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с поляризованными и неполяризованными пучками протонов и дейтронов

Предлагаются эксперименты для первой фазы программы исследований
с использованием детектора по спиновой физике (SPD) на установке NICA,
разрабатываемой в ОИЯИ. Столкновения pp, dd и pd с двойной поляриза-
цией при энергиях NN -пары в с. ц. м. 3,4–10 ГэВ, доступных на первой
стадии этих экспериментов, позволят исследовать спиновую зависимость
NN -взаимодействий, осуществить поиск мультикварковых состояний на по-
рогах рождения двойной странности, чарма и прелести, исследовать струк-
туру дейтрона на малых расстояниях. Рассеяние pd с двойной поляризацией
открывает возможность тестировать Стандартную модель посредством поиска
нарушения T -инвариантности.
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energies of 3.4–10 GeV, which will be accessible at the initial stage of
experiments, allow one to study spin dependence of the NN interaction, search
for multiquark states at double strangeness, charm and beauty thresholds, study
the short-range structure of the deuteron. Double polarized pd scattering offers
a possibility to test the Standard Model through the search for T -invariance
violation.
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PREFACE: TESTS OF QCD BASICS IN THE TRANSITION REGION

The Standard Model (SM) of fundamental interactions formulated five
decades ago as a local gauge invariant theory based on the SU(2)L ×
× U(1)Y × SU(3)c spontaneously broken symmetry was perfectly confirmed
by experiments in electroweak sector. The only part of this model, Quantum
Chromodynamics (QCD), connected with the colored SU(3)c symmetry and
considered as a basis of strong interactions between quarks and gluons, is still
under experimental verification.
At low energies, below the GeV region, the strong interaction is described

in terms of baryons exchanging mesons in accordance with the chiral effective
field theory, which is based on spontaneously broken chiral symmetry of the
QCD Lagrangian [1]. Recent progress in our understanding of properties of
the light nuclei and nuclear reactions achieved within this approach is outlined
in [2, 3]. At much higher energies and high transferred four-momenta,
perturbative Quantum Chromodynamics (pQCD) characterizes the strong
force in terms of quark and gluons carrying color charge, and obeying to
parton distribution functions (PDF) of hadrons and nuclei. Although these
two pictures are well determined in their respective energy scales, the
transition between them is not well identified. Whereas the goal of the NICA
Multi-Purpose Detector (MPD) project is to search for phase transition of
the baryon matter at high temperature and high density into the quark–gluon
plasma in heavy-ion collisions, and on this way to study properties of the
early Universe, the main aim of the Spin Physics Detector (SPD) project [4]
at its first stage with lower energies is quite different and, in particular, is just
connected with a search for the transition region from hadron to quark–gluon
degrees of freedom in theoretical describing of collisions of free nucleons or
lightest nuclei. QCD predicts that hadrons produced in exclusive processes
at sufficiently high four-momentum transfer will experience diminished final
(initial) state interactions. This QCD prediction named as color transparency
(CT) [5, 6] may help to identify the transition between these two alternative
descriptions of strong forces after the onset of CT is observed. Another
signal for the transition region in structure of the lightest nuclei is related
to the onset of the predicted by pQCD dimensional scaling in reactions
with these nuclei. A clear indication for transition to quark degrees of
freedom in strong interactions would give a formation of multiquark states,
like dibaryon resonances observed in sector of light quarks [7]. Production
of heavy quarks in few-nucleon systems can be related to formation of
exotic type of resonances, as “octoquarks” uudssuud, uudccuud [8], and the
behavior of double spin correlation ANN of pp elastic scattering measured
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near the charm threshold at large angles [9] supports this assumption. On
the other hand, it is important to understand how this observation is related
to recently observed at LHCb pentaquark states uudcc [10]. The NICA SPD
has all possibilities for study of these and other issues of QCD. Furthermore,
polarization phenomena provide a unique possibility to search for physics
beyond the SM by making test of fundamental discrete symmetries of the
SM related to the space (P ), time (T ) and charge (C) inversion. One of
these options is connected with double polarized proton–deuteron scattering
providing a search for T -invariance (or CP -invariance under CPT -symmetry)
violation.
Experiments with unpolarized colliding beams are also of importance in

study of reactions at heavy quark thresholds and in search for both color
transparency and scaling onset or multiquark (dibaryon) states.



1. THE SPD SETUP AND EXPERIMENTAL CONDITIONS 1

The SPD experimental setup is being designed as a universal 4π detector
with advanced tracking and particle identification capabilities based on modern
technologies that can operate with polarized proton and deuteron beams at
a collision energy up to 27 GeV and a luminosity up to 1032 cm−2· s−1
(proton collisions). Details of the SPD experimental setup are described in
its Conceptual Design Report [4]. The silicon vertex detector will provide
resolution for the vertex position on the level of below 100 μm needed
for reconstruction of primary and secondary vertices. The straw tube-based
tracking system placed within a solenoidal magnetic field of up to 1 T
at the detector axis should provide the transverse momentum resolution
σpT /pT ≈ 2% for a particle momentum of 1 GeV/c. The time-of-flight system
with a time resolution of about 60 ps will provide 3σ π/K and K/p separation
of up to about 1.2 GeV/c and 2.2 GeV/c, respectively. Possible use of
the aerogel-based Cherenkov detector could extend this range. Detection
of photons will be provided by the sampling electromagnetic calorimeter
with the energy resolution ∼ 5%/

√
E . To minimize multiple scattering and

photon conversion effects for photons, the detector material will be kept to
a minimum throughout the internal part of the detector. The muon (range)
system is planned for muon identification. It can also act as a rough hadron
calorimeter. The pair of beam–beam counters and zero-degree calorimeters
will be responsible for the local polarimetry and luminosity control. To
minimize possible systematic effects, SPD will be equipped with a triggerless
data acquisition (DAQ) system.
It is assumed that up to 30% of the collider running time will be devoted

to polarized deuteron and proton experiments from the beginning of the
collider commissioning. Thus, some polarized pp, dd and even pd collisions
in energy range of

√
sNN = 3.4−10 GeV could be possible already at the

initial stage of the collider operation. The most accessible is polarized deuteron
beam from the Nuclotron in the energy range of 1−4 GeV/u. Average
luminosity of dd collisions is estimated to 8 · 1027−2.5 · 1031 cm−2· s−1. Stable
direction of the polarization vector is vertical. Single and double polarized
collisions are possible. Transverse polarization of deuteron beam can be

1 This section is written by A.V.Guskov (E-mail: alexey.guskov@cern.ch) and
A.D.Kovalenko .
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obtained at the specific energy point ∼ 5.6 GeV corresponding to the spin
integer resonance. The adequate intensity of polarized proton beam from the
Nuclotron (� 1010 particles/pulse) will be reached after commissioning of the
new light ion injector LILAC scheduled to 2025–2026 and the spin control
system designed for the collider. The existing proton injected chain put limit
to the beam intensity due to very low output linac energy (5 MeV). Thus,
only experiments on the beam storage and acceleration are being planned
for the commissioning phase. Realization of pd mode is more complicated
because HILAC and LILAC both injection chains should be involved in the
process. Moreover, only single polarized collision mode is available, namely:
unpolarized deuteron with polarized proton. The peak luminosity in symmetric
dp mode, corresponding to equal momentum of the colliding particles per
nucleon, can reach 2 · 1031 cm−2· s−1 at stored intensity of 6 · 1011 particles
per each collider ring. Light ion collision studies at the SPD are also possible.
The luminosity level can be scaled from the one that was specified for Au+Au
collisions: 1 · 1027 cm−2· s−1 at √sNN = 11 GeV.



2. ELASTIC pN , pd AND dd SCATTERING 1

The spin-dependent Glauber theory is applied to calculate spin observables of pd
elastic scattering at 3−50 GeV/c using pp amplitudes available in the literature and
parametrized within the Regge formalism. The calculated vector Ap

y, A
d
y and tensor

Axx, Ayy analyzing powers and the spin-correlation coefficients Cy,y, Cx,x, Cyy,y,
Cxx,y can be measured at NICA SPD and, thus, will provide a test of the used
pN amplitudes. Quasi-elastic scattering pd → {pp}sn with formation of spin-singlet
pp(1S0) pair at zero scattering angle is of special interest. The dd elastic scattering
is briefly outlined. The double polarized pp and pn elastic scattering at large c.m.s.
scattering angle θcm = 90◦ is considered in the threshold of the charm production.

