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Polarization effects in hadronic reactions in a GeV region Vladimir Ladygin

1. Introduction

The Nuclotron at JINR will provide beams of heavy ions with energies up to 6A·GeV for
isospin symmetric nuclei, and 4.65 A·GeV for Au nuclei. In central heavy-ion collisions at these
energies, nuclear densities of about 4 times nuclear matter density can be reached. These conditions
are well suited to investigate the equation-of-state (EOS) of dense nuclearmatter which plays a
central role for the dynamics of core collapse supernovae and for the stability of neutron stars. At
the same time, heavy-ion collisions are a rich source of strangeness, and the coalescence of kaons
with lambdas or of lambdas with nucleons will produce a vast variety of multi-strange hyperons or
of light hypernuclei, respectively. Even the production of light double-hypernuclei or of double-
strange dibaryons is expected to be measurable in heavy-ion collisions at Nuclotron energies. The
observation of those objects would represent a breakthrough in our understanding of strange matter,
and would pave the road for the experimental exploration of the 3-rd dimension of the nuclear chart
[1]. These studies are complimentary to the CBM experimental program at SIS100 [2].

Short range correlations (SRC) of nucleons in nuclei is the subject of intensive theoretical and
experimental works during last years. Since SRC have densities comparable to the density in the
center of a nucleon which is aboutρ ∼ 5ρ0 (ρ0 ≈ 0.17 fm−3), they can be considered as the drops
of cold dense nuclear matter [3]. These studies explore a new part of thephase diagram and very
essential to understand the evolution of neutron stars.

The results obtained at BNL [4], SLAC [5] and JLAB [6, 7] clearly demonstrate that: (i) more
than 90% all nucleons with momentak≥ 300 MeV/c belong to 2N SRC; (ii) probability for a given
proton with momenta 300≤ k ≤ 600 MeV/c to belong topn correlation is∼18 times larger than
for pp correlations; (iii) probability for a nucleon to have momentum≥ 300 MeV/c in medium
nuclei is∼25%; (iv) 3N SRC are present in nuclei with a significant probability [8].However, still
many open questions persist and further investigations are required bothfrom the experimental and
theoretical sides. For instance, the experimental data on the spin structureof 2N (I=1) and 3N SRC
are almost absent.

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

The spin structure of thenp SRCs has been investigated at JINR via the measurements of the
tensor analyzing powerAyy in deuteron inclusive breakup at different energies in the wide regions
of thexF and transverse proton momentumpT [9, 10, 11, 12, 13]. The data on the tensor analyzing
powerAyy obtained in theA(d, p)X reaction at different values ofxF ∼0.61,∼0.67,∼0.72 and
∼0.78 and plotted as a function of the proton transverse momentumpT are shown in left panels a),
b), c) and d) in Fig.1, respectively. The figure is taken from ref.[13].It is seen that theAyy data
for different xF are strongly dependent of the transverse momentum of the protons,pT . Values
of Ayy are positive at smallpT and monotonously decrease while transverse momentum increasing
for all xF values. On the other hand,Ayy values change the sign atpT ∼600 MeV/c independently
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Polarization effects in hadronic reactions in a GeV region Vladimir Ladygin

Figure 1: The dependence of the tensor analyzing powerAyy as a function of the proton transverse momen-
tum pT at four different fixed values ofxF ∼ 0.61, 0.67, 0.72 and 0.78, are shown in the a), b), c) and d) left
panels, respectively.Ayy data plotted as a function of longitudinal momentum fraction xF obtained at fixed
pT values of∼550 MeV/c, ∼700 MeV/c, ∼800 MeV/c and∼900 MeV/c are presented in the a), b), c) and
d) right panels, respectively. The data are taken form [9, 10, 11, 12, 13]. The curves are explained in the
text.

on xF and demonstrate kind of negative asymptotic at largepT . The dashed, dash-dotted and solid
curves are the results of the calculations using standard [14, 15] and covariant [16] deuteron wave
functions (DWFs), respectively. In the right panel in Fig.1 theAyy data are plotted at different
values of transverse momentapT as a function ofxF . The data shown in panels a), b), c) and
d) correspond to the averaged values ofpT ∼550 MeV/c, ∼700 MeV/c, ∼800 MeV/c and∼900
MeV/c, respectively. The figure is also taken from ref.[13]. The solid curves are the results of the
calculations by using covariant DWF [16]. One can see that theAyy data for different values of
pT demonstrate a weak dependence onxF . The data obtained atpT ∼550∼MeV/c are in a good
agreement with the calculations by using covariant DWF [16]. At higherpT Ayy data have negative
values, while the theory predicts a positive sign in the range of measurementTherefore, theAyy data
clearly demonstrate the dependence on two internal variables,xF and pT (or their combinations).
However, the use of the deuteron structure function that depends on twovariables [16] does not
allow to describe the data.

