinity of the baryonic resonances excitation can berpetbsimultaneously.
The measurements of the cumulatiwe production will require the change of the polarity in the
magnetic elements of 6V beam line. All these experiments require the additiQtad&tector
placed between F5 and F6 focuses.

The third part of the measurements is the spin physics with the target positie fatus.
The position of the F6 focus can be change by the magnetic optics of the &Y lwe. The
target position for this part of the experiments can be varied dependinigeoreadiness of the
inner tracker. For the low multiplicity events (2 or 3 tracks) one can use the $sarward tracker
as for the discussed above experiments. The separation of the primdaeyateand secondary
beams is provided by the modernized analyzing magnet SP41 [69]. Thsphis related with the
baryonic resonances spin properties studies at the energies betaadr635eV of the deuteron
kinetic energy and includes the measurements:

¢ of the tensorAyy and vectorAy analyzing powers in quasi-elastic and inelagtid, pp) X
reaction [70];

o of the tensoAy and vecto”, analyzing powers in the inelastic deuteron scattefifay d’) X
[67] andA(d,d’) =X reactions;

e investigation of the vector analyzing power in neutron induced reactioitb {lae proton
spectator detection) likep — pn, np— pprr, np— nprr - [71] etc.

For the these experiments the full size RPC wall is required. In parallel, thsurement of the
d p- elastic scattering [25, 26, 721d — 3Hen [73, 74, 75] anddA — 3HeX [58] processes can be
performed.

The part of the spin physics program with polarized deuterons requusgmnly magnet,
outer tracker, forward tracker based on straw or scintillation fiber $imjwes, and part of the
RPC wall. As the start time-of-flight counter one can use scintillation or akexecounters. In
addition the development of movable liquid hydrogen(deuterium) targefl@fé&m along the beam
is required. During last years a significant progress in the preparafiite BM@N experiment
has been achieved. The measurements with 1.0~G@¥Adeuteron [45] and 3.42-&eV carbon
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[46] beams demonstrated the feasibility of the experiment with the existing beanmnehe base
of these measurements the technical requirements to the Nuclotron parabedarsransportation
conditions and experimental cave details were formulated. The experinzemiland detectors
are in preparation.

The spin studies with BM@N requires also the advanced deuteron bearinaist at Nu-
clotron discussed in [76, 77].

3.2 Polarization effectsin heavy ion collisions

New signature investigated at BM@N [78] can be the change of in the patianzproper-
ties of the secondary particles in the nucleus-nucleus collisions compatieel noicleon-nucleon
collisions. A number of polarization observables have been proposadgassible signature of
phase transition, namely, decreasing of Meransverse polarization in central collisions [79, 80,
81], non-zeroA° longitudinal polarization [82, 83], non-zedyW polarization at lowpr [84],
anisotropy in dielectron production from vector mesons decay [85],afjlloyperon polarization
[86] and spin-alignment of vector mesons [87] in non-central eventsléite study of the modifi-
cation of the/\® transverse polarization and glob&l polarization at NICA and FAIR energies has
been proposed in ref. [88]. Recently the vorticity and hydrodynamiladity in noncentral heavy-
ion collisions were studied for Nuclotron/NICA energies as the functiorthe@tnergy collision,
system size etc.[89].

4. Conclusions

New data on the analyzing powekg, Ayy andAy in d p- elastic scattering at various energies
up to 2000 MeV and well as for thetp- nonmesonic breakup at the energies between 300 and 500
MeV for different kinematic configurations can be measured at ITS afltiodotron.

First stage of the BM@N setup (without or with reduced version of the itraeker) is well
suited for the physics with polarized deuterons using new PIS [44].

Measurements of the polarization effects in the heavy ion collisions can santifi enrich
the physics at BM@N.
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