2.1. Spin Amplitudes of pN Elastic Scattering. Nucleon–nucleon
elastic scattering contains fundamental information on the dynamics of the
NN interaction and constitutes a basic process in physics of atomic nuclei and
hadrons. A systematic reconstruction of spin amplitudes of pp and pn elastic
scattering from pN scattering data is provided by the SAID partial-wave
analysis [11] and covers laboratory energies up to 3 GeV (plab ≈ 3.8 GeV/c)
for pp and 1.2 GeV (plab ≈ 1.9 GeV/c) for pn scattering. At higher energies
there is only incomplete experimental information on pp scattering, whereas
data for the pn system are very scarce. In the literature there are several
models and corresponding parametrizations for pN amplitudes. Some of
them are obtained in the eikonal approach for the laboratory momentum
6 GeV/c [12] and for LHC energies [13] and recently in [14] (see Sec. 4). At
moderate transferred momenta −t and large invariant mass s the Regge model
is expected to be valid to describe elastic pN scattering. In the literature
there are some parametrizations for pN amplitudes, obtained within the Regge
phenomenology for values of s above 6 GeV2 (plab � 2.2 GeV/c) [15] and for
plab = 3−50 GeV/c (corresponding to 2.77 < √

s < 10 GeV) [16].
Assuming the Lorentz invariance and parity conservation, the elastic NN

scattering is described by eight independent helicity amplitudes φi (i = 1 ... 8)
determined in [17, 18]. Under time-reversal invariance, one has (φ5 = φ8,
φ6 = φ7) six independent amplitudes, and for identical nucleons pp and nn
the number of independent helicity amplitudes is equal to five (φ5 = −φ6,
φ7 = −φ8). Full information about the spin-dependent pN amplitudes can

1 This section is written by Yu.N.Uzikov (E-mail: uzikov@jinr.ru).
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be obtained, in principle, from a complete polarization experiment, which,
however, requires measuring twelve (ten) independent observables at a given
collision energy for pn (pp or nn) and, thus, constitutes a too complicated
experimental task. Another possible way to check existing parametrizations
in addition to direct measurement of spin observables of pN elastic scattering
is to study spin effects in proton–deuteron (pd) and neutron–deuteron (nd)
elastic and quasielastic scattering. The polarized pd elastic scattering is
discussed below using the Glauber diffraction theory.
At large −t corresponding to large scattering angles in the c.m.s.

pN system (θcm ≈ 90◦), where the Regge model cannot be applied, very
interesting features were observed in the double spin asymmetry ANN in the
elastic pp scattering at laboratory momenta plab = 5−10 GeV/c. Commonly
accepted explanation of those features is absent in literature. In subsec. 2.5,
we give a short review of existing models based on usage of the pQCD
amplitudes and nonperturbative exotic multiquark resonances contribution.

2.2. Polarized pd Elastic Diffraction Scattering within the Glauber
Model. As was noted above, a possible way to check existing parametrizations
of pN elastic amplitudes is to study spin effects in proton–deuteron (pd) and
deuteron–deuteron (dd) elastic and quasielastic scattering. At high energies
and small four-momentum transfer t, pd scattering can be described by the
Glauber diffraction theory of multistep scattering, which involves as input the
on-shell pN elastic scattering amplitudes. Applications of this theory with
spin-dependent effects included [19] indicate a good agreement with the pd
scattering data at energies about 1 GeV if the SAID data on pN scattering
amplitudes are used as input of the calculations [20–22].
The spin-dependent Glauber theory [19, 20] is applied recently [23] to

calculate spin observables of pd elastic scattering at 3−50 GeV/c utilizing
the pp elastic scattering amplitudes fpp established and parametrized in [16]
within the Regge formalism. The Regge approach allows one to construct pn
(and pN ) amplitudes together with the pp amplitudes. This feature allows
one to perform a test of broad set of pN amplitudes and applicability of the
Regge model itself to pN elastic scattering. However, in view of the scarce
experimental information about the spin-dependent pn amplitudes and taking
into account that the spin-independent parts of the pp and pn amplitudes at
high energies are approximately the same, it was assumed in [23] as a first
approximation, that fpn = fpp. The amplitudes of pN elastic scattering are
written as [19]

MN (p,q;σ,σN ) = AN + CNσn̂+ C′
NσN n̂+BN (σk̂)(σN k̂)+

+ (GN +HN )(σq̂)(σN q̂) + (GN −HN )(σn̂)(σN n̂), (1)

where the complex numbers AN , CN , C′
N , BN , GN , HN were fixed from the

amplitudes of the SAID analysis [11] and parametrized by a sum of Gaussians.
For the double scattering term in pd scattering the unit vectors k̂, q̂, n̂ are
defined separately for each individual NN collision. Numerical values for the
parameters of the Gaussians are obtained by fitting to the helicity amplitudes
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Fig. 1. Analyzing power for pp elastic scattering as a function of the four-momentum
transfer −t at 4.8 GeV/c (a) and 45 GeV/c (b). The results of calculations [23]
based on the Regge model parametrizations from [16] are shown by the solid line (see
details in [23]). a) Data are taken from [24] (filled squares: 4.4 GeV/c; open squares:
5.15 GeV/c) and [25] (circles); b) data are taken from [26] (squares) and [27] (circles)

from [16]. Those for plab = 45 GeV/c are given in [23]. The differential
cross section of pp elastic scattering and the vector analyzing power Ay are
reproduced with these parametrizations on the same level of accuracy as
in [16], in the interval of transferred four-momentum −t < 1.5 (GeV/c)2. An
example of calculations of Ay at plab = 4.8 GeV/c and 45 GeV/c is shown
in Fig. 1.
The spin observables Ay, Aij , and Cij,k considered in [23] are defined in

the notation of [28] as follows:

Ady = TrMSyM
+/TrMM+, Apy = TrMσyM

+/TrMM+,

Ayy = TrMPyyM+/TrMM+, Axx = TrMPyyM+/TrMM+,
(2)

Cy,y = TrMSyσyM
+/TrMM+, Cx,x = TrMSyσyM

+/TrMM+,

Cxx,y = TrMPxxσyM+/TrMM+, Cyy,y = TrMPyyσyM+/TrMM+,

where Pij = (3/2)(SiSj + SjSi) − 2δij and Sj (j = x, y, z) are the Cartesian
components of the spin operator for the system with S = 1, the transition
operator M depends on the momentum of the initial (p) and final (p′) proton
and contains the Pauli spin matrices σ = (σx, σy , σz). We use the Madison
reference frame with the axis OZ||p, OY ||[p × p′] and OX choosen in such
a way to provide a right-handed coordinate system.
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Fig. 2. Results for spin-dependent pd observables. Predictions from [23] for plab =
= 4.8 GeV/c are shown by the dashed lines, while those at 45 GeV/c correspond to

the solid lines

The unpolarized differential cross section, vector (Apy, A
d
y) and tensor (Axx,

Ayy) analyzing powers and some spin correlation parameters (Cx,x, Cy,y,
Cxx,y, Cyy,y) 1 of pd elastic scattering were calculated at plab = 4.85 GeV/c
and 45 GeV/c at 0 < −t < 2 GeV2 using pN amplitudes from [16]. The
results obtained for Apy, A

d
y, Cxx,y, and Cyy,y are shown in Fig. 2. As

shown in [23], available data on pd elastic differential cross section in
forward hemisphere are well described by this model. Most sensitive to
the spin-dependent pN amplitudes are vector analyzing powers Ay and spin
correlation parameters Cx,x and Cy,y . So, even measurement of the ratio
Ady/A

p
y at low t gives valuable information on the transverse spin–spin term

in NN amplitudes [29]. In contrast, the tenzor analyzing powers Axx and
Ayy are very weakly sensitive to those amplitudes and weakly changing with
increasing energy. The calculated in [23] polarization observables can be
measured at NICA SPD that will provide a test of the used pN amplitudes.
The corresponding differential cross section is rather large in the considered
region plab = 3−50 GeV/c and |t| = 0−2 GeV2 being dσ/dt > 0.1 mb/GeV2.
Expected counting rate N at plab = 50 GeV/c (qcmpp = 5 GeV/c) for the
luminosity L = 5 · 1030 cm−2· s−1 and for the solid angle ΔΩ = 0.03 is
N � 102 s−1.

1 Here we use notations of [28].
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The pN helicity amplitudes φ5 and φ1 + φ3, which can be tested in
the above described procedure, are necessary in search for time-reversal
invariance effects in double-polarized pd scattering [30, 31]. Data of the
spin-correlation parameters of pp elastic scattering being analyzed in the
framework of the eikonal model [13] will allow one to obtain space structure
of the spin-dependent hadron forces [32].

2.3. Quasielastic pd Scattering p+ d → {pp}(1S0) + n. Spin structu-
re of the amplitude of the reaction of quasielastic pd scattering with formation
of the pp pair at small excitation energy � 3 MeV

p+ d→ {pp}(1S0) + n (3)

is of special interest. In this reaction, the final pp pair is in the 1S0 state
of the internal motion, therefore the number of independent transition matrix
elements is diminished to six instead of twelve for the elastic pd scattering.
Since the angular momentum of the pp(1S0) pair is zero, in collinear
kinematics the transition matrix element of this reaction is completely
described by two independent amplitudes A and B as follows:

F = A(e · k)(σ · k) + Be · σ, (4)

where k is the unit vector directed along the beam, e is the deuteron
polarization vector, and σ is the Pauli matrix. The modules of these
amplitudes and cosine of the relative phase ϕAB can be determined by
measurement of unpolarized cross section of the reaction dσ0 and tenzor
analyzing powers T20 = Azz/

√
2 and Ayy. In order to measure the sine of the

relative phase ϕAB , one has to measure only the sign of the spin-correlation
coefficient Cxz,y.
Within the approximation of the pn-single scattering, the theoretical

analysis of this reaction becomes more simple. In this case, the A and B
amplitudes of reaction (3) are expressed via the spin amplitudes of the charge
exchange reaction

p+ n→ n+ p. (5)

The transition matrix element of reaction (5) at zero scattering angle can be
written as

f collin
12 = α+ β(σ1σ2) + (ε− β)(σ1k)(σ2k), (6)

where σ1 (σ2) is the Pauli matrix acting on the spin state of the first (second)
nucleon.
We can show that measurement of dσ0 and T20 provides the modules of

|ε| and |β|, whereas the cosine of the relative phase (or Re εβ∗) is determined
by the spin-correlation parameters Cx,x = Cy,y. In order to measure the sine
of this phase (Imβε∗), one has to measure the sign of Cxz,y(= −Cyz,x).
Therefore, measurement of dσ0, T20, Cy,y and the sign of Cxz,y at zero
scattering angle completely determines the spin amplitudes ε and β.