The fundamental degrees of freedom in the frame of QCD are the quarksand gluons. These
degrees (effective ones as∆∆, N∗N, NN or 6q and 9q components) begin to play a role at the
internucleonic distances comparable with the size of the nucleon. At high energiess and large
transverse momentapT the constituent counting rules (CCR) [17, 18] are working. These rules
predict the dependence of the cross section of the binary re- actions atthe fixed scattering angle
in the cms as a power-law ofs. 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 atTd ∼ 500 MeV. Therefore, the fundamental degrees of freedom can manifest in the
deuteron induced reactions at Nuclotron energies.
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2. Recent results obtained at internal target

The main goal of the Deuteron Spin Structure (DSS) experimental programis to obtain the
information on the spin - dependent parts of two-nucleon (2N) and three-nucleon (3N) forces from
two processes:dp- elastic scattering in a wide energy range anddp- nonmesonic breakup with two
protons detection at energies 300 – 500 MeV [20, 21, 22]. The motivationof this program is based
on theoretical analysis of the experimental results obtained at low and intermediate energies for the
deuteron induced reactions (see recent reviews [23, 24] and references therein).

Such experimental program at Nuclotron was started by the measurements of the vectorAy and
tensorAyy andAxx analyzing powers indp- elastic scattering atTd of 880 MeV [25] and 2000 MeV
[26].
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Figure 2: The angular dependence of the analyzing powersAy, Ayy andAxx [25] (left panel) and differential
cross section [27, 28] (right panel) ofdp- elastic scattering atTd ∼ 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 powersAy, Ayy andAxx of dp- elastic
scattering obtained at Nuclotron at 880 MeV [25] are presented in the leftpanel of Fig.2. The
differential cross section obtained at 940 MeV [27] and 850 MeV [28] inthe earlier experiments are
shown in the right panel of Fig.2 by the open circles and triangles, respectively. The solid, dashed
and dot-dashed lines are the results of the non-relativistic Faddeev calculations [23], relativistic
multiple scattering model [29, 30] and optical potential approach [31]. TheFaddeev calculations
without invoking 3N forces reproduce the behaviour of the analyzing powers, however,they fail to
describe the cross section data at the scattering angles larger than 70◦ in the cms. The calculations
performed within relativistic multiple scattering model [29, 30] describes the data on the vector
analyzing powerAy and cross section. However, there are some problems in the description of
the tensor analyzing powers at large angles in the cms. The optical potentialapproach fails to
reproduce both cross section and analyzing powers. The observed deficiencies in the description
of the differential cross section and deuteron analyzing powers atTd ∼880 MeV obtained at quite
large transverse momenta require the consideration of the additional mechanisms, for instance, 3N
forces. Since present 3N forces models cannot improve the agreement with the data obtained even
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at lower energies, new models of 3N forces (including their short-range part) should be considered.
For instance, the next step in the relativistic multiple scattering model [29, 30] development could
be taking into account the explicit∆- isobar excitation.
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Figure 3: The angular dependence of the analyzing powerAy in dp- elastic scattering obtained at 2000 MeV
at JINR [32] and ANL [33] is shown in the left panel by the solidsquares and open triangles, respectively.
The differential cross section data as a function of the scattering angle in the cms obtained at 2000 MeV at
JINR [32] and BNL [34] are given in the right panel by the solidsquares and open triangles, respectively.
The lines are explained in the text. The pictures are taken from ref. [32].

The data on the analyzing powerAy 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 squares and open triangles,
respectively. The dashed and solid lines are the relativistic multiple scatteringmodel [29, 30]
calculations without and with double scattering term, respectively. One can see that the single
scattering mechanism does not reproduce the experimental data at the scattering anglesθ ∗ larger
than 25◦. The calculation taking into account the double scattering gives a better agreement with
the experimental data in this angular domain.

The right panel of Fig.3 represents the data on the differential cross section in dp- elastic
scattering obtained at 2000 MeV at JINR [32] and BNL [34] shown by thesolid squares and open
triangles, respectively. Meaning of the lines is the same as in the left panel. One can see that
inclusion of the double scattering term in the calculations, on the one hand, reduces the value of
the cross section in the range of the present measurements and, on the other hand, provides fair
agreement with the experimental results up to∼ 60◦ in the cms. Therefore, the data on the cross
section and vector analyzing powerAy at 2000 MeV are qualitatively described by the relativistic
multiple scattering theory [29, 30]. However, some problems in the descriptionstill remain. In this
respect new experimental data in deuteron induced reaction are required.