2.4. Elastic dd Scattering. Spin observables of the dd elastic scattering
in forward hemisphere can be also used to test spin-dependent amplitudes of
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pN elastic scattering since the Glauber model can be used for description
of these observables. Unpolarized differential cross section of the dd elastic
scattering in forward hemisphere measured at energies

√
s = 53−63 GeV [33]

was well described by the modified Glauber theory including the Gribov
inelastic corrections. At lower energies corresponding to the NICA SPD
region, one may expect that inelastic corrections are not important, that can
be checked by direct calculation of unpolarized cross section and subsequent
comparison with the data. In these calculations, the above-considered spin-
dependent amplitudes of the pd elastic scattering [23] can be used as input
for the Glauber calculations of the dd scattering.
At large scattering angles θcm ∼ 90◦ the pd→ pd and dd→ dd processes

are sensitive to the short-range (six-quark) structure of the deuteron.
Therefore, measurement of any observables of these processes at large θcm will
be important to search for non-nucleonic degrees of freedom of the deuteron.

2.5. Double-Polarized Large-Angle pN Elastic Scattering. The
pp and pn elastic scattering at high energy

√
s = 5−7 GeV and large

transferred momentum −t = 5−10 GeV2 is powered by short-range properties
of NN interaction corresponding to small separation between nucleons
rNN ∼ h̄/

√−t � 0.1 fm. There are three following aspects of QCD dynamics
in these processes. (i) First, the differential cross section dσpp/dt(s, θcm)
at fixed angle θcm ∼ 90◦ on the whole follows the pQCD constituent
counting rules dσpp/dt(s, θcm) ∼ s−10 [34–37]. However, a clear deviation
from this prediction in form of oscillations with increasing energy is observed
in the region s = 10−40 GeV2 [34–37]. The irregularity in the energy
dependence is on the level of ∼ 50% in the region, where magnitude of the
elastic pp cross section falls down by 8 orders of magnitude. (ii) Second,
anomalous polarization asymmetries were observed in hard pN scattering at
plab = 11.75 GeV/c [9, 38, 39]. Elastic pp cross section with spins of protons
parallel and normal to the scattering plane is almost four times larger than
the cross section with antiparallel spins. The challenge is that in order to
generate such large polarization effect, one needs to have large contribution
from double spin-flip helicity amplitude φ2 or negligible contribution from
helicity conserving φ1 amplitude. However, in pQCD, in contrast, φ2 is the
most suppressed and φ1 is the largest [40]. Predicted within the pQCD
(quark-interchange model), double spin asymmetry ANN does not depend on
energy [41, 42], whereas the measured asymmetry demonstrates “oscillating”
energy dependence. (iii) The third QCD aspect of hard NN scattering is
related to the color transparency (CT) phenomenon, that is a reduction
of the absorption in the nuclear medium of hard produced hadrons, both
mesons and baryons [5, 6]. Being in point-like configurations, which are
dictated by mechanism of high momentum transfer, the initial and final
hadrons participating in hard process have small color dipole momenta
and, therefore, small interaction cross section with nuclear medium. These
expectations resulted in huge theoretical and experimental activities in the
90s. While the CT effect is observed for the hard production of the qq
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systems, the similar effect for qqq is elusive. The data [43, 44] on the
reaction p + A → pp + X on 12C and 27Al show again an “oscillatory”
effect, i.e., the transparency increases with increasing momentum up to
plab = 9 GeV/c, and then decreases below the Glauber calculation predictions
at 14 GeV/c. An attempt to unite all three above aspects together into
one approach was undertaken in [40]. However, recent measurement of
the cross section of the reaction 12C(e, ep)X at Q2 = 8−14 (GeV/c)2 [45]
shows no CT effect, and this fact raises new questions to the analysis
made in [40]. On the other hand, according to [8], the observed large
variations in spin correlations of pp elastic scattering are consistent with
formation in the s-channel of “octoquark” resonances uudssuud and uudccuud
near the strangeness and charm production thresholds, respectively. The
variations with increasing energy are explained as a result of interference of
the pQCD background amplitude with nonperturbative resonant amplitudes.
Furthermore, the model [8] provides a description of the oscillations in
the unpolarized differential pp elastic cross section. It should be mentioned,
however, that another explanation of the oscillation effect in dσpp/dt(s, θcm)
was suggested in [46].
The considered questions about new types of charm-based resonances [47]

became especially interesting after observation of enhancement effects in
the decay Λ0b → J/ΨpK− interpreted as pentaquark states uudcc [10] (see
also [47]). More insight into this issue one can get from the data on
large-angle pn elastic scattering. Different spin–isospin structure of the
transition matrix elements for the near threshold J/Ψ production in pn and pp
collisions [48] means that spin observables in pn elastic scattering can give a
valuable independent information on the considered dynamics. Data on these
observables are almost absent in the considered energy region. A task to get
such data in the energy interval

√
sNN � 3−5 GeV from the �p�d → pnp and

�d�d→ pnpn reactions is accessible for NICA SPD.

2.6. Summary. In conclusion, nucleon–nucleon elastic scattering is a
basic process in the physics of atomic nuclei and the interaction of hadrons
with nuclei. Existing models and corresponding parametrizations of pp
amplitudes in the region of small transferred momenta can be effectively tested
by a measurement of spin observables for pd and dd elastic scattering and a
subsequent comparison of the results with corresponding Glauber calculations.
The spin observables of pd elastic scattering studied and evaluated in [23]
are found to be not too small and, thus, could be measured at the future
NICA SPD facility. As extension of this study, the quasielastic processes
with formation of the spin-singlet final NN pair at small excitation energy
< 3 MeV in the 1S0 state of internal motion, pd→ n{pp}s and pd→ p{pn}s,
can also be investigated.



3. STUDYING PERIPHERY OF THE NUCLEON
IN DIFFRACTIVE pp SCATTERING 1

Motivation is outlined for a precise study of high-energy diffractive scattering of
protons at |t| � 1 GeV2 in the SPD experiment. Small oscillations in the t dependence
of the differential cross section at low and medium t, observed in earlier experiments
at IHEP (Protvino), ISR, FNAL, and now also at LHC, are probably related with
the proton’s structure at impact parameters exceeding the size of the proton’s quark
core and thus indicate involvement of meson periphery of the nucleon in diffractive
scattering. The SPD experiment can provide new precise data on small-angle elastic
pp scattering for exploring this phenomenon.

Scattering of high-energy hadrons at low t is usually described by a simple
phenomenological dependence dσ/dt = AeBt (not applicable in the Coulomb
region, at |t| � 0.01 GeV2, and at |t| � 0.4 GeV2). In the impact parameter
representation, such a dependence corresponds to a Gaussian profile function
Γ(b) ∼ exp(−b2/2B) with the average transverse size 〈b2〉1/2 = B1/2 ∼ 0.6 fm
when B ∼ 10 GeV−2. This size corresponds well to the quark core size of
the nucleon, rq ∼ 0.4−0.5 fm, where the bulk of the nucleon mass (and the
energy and momentum) is concentrated.
On the other hand, part of the nucleon components is clearly located at

larger distances, pion cloud being the most evident example. The first evidence
of the pion cloud effect in the diffractive scattering, including rapid variation
of the effective slope B at |t| ∼ 0.1 GeV2 ≈ 4m2

π, has been found in the ISR
measurements (a comprehensive review of the ISR data can be found in [49]).
First explanations of this, presumably pion cloud effect, were provided

by A.Anselm and V.Gribov [50] (see also [51, 52]). Soon then a dedicated
experiment was conducted in Protvino [53] in order to test the ISR results.
However, beyond confirming findings of ISR, one more oscillation in the
differential cross section at |t| ∼ 0.5 GeV2 was found. Being located at higher
t, it might be related with somewhat heavier mesons around the proton (but
not as heavy as vector mesons that are too heavy).
Actually, not so long ago S. P.Denisov et al. suggested that they continue

exploring pp elastic scattering in that kinematical region at the Protvino
accelerator [54], and the current proposal of doing similar experiment at SPD
was directly motivated by Denisov’s ideas.