As the first stage of the Deuteron Spin Structure (DSS) experimental program [20, 21, 22] the
beam energy scan ofdp- elastic scattering cross section at the deuteron energies 400 – 2000 MeV
and measurements ofdp- non-mesonic breakup at 300, 400 and 500 MeV in different kinematic
configurations have been performed at Nuclotron. These measurementswere performed using
internal target station at Nuclotron [35] with new control and data acquisition system [36]. The
10 µm CH2 foil and 8 µm carbon wire were used as the targets. The effect on the hydrogen has
been obtained using CH2-C subtraction.

5
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The detection apparatus for the study ofdp- elastic scattering consists of 4 scintillation coun-
ters with FEU-85 photomultiplier tubes for the detection of the protons and deuterons in coinci-
dence [37]. The amplitudes of the signals and timing information from the detectors were recorded
and used in the further data analysis for thedp- elastic scattering events selection. The scintillation
counters coupled to Hamamatsu H7416MOD PMTs having better timing and amplituderesolution
than FEU-85 PMTs were used for the measurements atTd ≥ 1000 MeV. Thedp→ ppn reaction
will be investigated using∆E-E techniques for the detection of both protons. The details of the
experimental setup with 8∆E-E detectors are given in ref.[38].

The measurements of the differential cross section ofdp- elastic scattering were performed
in the energy domain 400 – 880 MeV [39, 40]. The data obtained at 500 MeV, 700 MeV and
880 MeV [39] are in a reasonable agreement with the relativistic multiple scattering theory [29, 30]
calculations. The preliminary data on the differential cross section ofdp- elastic scattering obtained
at Nuclotron atTd ≥ 1000 MeV have been reported in ref.[41]. The data for different kinematic
configuration for thedp→ ppn reaction have been obtained at 300, 400 and 500 MeV [42]. The
procedure for useful events selection is described in ref.[43]. The data analysis is in progress.

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

3. Extracted beam experiments

3.1 Spin studies with polarized deuteron beam

Spin physics with extracted polarized deuteron beam from new polarized deuteron source [44]
can be performed with the start version of the BM@N setup [1]. Since the multiplicity of the
secondary particles is small (2 or 3 tracks) the forward and outer trackers only can be used. The
BM@N experimental setup is installed at the 6V beamline in the fixed-target hall of the Nuclotron.
The 6V beamline contains the quadrupole lenses doublet, two dipole magnets allowing to correct
the beam position in the vertical and horizontal planes, and large apertureSP41 dipole magnet for
the momentum measurements [1]. The first results with the relativistic deuteron [45] and carbon
[46] beams are demonstrated the feasibility of the dense baryonic matter studies with light nuclei
using 6V beamline infrastructure.

The major direction of possible spin studies is the investigation of the spin-structure of light nu-
clei at short inter-nucleonic distances in different deuteron induced reactions:A(d, p)X, d(p, p)d,
d(d, p)t (d(d,3He)n), 3He(d,p)4He [20, 21, 22] etc. in order to obtain independent information on
the SRC. Another topics are the investigation of the change of the baryonic resonances properties
in nuclear matter via the measurement of the polarization observables (T20 etc.) in theA(d, pp)X
and A(d,d)X reactions; the investigation of the spin effects in the meson production using the
A(d,3He)X reactions; the investigation of the spin effects in neutron induced reactions (with the
proton spectator detection) likenp→ pn, np→ ppπ−, np→ npπ+π−, np→ dπ+π− etc.

The transportation line VP1 does not require modification in the sense of the installation or
removing of magnetic elements. But spin program realization requires to installthe polarimeters
(with CH2-C targets) at F3 and F5 focuses for polarimetry of the deuteron (or proton) beam. Also
the place at F5 (or F3) is needed to install liquid hydrogen (deuterium) target, polarized ~3He target

6
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Polarization effects in hadronic reactions in a GeV region Vladimir Ladygin

[47] and set of nuclear targets. Perhaps, it will be necessary to havesome place for the stop time-
of-flight detector.