1 This section is written by V.A.Baskov, O.D.Dalkarov, A. I. L’vov (E-mail:
lvov@x4u.lebedev.ru) and V.V. Polyanskiy.
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It is essential that the Protvino experiment is not the only work indicating
an oscillation at |t| ∼ 0.5 GeV2 in the fine structure of the pp diffraction
cone. In Fig. 3, the most precise data of three experiments — from IHEP
(Protvino) [53] (at the proton beam momentum p = 60 GeV/c), ISR [49] (at
the total energy

√
s = 52.8 GeV), and FNAL [55] (at p = 200 GeV/c), see

also a comprehensive compilation and parametrization of world data in [56]
— are compared to exponential form F (t) = AeBt+Ct

2
beyond the Coulomb

region of tiny |t| and the region of |t| � 0.1 GeV2 where effects of the pion
cloud contribute. One has to notice that ISR and FNAL data do not fully cover
the region of t with suspected oscillations and do not have sufficient accuracy
there. Therefore, further experimental studies in that region are well justified.
In principle, information on the smoothed ratios R(t) = (dσ/dt)/F (t) could

be used in order to estimate the pp scattering amplitude f(s, t) and to find
then, through a Fourier–Bessel transformation, a profile function Γ(b) of the
impact parameter b [57]. A peak in f(s, t) at |t| ∼ 0.5 GeV2 corresponds to

Fig. 3. Deviations of the pp differential cross section from smooth dependences F (t) =

= AeBt+Ct2 . Data are from IHEP (Protvino), ISR, and FNAL (see in the text). Solid
line is a polynomial smoothing of the shown ratios. Grey bands show statistical errors

in the polynomial
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a peak in the profile function Γ(b) at large distances b ∼ 7.0/
√|t| ∼ 2 fm

(here 7.0 is the second maximum of the Bessel function J0(x)). However, a
straightforward calculation of Γ(b) in this way does not give reliable results in
the region where Γ(b) becomes very small and sensitive to the assumed phase
of the amplitude used, its spin structure, behavior at higher |t|, etc. Actually,
more sophisticated and indirect approaches are to be used in order to analyze
data on the described oscillation (see, for example, [58–60]).
In order to cover the region of interest, |t| ∼ 0.1−0.8 GeV2, the

experimental setup must detect protons (in coincidence) scattered at angles
θ ∼ 3◦−10◦ which requires detectors placed at distances R ∼ 4−15 cm
from the beam. Accuracy of determination of the momentum transfer
squared t in individual events of pp elastic scattering must be better than
Δt ∼ 0.01−0.02 GeV2, and this can be achieved with planned tracker endcap
detectors and with angular spread of colliding protons determined by beam
emittance and β function at the interaction point (IP).
Additional measurements of dσ/dt and/or polarization observables at

higher t are also desirable; they do not require high accuracy in determination
of t [61].
Vertex detector, tracker system and software for track reconstruction in

SPD are sufficient for identification and recording pp elastic events at energies√
s � 15 GeV. For higher energies and smaller angles, when scattered protons

fly very close to the beam pipe, installing fast detectors close to the pipe,
with the time resolution ΔT � 50 ps, for determination of hitting times
of forward-flying protons (perhaps, using the so-called particle identification
(PID) system) would make it possible to study the discussed anomaly at the
highest SPD energies.



4. HADRON STRUCTURE AND SPIN EFFECTS IN ELASTIC
HADRON SCATTERING AT NICA ENERGIES 1

The spin effects in the elastic proton–proton scattering are analyzed at NICA
energies. The importance of the investigation of the region of the diffraction minimum
in the differential cross sections is shown. Some possible estimations of spin effects are
given for different NICA energies in the framework of the new high energy generalized
structure (HEGS) model.

One of the most important tasks of modern physics is the research
into the basic properties of hadron interaction. The dynamics of strong
interactions finds its most complete representation in elastic scattering. It
is just this process that allows the verification of the results obtained
from the main principles of quantum field theory: the concept of the
scattering amplitude as a unified analytic function of its kinematic variables
connecting different reaction channels was introduced in the dispersion theory
by N.N.Bogoliubov [62]. Now many questions of hadron interactions are
connected with modern problems of astrophysics such as unitarity and the
optical theorem [63], and problems of baryon–antibaryon symmetry and
CP -invariance violation [30]. The main domain of elastic scattering is small
angles. Only in this region of interactions we can measure the basic properties
that define the hadron structure. Their values are connected, on the one hand,
with the large-scale structure of hadrons and, on the other hand, with the first
principles that lead to the theorems on the behavior of scattering amplitudes
at asymptotic energies [64, 65].
Modern studies of elastic scattering of high energy protons lead to several

unexpected results reviewed, e.g., in [66, 67]. Spin amplitudes of the elastic
NN scattering constitute a spin picture of the nucleon. Without knowledge
of the spin NN amplitudes it is not possible to understand spin observable of
nucleon scattering off nuclei. In the modern picture, the structure of hadrons
is determined by generalized parton distributions (GPDs), which include the
corresponding parton distribution functions (PDFs). The sum rule [68] allows
one to obtain the elastic form factor (electromagnetic and gravitomagnetic)
through the first and the second integration moments of GPDs. It leads
to remarkable properties of GPDs — some corresponding to inelastic and
elastic scattering of hadrons. Now some different models examining the

1 This section is written by O.V. Selyugin (E-mail: selugin@theor.jinr.ru).
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nonperturbative instanton contribution lead to sufficiently large spin effects at
superhigh energies [69, 70]. The research of such spin effects will be a crucial
stone for different models and will help us to understand the interaction and
structure of particles, especially at large distances. There are large programs
of researching spin effects at different accelerators. Especially, we would like
to note the programs at NICA, where the polarization of both collider beams
will be constructed. So, it is very important to obtain reliable predictions for
the spin asymmetries at these energies. In this paper, we extend the model
predictions to spin asymmetries in the NICA energy domain.
The NICA SPD detector bounded a very small momentum transfer. If in

the first steps the angles start from 16 mrad, then the minimum momentum
transfer that can be measured is more than −0.01 GeV2. Hence, it is needed
to exclude the Coulomb-nuclear interference region, where the real part of
the spin-nonflip amplitude can be determined. We should move our research
on the region of the diffraction minimum, where the imaginary part of the
spin-nonflip amplitude changes its sign. Note that in some models the absence
of the second diffraction minimum is explained by the contribution to the
differential cross section of the spin-flip amplitude [71]. The interference of the
hadronic and electromagnetic amplitudes may give an important contribution
not only at very small transfer momenta but also in the range of the
diffraction minimum [72]. However, for that one should know the phase of
the interference of the Coulomb and hadronic amplitude at sufficiently large
transfer momenta as well.
Using the existing model of nucleon elastic scattering at high energies√

s > 9 GeV–14 TeV [58, 73], which involves minimum of free parameters,
we are going to develop its extended version aimed to describe all available
data on cross sections and spin-correlation parameters at lower energies
down to the NICA SPD region. The model will be based on the use of
the known information on generalized parton distributions in the nucleon,
electromagnetic and gravitomagnetic form factors of the nucleon, taking into
account analyticity and unitarity requirements and providing compatibility
with the high energy limit, where the pomeron exchange dominates.

4.1. The HEGS Model and Spin Effects in the Dip Region of
Momentum Transfer. The differential cross sections of nucleon–nucleon
elastic scattering can be written as a sum of different helicity amplitudes

dσ

dt
=
2π
s2

(|Φ1|2 + |Φ2|2 + |Φ3|2 + |Φ4|2 + 4|Φ5|2), (7)

AN
dσ

dt
= −4π

s2
[Im (Φ1(s, t) + Φ2(s, t) + Φ3(s, t)− Φ4)(s, t)Φ∗

5(s, t)] (8)

and

ANN
dσ

dt
=
4π
s2
[
Re (Φ1(s, t)Φ∗

2(s, t)− Φ3(s, t)Φ∗
4)(s, t) + |Φ5(s, t)|2

]
. (9)

The HEGS model [58, 73] takes into account all five spiral electromagnetic
amplitudes. The electromagnetic amplitude can be calculated in the framework

16



of QED. In the high energy approximation, it can be obtained [74] for the
spin-nonflip amplitudes

F em
1 (t) = αf 21 (t)

s− 2m2

t
, F em

3 (t) = F em
1 (10)

and for the spin-flip amplitudes: with the electromagnetic and hadronic
interactions included, every amplitude φi(s, t) can be described as

φi(s, t) = F em
i exp (iαϕ(s, t)) + Fhi (s, t), (11)

where ϕ(s, t) = ϕC(t) − ϕCh(s, t), and ϕC(t) will be calculated in the second
Born approximation in order to allow the evaluation of the Coulomb-hadron
interference term ϕCh(s, t). The quantity ϕ(s, t) has been calculated at large
momentum transfer including the region of the diffraction minimum (see [72,
75, 76] and references therein).
Let us define the hadronic spin-nonflip amplitudes as

Fhnf(s, t) = [Φ1(s, t) + Φ3(s, t)] /2. (12)

The model is based on the idea that at high energies a hadron interaction in the
nonperturbative regime is determined by the reggeized-gluon exchange. The
cross-even part of this amplitude can have two nonperturbative parts, possible
standard pomeron — (P2np) and cross-even part of the 3-nonperturbative
gluons (P3np). In both these cases, hadron–hadron interaction is proportional
to two different form factors of the hadron. This is the main assumption of
the model. The second important assumption is that we choose the slope of
the second term four times smaller than that of the first term, by analogy
with the two pomeron cuts. Both terms have the same interception.
The form factors are determined by the generalized parton distributions