The spin physics can be divided on 3 part due to position of the target at VP1 transportation
beam line. The physics with the target position at F5(or F3) focus is relatedwith the measurements
of the polarization observables in the reactions with the emission of the detectedparticle at forward
angles. The solid angle is defined by the lenses doublet 7k100–8k100 ofthe VP1 transportation
beam line. The separation of the primary deuteron and secondary beams isprovided by the bending
magnet 3SP40. The physics program can include the measurements

• of the tensor analyzing powerT20 (and, possibly, vector polarization transfer coefficientκ0)
in the inclusive deuteron breakup,A(d, p(0◦))X, [48, 49, 50] at the highest available energy
at Nuclotron;

• of the tensor analyzing powerT20 in the inclusive pion production,A(d,π−(0◦))X, [51] also
at the highest available energy at Nuclotron;

• of the tensor analyzing powerT20 (and, possibly, vector polarization transfer coefficientκ0)
in the inelastic deuteron scattering,A(d,d′)X, in the vicinity of the baryonic resonances
excitation [52];

• of the tensor analyzing powerT20 (and, possibly, vector polarization transfer coefficientκ0

in p(d, p)d [53, 54] andd(d, p)t [55] reactions;

• of the tensor analyzing powerT20 and spin correlationCy,y in the 3He(d, p)4He reaction in
the kinetic energy range between 1.0 and 1.75 GeV [56, 57];

• of the analyzing powerT20 in theA(d,3He)X [58] reactions.

The measurements of the3He(d, p)4He reaction is mostly challenging throughout the above
mentioned experiments due to low density of the polarized3He target [47]. The goal of the
3He(d, p)4He reaction study at Nuclotron is to understand the reasons of the long staying puz-
zle, namely, the behaviour of the tensor analyzing powerT20 in dp- backward elastic scattering
[53, 54]. While t20 data ined- elastic scattering obtained at JLAB [59] andT20 data indp- in-
clusive breakup [48, 49] can be explained by using the conventional deuteron structure functions
and additional to the Born approximation mechanisms, theT20 in dp- backward elastic scattering
demonstrate unexplained the strange structure at the internal momentumk ∼0.3–0.5 GeV/c in the
vicinity of theD- wave dominance.

The experiments performed at RIKEN at the energies below 270 MeV haveshown that the
polarization correlation coefficient,C// = 1− 1

2
√

2
T20+ 3

2Cy,y , for the3He(d, p)4He reaction may
be a unique probe to the D-state admixture in deuteron [56]. The usefulness of this observable
to investigate the D-state admixture is attributed to the strong spin-selectivity in neutron capture
process by3He nucleus, i.e., spins of transferred neutron and3He must be anti-parallel to each
other in order to form4He in the final state. In the one-nucleon exchange (ONE), the expression
for C// is proportional to the D-state fraction in deuteron as

C// =
9
4

w2

u2 +w2 , (3.1)
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whereu andw are the S- and D-state wave functions of deuteron in momentum space. This is
a marked contrast toT20 andκ0 for dp backward elastic scattering which include S- and D-state
interference term (uw-term) together with aw2-term. It is thus expected thatC// may be a candi-
date to provide an information on the deuteron structure complementary to thosefrom T20 andκ0

obtained indp- backward elastic scattering [53].

Figure 4: Left panel: tensor analyzing powerT20, spin correlationCy,y and polarization correlation co-
efficient C// for the 3He(d, p)4He reaction. The dashed and solid lines represent one-nucleon exchange
calculations without [60] and taking into account the Fermimotion in the target nucleus, respectively. The
full symbols are the data obtained at RIKEN [57]. The open squares show the expected precision for the
data at Nuclotron. Right panel: modified for Nuclotron experiment polarized3He target [47].

Tensor analyzing powerT20, spin correlationCy,y and polarization correlation coefficientC//

for the 3He(d, p)4He reaction are shown in the left panel of Fig. 4. Solid lines in the figures
represent calculations based on an impulse approximation proposed in Ref. [60]. In the calculation,
the Fermi motion in the target nucleus is taken into account [57]. The full symbols are the data
obtained at RIKEN [57]. The open squares show the expected precision for the data at Nuclotron.

The main goal of the experiment is to obtain the data onC// in the energy region of 1.0–
1.75 GeV, where the contribution from the deuteron D-state is expected to reach a maximum in
one-nucleon exchange approximation, to obtain new information on the strange structure observed
in the behaviour ofT20 in thedp- backward elastic scattering and to realize experiment on the full
determination of the matrix element of the3He(d, p)4He reaction in the model independent way.
These data will help us also to understand the short-range spin structure of deuteron and effects
of non-nucleonic degrees of freedom. For these purposes polarizeddeuteron beam from new PIS
[44] and spin-exchange-type polarized3He target developed at CNS of Tokyo University [47] and
modified for the experiment at Nuclotron can be used.

The polarization observables in thep(d, p)d [53, 54] andd(d, p)t [55, 61, 62] reactions in the
collinear geometry can be measured with the same experimental setup using liquidhydrogen or
deuterium target orCH2 andCD2 solid targets with carbon background subtraction.

The solid nuclear target can be placed inside the pole of the 3SP40 magnet. It can be varied
from the beginning to the middle of the pole of the 3SP40 magnet. The target position in the middle

8
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of the switched off magnet corresponds to∼100 mr. The following experiments can be performed
in this configuration:

• of the tensorAyy and vectorAy analyzing powers (and, possibly, vector polarization transfer
coefficientCy

y) in inclusive deuteron breakup,A(d, p)X, at large transverse proton momenta
[9, 10, 11, 12, 13] at the highest available energy at Nuclotron;

• of the tensorAyy and vectorAy analyzing powers [63, 64, 65, 66] (and, possibly, vector
polarization transfer coefficientCy

y [67]) in the inelastic deuteron scattering,A(d,d′)X, in the
vicinity of the baryonic resonances excitation;

• of the tensorAyy and vectorAy analyzing powers in the inclusive pion production,A(d,π−)X,
[68] also at the highest available energy at Nuclotron.

The measurements of the analyzing powers in inclusive deuteron breakupand the inelastic deuteron
scattering in the vicinity of the baryonic resonances excitation can be performed simultaneously.
The measurements of the cumulativeπ− production will require the change of the polarity in the
magnetic elements of 6V beam line. All these experiments require the additional TOF detector
placed between F5 and F6 focuses.

The third part of the measurements is the spin physics with the target position atF6 focus.
The position of the F6 focus can be change by the magnetic optics of the 6V beam line. The
target position for this part of the experiments can be varied depending onthe readiness of the
inner tracker. For the low multiplicity events (2 or 3 tracks) one can use the same forward tracker
as for the discussed above experiments. The separation of the primary deuteron and secondary
beams is provided by the modernized analyzing magnet SP41 [69]. The physiscs is related with the
baryonic resonances spin properties studies at the energies between 2and 6 GeV of the deuteron
kinetic energy and includes the measurements:

• of the tensorAyy and vectorAy analyzing powers in quasi-elastic and inelasticA(d, pp)X
reaction [70];

• of the tensorAyy and vectorAy analyzing powers in the inelastic deuteron scatteringA(d,d′)X
[67] andA(d,d′)π±X reactions;

• investigation of the vector analyzing power in neutron induced reactions (with the proton
spectator detection) likenp→ pn, np→ ppπ−, np→ npπ+π− [71] etc.

For the these experiments the full size RPC wall is required. In parallel, the measurement of the
dp- elastic scattering [25, 26, 72],dd→ 3Hen [73, 74, 75] anddA→ 3HeX [58] processes can be
performed.

The part of the spin physics program with polarized deuterons require touse only magnet,
outer tracker, forward tracker based on straw or scintillation fiber hodoscopes, and part of the
RPC wall. As the start time-of-flight counter one can use scintillation or cherenkov counters. In
addition the development of movable liquid hydrogen(deuterium) target of 5-10 cm along the beam
is required. During last years a significant progress in the preparationof the BM@N experiment
has been achieved. The measurements with 1.0–4.0 A·GeV deuteron [45] and 3.42 A·GeV carbon

9
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[46] beams demonstrated the feasibility of the experiment with the existing beamlines. On the base
of these measurements the technical requirements to the Nuclotron parameters, beam transportation
conditions and experimental cave details were formulated. The experimentalzone and detectors
are in preparation.

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

3.2 Polarization effects in heavy ion collisions

New signature investigated at BM@N [78] can be the change of in the polarization proper-
ties of the secondary particles in the nucleus-nucleus collisions compared tothe nucleon-nucleon
collisions. A number of polarization observables have been proposed asa possible signature of
phase transition, namely, decreasing of theΛ0 transverse polarization in central collisions [79, 80,
81], non-zeroΛ̄0 longitudinal polarization [82, 83], non-zeroJ/Ψ polarization at lowpT [84],
anisotropy in dielectron production from vector mesons decay [85], global hyperon polarization
[86] and spin-alignment of vector mesons [87] in non-central events etc. The study of the modifi-
cation of theΛ0 transverse polarization and globalΛ0 polarization at NICA and FAIR energies has
been proposed in ref. [88]. Recently the vorticity and hydrodynamical helicity in noncentral heavy-
ion collisions were studied for Nuclotron/NICA energies as the functions ofthe energy collision,
system size etc.[89].

4. Conclusions

New data on the analyzing powersAy, Ayy andAxx in dp- elastic scattering at various energies
up to 2000 MeV and well as for thedp- nonmesonic breakup at the energies between 300 and 500
MeV for different kinematic configurations can be measured at ITS at theNuclotron.

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

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