(GPDs) of the hadron. The first form factor corresponding to the first
momentum of GPDs is the standard electromagnetic form factor — G(t). The
second form factor is determined by the second momentum of GPDs — A(t).
The parameters and t dependence of GPDs are determined by the standard
parton distribution functions, so by experimental data on deep inelastic
scattering and electromagnetic form factors (see [13]). The calculations of
the form factors were carried out in [77]. The final elastic hadron scattering
amplitude is obtained after unitarization of the Born term. At large t, our
model calculations are extended up to −t = 15 GeV2. We added a small
contribution of the energy-independent part of the spin-flip amplitude in the
form similar to that proposed in [78] and analyzed in [14]:

Fsf(s, t) = hsfq
3F 21 (t) e

−Bsfq
2
. (13)

The energy-dependent part of the spin-flip amplitude is related to the main
amplitude but with an additional kinematic factor and the main slope taken
twice as much, according to the papers [79, 80]. The form factors incoming
in the spin-flip amplitude are determined by the GPD functions H(s, t,x) and
E(s, t,x), which include the corresponding PDF. The model is very simple
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from the viewpoint of the number of fitting parameters and functions. There
are no any artificial functions or any cuts which bound the separate parts of
the amplitude by some region of momentum transfer.
Now we shall restrict our discussion to the analysis of AN as there

are some experimental data in the region of NICA energies. In standard
representation the spin-flip and double spin-flip amplitudes correspond to the
spin–orbit (LS) and spin–spin (SS) coupling terms. The contribution to AN
from the hadron double spin-flip amplitudes already at pL = 6 GeV/c is of the
second order compared to the contribution from the spin-flip amplitude. So,
with the usual high energy approximation for the helicity amplitudes at small
transfer momenta we suppose that Φ1 = Φ3 and can neglect the contributions
of the hadron parts of Φ2 − Φ4. Note that if Φ1,Φ3,Φ5 have the same phases,
their interference contribution to AN will be zero, though the size of the
hadron spin-flip amplitude can be large. Hence, if this phase has different s
and t dependencies, the contribution from the hadron spin-flip amplitude to
AN can be zero at si, ti and non-zero at other sj , tj .
Now let us examine the form of the differential cross section in the region

of the momentum transfer where the diffractive properties of elastic scattering
appear most strongly — it is the region of the diffraction dip. The form
and the energy dependence of the diffraction minimum are very sensitive to
different parts of the scattering amplitude. The change of the sign of the
imaginary part of the scattering amplitude determines the position of the
minimum and its movement with changing energy. The contributions of the
real part of the spin-nonflip scattering amplitude and the square of the spin-flip
amplitude determine the size and the energy dependence of the dip. Hence,
this depends heavily on the odderon contribution. The spin-flip amplitude
gives the contribution to the differential cross sections additively. So, the
measurement of the form and energy dependence of the diffraction minimum
with high precision is an important task for future experiments.
The HEGS model reproduces dσ/dt at very small and large t and provides

a qualitative description of the dip region at −t ≈ 1.6 GeV2 for √s = 10 GeV
and at −t ≈ 0.45 GeV2 for

√
s = 13 TeV. Note that it gives a good

description for the proton–proton and proton–antiproton elastic scattering for√
s = 53 GeV and for

√
s = 62.1 GeV (see Fig. 4).

The dependence of the position of the diffraction minimum on t is mostly
determined by the growth of the total cross sections and the slope of the
imaginary part of the scattering amplitude. Figure 5 shows this dependence
obtained in the HEGS model at different energies.
The description of the diffraction minimum in our model is shown in Fig. 5

for NICA energies. The HEGS model sufficiently well reproduces the energy
dependence and the form of the diffraction dip. In this energy region the
diffraction minimum reaches the sharpest dip at

√
s = 30 GeV near the final

NICA energy. Note that at this energy the value of ρ(s, t = 0) also changes
its sign in the proton–proton scattering.
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Fig. 4. The model calculation of the diffraction minimum in dσ/dt of pp scattering at√
s = 30.4 GeV (a) and for pp and pp scattering at

√
s = 52.8 GeV [81] (b)

Fig. 5. The model calculation of the diffraction minimum in dσ/dt of pp at
√
s =

= 13.4, 16.8, 30.4, 44.7 GeV shown by long-dashed, solid, thin-solid, and short-dashed
lines, respectively. Experimental data from [81] are shown as the triangles down, solid

circles, triangles up, and open circles, respectively

The calculated analyzing power at pL = 6 GeV/c is shown in Fig. 6. One
can see that a good description of experimental data on the analyzing power
can be reached only with one hadron spin-flip amplitude.
The experimental data at pL = 11.75 GeV/c seriously differ from those

at pL = 6 GeV/c, but our calculations reproduce AN sufficiently well (see
Fig. 7). It is shown that our energy dependence of the spin-flip amplitudes
was chosen correctly and we may hope that further we will obtain correct
values of the analyzing power and other spin correlation parameters.
From Fig. 7 one can see that the contributions from the hadron spin-flip

amplitudes in the region |t| ≈ 0.2−1 GeV2 are the most important. At last,
Fig. 8 shows our calculations at pL = 200 GeV/c.
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Fig. 6. The analyzing power AN of pp scattering calculated at: a)
√
s = 4.9 GeV (the

experimental data (squares) are from [82]); b)
√
s = 6.8 GeV (the experimental data

are from [83])

Fig. 7. The analyzing power AN of pp scattering calculated at: a)
√
s = 9.2 GeV (the

experimental data are from [27]); b)
√
s = 13.7 GeV (the experimental data (squares)

are from [84])

Fig. 8. The analyzing power AN of pp scattering calculated at: a)
√
s = 19.4 GeV (the

experimental data are from [85]); b)
√
s = 23.4 GeV (the experimental data (squares)

are from [84])

At this energy, the contributions of the phenomenological energy-
independent part of the spin-flip amplitude are compared with those of the
energy-dependent part. The spin effect is sufficiently large and has a specific
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form, which is determined by the form of the differential cross section in the
diffraction dip domain.

4.2. Conclusions. The generalized parton distributions (GPDs) make
it possible to understand better the thin hadron structure and to obtain
the hadron structure in the space frame (impact parameter representations).
It is tightly connected with the hadron elastic form factors. The research
into the form and energy dependence of the diffraction minimum of the
differential cross sections of elastic hadron–hadron scattering at different
energies will give valuable information about the structure of the hadron
scattering amplitude and hence the hadron structure and the dynamics of
strong interactions. The diffraction minimum corresponds to the change of the
sign of the imaginary part of the spin-nonflip hadronic scattering amplitude
and is created under the strong impact of the unitarization procedure. Its dip
depends on the contributions of the real part of the spin-nonflip amplitude and
the whole contribution of the spin-flip scattering amplitude. In the framework
of the HEGS model, we show a deep connection between elastic and inelastic
cross sections, which are closely related to the hadron structure at small and
large distances.
The HEGS model reproduces well the form and energy dependence

of the diffraction dip of the proton–proton and proton–antiproton elastic
scattering [86]. The predictions of the model mostly reproduce the form of
the differential cross section at

√
s = 13 TeV. It means that the energy

dependence of the scattering amplitude determined in the HEGS model and
unitarization procedure in the form of the standard eikonal representation
satisfies the experimental data in the huge energy region (from

√
s = 9 GeV

up to
√
s = 13 TeV). It should be noted that the real part of the scattering

amplitude, on which the form and energy dependence of the diffraction dip
heavily depend, is determined in the framework of the HEGS model only by
complex s, and hence it is tightly connected with the imaginary part of the
scattering amplitude and satisfies the analyticity and the dispersion relations.
Quantitatively, for different thin structures of the scattering amplitude, a
wider analysis is needed. This concerns the fixed interception taken from
the deep inelastic processes and the fixed Regge slope α′, as well as the
form of the spin-flip amplitude. Such an analysis requires a wider range
of experimental data, including the polarization data of AN (s, t), ANN (s, t),
ALL(s, t), ASL(s, t).
The obtained information about the sizes and energy dependence of the

spin-flip and double spin-flip amplitudes will make it possible to understand
better the results of famous experiments carried out by A.Krish at the
Zero Gradient Synchrotron (ZGS) to obtain the spin-dependent differential
cross sections [87, 88] and the spin correlation parameter ANN and at the
Alternating Gradient Synchroton (AGS) [89] to obtain the spin correlation
parameter AN showing the significant spin effects at large momentum
transfer.



5. SINGLE-SPIN PHYSICS 1

Physics of single-spin processes for the NICA SPD project is proposed. This
implies transverse single-spin asymmetry (AN ) of hadrons and hyperon polarization
(PN ) measurements in various types of collisions, including p+ p, d + d, C+C, and
Ca+Ca. The polarized p- and d-beams in the NICA collider can be used to study AN

for more than several dozen reactions at different energies in the 3.4 <
√
s < 27 GeV

range. A number of interesting phenomena have been predicted, such as the oscillation
for AN (xF) and PN (xF), the resonance dependence on the energy

√
s for AN and PN ,

and the threshold dependence of AN on the c.m. production angle for some reactions.
The role of quark composition of particles involved in the reaction is discussed.

All previous experience in the development of spin physics testifies to
its fundamental importance for understanding the laws of the microworld,
including for the construction of the theory of strong interactions. It should
be noted that large values of transverse single-spin asymmetries (AN ) and
hyperon polarizations (PN ) in a wide energy range have not yet received
an unambiguous and convincing explanation within the framework of the
theory of strong interactions — quantum chromodynamics (QCD), which
is one of the components of the Standard Model. The experimental data
accumulated to date point to a very interesting phenomenology in the field
of transverse single-spin phenomena, including the nontrivial dependence of
the spin observables AN and PN on the collision energy (

√
s ), the Feynman

variable (xF), the transverse momentum (pT ), the atomic weights of the
colliding particles (A1 and A2), the multiplicity of charged particles (Nch) in
the event and the centrality of collisions. It is equally important to measure
AN and PN for as many reactions as possible in order to understand how spin
effects depend on the quark composition and other quantum characteristics of
the particles involved in the reaction. Data on dozens of reactions have been
accumulated, but the accuracy of measurements and the limited kinematic
region in most experiments have not yet allowed unambiguous conclusions
to be drawn about the origin of polarization phenomena and even about
their dependence on various variables. The purpose of this proposal is to
significantly expand the amount of polarization data available for analysis and
to improve their accuracy. This will help to advance the creation of adequate
models of polarization phenomena and their discrimination when compared
with the entire dataset.

1 This section is written by V.Abramov (E-mail: Victor.Abramov@ihep.ru).
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Planned measurements at the SPD facility in the energy range for a pair
of colliding nucleons from 3.4 to 27 GeV in the reaction c.m. frame are very
important for the systematic and detailed study of polarization phenomena and
the study of their dependence on various variables. Analysis of the available
data within the framework of the model of chromomagnetic polarization of
quarks (CPQ) [90] shows that the unambiguous determination of the model
parameters is possible only if there are measurements with several (three or
more) values for each of the variables listed above. It should be noted that
the maximum energy of the accelerator in Dubna is high enough to register
particles with large transverse momentum in the range pT = 1−4 GeV/c, for
which the polarization effects are significant and the quark degrees of freedom
are already manifested. The identification of particles in this energy range is
much easier than at large accelerators, and this is an important condition for
the systematic study of polarization phenomena in a large number of reactions.
The conditions for making measurements at the SPD facility at the first

stage of the NICA collider can be found in [91]. Maximum energy in the
c.m. of two colliding nucleons will be 27 GeV for p+ p collisions and 14 GeV
for d + d, C+C and Ca+Ca collisions. Vector polarization will be 50% for
protons and 75% for deuterons.
Table 1 presents 27 inclusive reactions for which there are already data

on the single-spin asymmetry of hadrons [90, 92]. The first 14 reactions from
Table 1 can potentially be studied at the NICA collider using the SPD facility.
A list of other possible 27 reactions is shown in Table 2 and includes various
particles and resonances. The initial state can be any with a polarized beam:
p↑p, p↑d, d↑p, d↑d. Their detailed study will reveal the dependence of AN on
kinematic and other variables, including the quark composition of the particles
involved, their spin, isospin, and atomic weight.
Data on the transverse polarization of hyperons and antihyperons are

no less interesting. The list of reactions available to date, for which their
polarization PN was measured, is presented in Table 3 and includes 32
reactions [90, 93]. The first 14 reactions can potentially be studied at the SPD

Ta b l e 1. Inclusive reactions for which the single-spin asymmetry AN was
measured

No. Reaction No. Reaction No. Reaction
1 p↑p(A) → π+X 10 p↑p(A) → J/ψX 19 pd↑ → π0X

2 p↑p(A) → π−X 11 p↑p(A) → ηX 20 π+p↑ → π+X

3 p↑p→ π0X 12 d↑p(A) → π+X 21 π−p↑ → π−X
4 p↑p(A) → K+X 13 d↑p(A) → π−X 22 π−p↑ → π0X

5 p↑p(A) → K−X 14 p↑p→ ΛX 23 π−d↑ → π0X

6 p↑p→ K0
SX 15 p↑p→ π+X 24 K−d↑ → π0X

7 p↑p(A) → nX 16 p↑p→ π−X 25 K−p↑ → π0X

8 p↑p(A) → pX 17 p↑p→ π0X 26 π−p↑ → ηX

9 p↑p(A) → pX 18 p↑p→ ηX 27 pp↑ → π0X
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Ta b l e 2. Inclusive reactions to be studied at the SPD facility for which AN has
not yet been measured. The reaction is p↑p→ h+X. Only the final decay mode

of the detected particle h is indicated

No. Decay mode No. Decay mode No. Decay mode

1 K0
L → π+π−π0 10 φ→ K+K− 19 Ξ

0 → Λπ0

2 η′ → π + π − η 11 ρ0(770) → π+π− 20 Σ0 → Λγ

3 a0(980) → ηπ0 12 ρ+(770) → π+π0 21 Σ
0 → Λγ

4 K0∗(892) → K+π− 13 ρ−(770) → π−π0 22 Δ++ → pπ+

5 K0∗(892) → K−π+ 14 ρ0(770) → μ+μ− 23 Δ+ → pπ0

6 K+∗(892) → K+π0 15 Λ → pπ+ 24 Δ0 → pπ−

7 K−∗(892) → K−π0 16 Ξ− → Λπ− 25 Δ− → nπ−

8 ω(782) → π+π−π0 17 Ξ0 → Λπ0 26 Δ
−− → pπ−

9 ω(782) → γπ0 18 Ξ
+ → Λπ+ 27 Δ

0 → pπ+

Ta b l e 3. Inclusive reactions for which the polarization (PN) of hyperons was
measured

No. Reaction No. Reaction No. Reaction
1 pp(A) → Λ↑X 12 A1A2 → Λ↑X 23 π−A→ Ξ−↑X
2 pp(A) → Ξ−↑X 13 A1A2 → Λ↑(G)X 24 π−A→ Ξ

+↑
X

3 pp(A) → Ξ0↑X 14 A1A2 → Λ
↑(G)

X 25 π−p→ Λ↑X
4 pp(A) → Σ+↑X 15 Σ−A→ Σ+↑X 26 π−p→ Λ

↑
X

5 pp(A) → Σ0↑X 16 Σ−A→ Ξ−↑X 27 π+p→ Λ↑X
6 pp(A) → Σ−↑X 17 Σ−A→ Λ↑X 28 K−A→ Ξ−↑X
7 pp(A) → Ω−↑X 18 Σ−A→ Λ

↑
X 29 pA→ Λ

↑
X

8 pp(A) → Λ
↑
X 19 K−p→ Λ↑X 30 e+e− → Λ↑X

9 pp(A) → Ξ
+↑
X 20 K−p→ Λ

↑
X 31 νμA→ Λ↑X

10 pp(A) → Ξ
0↑
X 21 K+p→ Λ↑X 32 e+A→ Λ

↑
X

11 pp(A) → Σ
−↑
X 22 K+p→ Λ

↑
X 33 —

setup. This list can be supplemented with reactions such as pp→ Σ0↑(1385)X ,
pp→ Σ

0↑
X , pp→ Λ↑(1405)X , pp→ Λ↑(1520)X . The initial state can be any

with a polarized or unpolarized beam: p↑p, p↑d, d↑p, d↑d, and AA.
It is important to note that for hyperons it is possible to simultaneously

measure both the transverse polarization PN and the single-spin asymmetry
AN . Comparing AN and PN for a specific reaction with the predictions of
various models will bring us closer to revealing the mechanism of the origin
of polarization phenomena at high energies and will shed light on the physics
of strong interactions in the confinement region.
A systematic study of polarization data assumes the presence of a model

that describes, within a single mechanism, a large number of reactions
depending on the variables listed above. An example of such a model is the
model of chromomagnetic polarization of quarks (CPQ) [90].
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References to most of publications devoted to polarization experiment
data can be found in [90, 92, 93] and others — in papers listed in the
cited literature. The following sections describe in more detail the model of
chromomagnetic polarization of quarks and consider examples of existing data
and calculations of AN and PN for various reactions that can potentially be
studied using the SPD setup at the NICA collider in Dubna.

5.1. Model of Chromomagnetic Polarization of Quarks. The
phenomenological model of chromomagnetic polarization of quarks (CPQ) is
based on the following basic assumptions [90] below.
1. As a result of collisions of hadrons, a pair of quarks with a large

transferred transverse momentum pT is scattered. Further, the scattered (test)
quark with large pT moves in the effective chromomagnetic field Ba and
experiences the action of the Stern–Gerlach force proportional to the product
of the field gradient components and the corresponding components of the
quark chromomagnetic moment. The direction of the Stern–Gerlach force
and the additional transverse momentum received by the test quark in the
effective chromomagnetic field depend on the projections of the quark spin
onto the quantization axis. Subsequently, the polarized quark from the incident
polarized proton recombines with other quarks to form the observed hadron.
The angular distribution of such hadrons has an azimuthal dependence, i.e., a
single-spin asymmetry arises. If unpolarized hadrons collide, then the action of
the Stern–Gerlach force imparts an additional transverse momentum directed
to the left or to the right, depending on the direction of the projection of the
quark spin up or down, when the quark moves, for example, to the left. Thus,
when scattering to the left, a quark has predominantly one polarization sign,
and when scattering to the right, the opposite. The hyperons formed from
these quarks acquire transverse polarization relative to the scattering plane.
2. The effective chromomagnetic field Ba is created by spectator quarks,

that is, all quarks that will not be included in the recorded hadron. Spectator
quarks are moving in the c.m. in the direction of the colliding hadrons
and create for a short time a circular transverse chromomagnetic field. The
sign of the circular chromomagnetic field to the left and to the right of
the collision axis is opposite, but the field gradient does not change its
direction, which ensures a nonzero polarization effect due to the action of the
Stern–Gerlach force. The predominant direction of polarization of quarks in a
chromomagnetic field arises, hence the name of the model.
3. When taking into account the interaction of a test quark with the

field created by a moving spectator quark, it is necessary to consider the
color factor for the corresponding pair of quarks (spectator and test quarks).
An analysis of the data showed that the quark–antiquark pair interacts
predominantly in the color-singlet state with the color factor CF = 4/3, and
the quark–quark or antiquark–antiquark pair interacts in the color-triplet
state with CF = 2/3. For a hydrogen-like potential, the wave function of
two quarks or a quark and an antiquark at zero coordinate is proportional to
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|ψ(0)| ∝ (CFαS)
3/2 [94], which leads to the ratio of contributions from qq

and qq interactions to an effective field of the order

λ ≈ −|ψqq(0)|2/|ψqq(0)|2 = −1/8 = −0.125. (14)

The minus sign in Eq. (14) takes into account the opposite sign of the
field created by a moving spectator quark and a moving spectator antiquark.
Experimentally, the value of the global parameter, obtained as a result of the
global fit of the polarization data, turned out to be λ = −0.1363± 0.0003.
If the spectator quark is a product of target fragmentation and moves in

the c.m. in the opposite direction, then its contribution to the effective field
will be additionally suppressed by the factor −τ , where τ = 0.0267 ± 0.0012
is another important global parameter of the CPQ model. This suppression
of the contribution of quarks from the target is due to the fact that the
chromomagnetic field they create is in a different region of space–time and,
therefore, has almost no effect on the test quarks moving forward.
4. The presence of an effective chromomagnetic field should lead to the

precession of the test quark spin when it moves in the field. Analysis of the
data showed that the effective field length and the corresponding precession
angle are proportional to xA = (xR + xF)/2 and xB = (xR − xF)/2 in the
fragmentation region of the incident particle A and target B, respectively. As
a result, this leads to oscillations of the dependence of AN and PN on the
kinematic variables xA and xB, and hence on xF and pT . These oscillations
are the main feature of the CPQ model and should manifest themselves in the
case of strong fields, when the precession angles reach values of the order of
π or more.
The mechanism of origin of single-spin polarization phenomena is

schematically shown in Fig. 9. The interaction of colliding particles A and B
is considered in the c.m. of pair of colliding nucleons.

Fig. 9. The mechanism of origin of single-spin polarization phenomena

Observables AN and PN are both described by the same pair of equations:

AN (PN ) = C(
√
s )F (pT ,A)[G(φA)− σG(φB)], (15)

G(φ) = (1− cosφ)/φ+ εφ, (16)

where function (16) takes into account the action of the Stern–Gerlach force
and the precession of the quark spin, and where ε = −0.00497 ± 0.00009 is
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the global parameter of the CPQ model, and σ is the local parameter. The
integral angles of precession of the quark spin are

φA = ω0AyA, φB = ω0ByB, (17)

in the fragmentation region of colliding particles A and B, respectively. The
oscillation frequency ω0A(B) is described by the equation

ω0A(B) = gsαsνA(B)mr(g
a
Q − 2)/MQ, (18)

where αs = g2s/(4π) is the current strong interaction constant, gs is the
color charge, MQ is the mass of the constituent quark Q, gaQ is the Landé
gyromagnetic color factor of a quark, mr = (0.2942 ± 0.0072) GeV is the
global parameter that can be considered as the ratio of the maximum
longitudinal extension of the chromomagnetic field to the square of its radius.
The total contribution of spectator quarks (with weights λ and −τ) to

νA(B) in the fragmentation region of colliding particles A and B, respectively,
is calculated using quark diagrams and the quark counting rules [90].
Quark diagrams for the reactions p↑ + p→ π+ +X and p↑ + p(A) → p+

+X are shown in Fig. 10,a and b, respectively. When nucleus is the target,
as in the case of Fig. 10, b, the number of target spectator quarks is equal
to 3Aeff ∝ A1/3, where A is an atomic weight, since all target quarks hit
by the incident proton contribute to the spectator quarks [90]. Below we
assume Aeff = A = 1.

Fig. 10. Quark flux diagrams for the reactions p↑ + p→ π+ +X (a) and p↑ + p(A) →
→ p+X (b)

In the approximation of moderate energies (
√
s < 70 GeV), we obtain νA

for the reaction p↑ + p→ π+ +X

νA = νB = 3λ− 3τλAeff = −0.398, (19)

and for the reaction p↑ + p(A) → p+X

νA = νB = 2+ 2λ − 3τλAeff = 1.738. (20)

To calculate νA, we have to add up all the contributions (ν) of the spectator
quarks shown to the right of the quark diagram. The νA value for the reaction
p↑ + p → π+ +X is much less than 1 in absolute value. Consequently, the
oscillation frequency ω0A(B) is also low, and the AN (xF) dependence is close
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to linear. For the reaction p↑ + p(A) → p+X , the value of νA is significantly
greater than unity in absolute value, and for it, as we will see below, a
nonmonotonous oscillating dependence AN (xF) is indeed observed.
Kinematic variables

yA = xA − (E0/
√
s + f0)[1+ cos θcm] + a0[1− cos θcm], (21)

yB = xB − (E0/
√
s + f0)[1− cos θcm] + a0[1+ cos θcm] (22)

are expressed in terms of the scaling variables xA and xB , the reaction energy√
s , the emission angle θcm in c.m., and three local parameters E0, a0, and

f0. Function
C(

√
s ) = v0/[(1− ER/

√
s )2 + δ2R]

1/2 (23)

takes into account the dependence of the rate of precession of the spin of
a quark on its energy EQ in c.m. and the effect of attraction (ER > 0) or
repulsion (ER < 0) between the test quark and spectator quarks. The ER sign
is determined by the factor −gSνA, where gS is the color charge of the test
quark (positive for a quark and negative for an antiquark). An example of
a reaction with ER > 0 is p + p → Λ + X , and a reaction with ER < 0 is
p+ p→ Λ +X . The global data fit confirms the ER sign rule for most of 85
investigated reactions (96.5%).
The coefficient v0 determines the value of AN and PN and is calculated as

follows:
v0 = −Drg

a
QPQ/2(g

a
Q − 2), (24)

where Dr is a local dimensionless parameter of order 0.8, which is the ratio
of the spectrum slope in pT to the transverse radius of the effective field,
PQ is the polarization of the Q quark in a polarized proton (+1 for u-quark
and −1 for d-quark), gaQ is the Landé gyromagnetic factor for the Q-type
quark, which is a global parameter. The AN or PN sign for most reactions
at small φA is the product of three factors: −gSνAPQ. When calculating the
polarization of hyperons, we set PQ = 1.
The color form factor F (pT ,A) suppresses AN and PN at low pT , when

the colored quarks inside the hadron are not visible due to the uncertainty
relation:

F (pT ,A) = 1− exp[−(pT /p
0
T )
2.5](1− αA lnA), (25)

where p0T is a local parameter, and the other parameter αA is zero for most
of reactions.
The dependence of a number of parameters on the atomic masses A1

and A2 turned out to be universal for most of the reactions from Tables 1
and 3 [90, 95]. Further development of the CPQ model is reflected in
papers [95–104].

5.2. Single-Spin Hadron Asymmetry. The most numerous experiments
to measure the single-spin asymmetry were carried out for the reactions of
the production of charged and neutral π mesons in p↑p and p↑A collisions.
These data are included in the general database of polarization phenomena,
which contains 3608 experimental points for 85 different inclusive reactions,
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in which the polarization of one of the particles is known or measured in the
initial or final state [90, 102]. A global fit was performed for the entire dataset
using the CPQ model.
Data on AN for the reaction p↑ + p(A) → π+ +X at different energies

are shown in Fig. 11,a from [102], where they are compared with the
results of calculations using the CPQ model. As seen from Fig. 11, a,
AN (xF) dependence for the reaction p↑ + p(A) → π+ + X at moderately
high energies

√
s < 70 GeV is almost linear, which agrees with the

predictions of the CPQ model. This is due to the insignificant value of the
parameter νA = νB = 3λ − 3τλ = −0.398, which follows from the quark
diagram shown in Fig. 10, a. The positive sign of AN (xF) for the reaction
p↑ + p(A) → π+ + X is explained by the dominant contribution of the
positively polarized test u-quark from a polarized proton.

Fig. 11. AN (xF) for the reactions p↑ + p(A) → π+ + X (a) and p↑ + p(A) → p +
+X (b) [102]

A very unexpected and interesting feature of the reaction p↑ + p(A) →
→ π− + X turned out to be the threshold dependence of AN (yA) on the
angle of production θcm in c.m. In Fig. 12, a, from [96] the dependence of the
quantity (1− ER/

√
s )AN on yA is shown, where ER = (4.98± 0.29) GeV. It

turned out that this quantity is described by the universal function of yA if
θcm < 74◦, and is equal to zero if θcm > 74◦. In Fig. 12, a, two clearly distinct
branches are visible, into which the experimental points are grouped.
Within the framework of the CPQ model, the threshold effect for AN (yA)

can be qualitatively explained by the greater mass of the constituent d-quark
as compared to the mass of the u-quark.
In Fig. 12, b, from [96] the dependence of the quantity (1 − ER/

√
s )AN

on yA for the reaction p↑ + p(A) → π+ +X is shown, where ER = (1.92 ±
± 0.30) GeV. Most of the light test u-quarks flying into the front hemisphere
will be from a polarized proton, which means that the asymmetry AN > 0 for
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Fig. 12. Dependence of the value (1 − ER/
√
s )AN on yA, where ER = (4.98 ±

± 0.29) GeV for the reaction p↑ + p(A) → π− +X (a) and ER = (1.92± 0.30) GeV
for the reaction p↑ + p(A) → π+ +X (b) [96]

π+ mesons [96]. All data in Fig. 12, b are located on the same branch, for a
wide range of energies

√
s and production angles in c.m.

The positive value ER = 4.98 ± 0.29 GeV for the reaction p↑ + p(A) →
→ π− +X , found in the framework of the CPQ model, is a manifestation of
the effect of “attraction” of test quarks and spectator quarks. According to
formula (23), AN reaches its maximum value at energy

√
s ≈ ER [90, 96].

Investigation of the effect of “attraction” of test quarks for various reactions
is one of the objectives of this proposal and involves scanning in energy

√
s

near ER. This phenomenon is observed not only for single-spin asymmetry,
but also for the polarization of hyperons, in those reactions for which ER is
positive and amounts to several GeV [90].
Finding of scaling (independence of (1− ER/

√
s )AN from energy

√
s ) in

the variable yA was one of the stages in the process of creating the CPQ
model [90, 92, 96]. Investigation of the scaling for polarization observables
AN and PN is of independent interest and can be one of the tasks for the SPD
setup. In the framework of the CPQ model, scaling in polarization phenomena
is due to the occurrence of processes at the quark level, in the limit of high
energies and large transverse momentum [90, 92, 93, 96].
Data and calculations of AN (xF) for the reaction p↑ + p(A) → p+X , taken

from [102], are shown in Fig. 11, b. The data of the FODS-2 experiment [105],
measured in a wide range in the variable xF, at an energy of

√
s = 8.77 GeV

(solid squares and curve 3 in Fig. 11, b), demonstrate a nonmonotonous
oscillatory dependence of AN (xF). This is a consequence of the large value
of the parameter νA and the significant precession angle of the quark spin
in the chromomagnetic field. The quantity νA = νB = [2+ 2λ− 3τλ] = 1.738
is large enough, which follows from the quark diagram shown in Fig. 10, b.
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In the energy region of the NICA collider, a negative asymmetry AN (xF) of
about 10% is expected near xF = 0.2 (Fig. 11, b, curve 3 for

√
s = 8.77 GeV).

Another new and interesting direction in the study of polarization
phenomena is associated with the dependence of AN and PN on the
multiplicity of charged particles (Nch) in an event. The first results in
this region were obtained for reactions p↑ + p → π± +X in the BRAHMS
experiment at an energy

√
s = 200 GeV [106]. The single-spin asymmetry AN

increases in absolute value, if we select events with Nch above the average,
and decreases, if we select events with Nch below the average. These data,
together with the calculations, are discussed in [100]. In the CPQ model,
events with a multiplicity above the mean correspond to quark diagrams with
additional quark–antiquark pairs compared to the minimum required number.
This effect, which can manifest itself for both AN and PN , can be studied at
the SPD facility.

5.3. Transverse Polarization of Hyperons. Hyperons have the remark-
able property that their decay in the weak interaction makes it possible to
determine the transverse polarization to the scattering plane (PN ) — the
only one possible in strong interactions, due to the conservation of parity
in them. Therefore, the polarization of hyperons can be studied in collisions
of practically any particles. In the case of the first phase of the NICA SPD
project, we are interested in pp, pd, dd, C+C and Ca+Ca collisions. The
available data are discussed in detail in [93].
Quark diagrams for the production of Ξ− hyperons in pp collisions can be

found in [104]. The effective number of spectator quarks for the reaction p+
+ p→ Ξ−↑ +X is νA = νB = 2+ 2λ− 3τλ ≈ 1.7383. Similar calculations for
the reaction p+ p→ Λ↑ +X give νA = νB = 1+ λ− 3τλ ≈ 0.8746. Therefore,
a nonmonotonous dependence PN (xF) can be expected in the case of the
reaction p+ p→ Ξ−↑ +X .
The PN (xF) data for the reaction p + p(A) → Λ↑ + X are shown in

Fig. 13,a, and the data for the reaction p + p(A) → Ξ−↑ +X are shown in
Fig. 13, b, together with the CPQ model predictions [104].
As seen from Fig. 13, b, the PN (xF) dependence for cascade hyperons is a

nonlinear function, and PN (xF) reaches its maximum absolute value at xF in
the range of 0.5–0.6, in agreement with the calculations by the CPQ model.
For the reaction p+ p(A) → Λ↑ +X , a dependence close to linear is observed,
since the parameter νA = νB ≈ 0.8746 is approximately two times smaller in
this case. The maximum of the absolute value of polarization for the reaction
p+ p(A) → Λ↑ +X is approximately twice as that for p+ p(A) → Ξ−↑ +X ,
and continues to increase with increasing xF up to 0.75, in agreement with
the calculations in the framework of the CPQ model.
Detailed calculations of PN (xF) for reactions p + A → Ξ− +X and p +

+ A → Ξ0 + X can be found in [104], which also covers the energy range
available at the NICA collider.
The highest oscillation frequency PN (xF) is expected, according to

calculations by the CPQ model, in the reactions of antibaryon production
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Fig. 13. The PN (xF) data and the CPQ model calculations for the reactions p +
+ p(A) → Λ↑ +X (a) and p+ p(A) → Ξ−↑ +X (b) taken from [104]

in baryon collisions. This is due to the large number of spectator quarks
from projectile (there are six of them, see Fig. 14,a) accompanying the
production of three antiquarks, which make up an antibaryon. There is a very
limited set of data on the polarization PN (xF) of antihyperons produced in
nucleon–nucleon collisions. In Fig. 14,a, the quark diagram for the reaction
p+A→ Ξ

+
+X is shown. The weighted number of spectator quarks for both

reactions is νA = νB = 6 − 3τAeff ≈ 5.92. This leads to a high oscillation

32



Fig. 14. Quark flow diagram (a) and PN(xF) data [107] (b) for the reaction p+Be →
→ Ξ

+
+X taken from [104]

frequency PN (xF) according to Eq. (18), so that in the range 0 < xF < 1,
several complete cycles can be observed.
In Fig. 14, b, the data for the reaction p+A→ Ξ

+
+X [107] are shown.

The calculations of PN (xF) according to the CPQ model [104] are also
shown there. Although the available data agree with the calculations of
PN (xF) using the CPQ model, the number of experimental points is clearly
insufficient to prove the phenomenon of PN (xF) oscillations. New additional
data are required in the range 0 < xF < 1 to observe several cycles of PN (xF)

oscillations. Examples of PN (xF) calculations for reactions p+ A→ Ξ
+
+X

and p+A→ Ξ
0
+X can be found in [104].

The effect of “attraction” in the polarization of antihyperons should
manifest itself most clearly in the reaction p + A → Λ + X [101]. The
dependence of PN on the energy

√
s of the resonance type is expected, with

a maximum at
√
s = ER = 6.98 GeV. This behavior PN (

√
s ) is based on a

single nonzero PN report for the reaction p + A → Λ +X , observed in the
E766 experiment at

√
s = 7.31 GeV [108]. It is very important to repeat such

measurements that are within the energy range available at the NICA collider
in pp, dd, C+C and Ca+Ca collisions. The width of the “resonant” peak
is small, since the precession of only one test s-quark is important in this
case [101]. In case of the reaction p+ A → Ξ

+
+X , there are two s-quarks

and one d-quark with different precession frequencies, which broadens the
“resonant” peak.
Investigation of the dependences PN (

√
s ) of the “resonant” type and

PN (xF) of the “oscillating” type for the reaction p + A → Λ + X is a very
interesting problem affecting many aspects of strong interactions, such as
color forces between quarks, precession of quark spin in a chromomagnetic
field, quark counting rules for spectator quarks creating the field, anomalous
chromomagnetic moment of quarks, the role of constituent (dressed) quarks
in hadron interaction and formation and quark confinement phenomenon.
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An example of possible studies of PN in collisions of ions can be found
in [98]. It is shown that the higher is the atomic weight of the ions, the
higher is the frequency of the oscillations, since the effective chromomagnetic
field is increased by the quarks, coming from colliding ions.
The only available data for the A + A → ΛX reaction in heavy ion

collisions, where PN was measured, were used as input to the CPQ model.
The data were obtained in a fixed-target experiment, where Λ was produced
in Au+Au collisions at c.m. energy

√
s = 4.86 GeV [109].

Already at the first stage of the NICA SPD project, it is possible to
start studying the transverse polarization of hyperons and antihyperons in ion
collisions. We also note the possibility of simultaneous measurement of the
so-called global polarization with respect to the reaction plane. In this case,
the rotation of hadron or quark matter after collision of two nuclei leads to
the hyperon polarization with respect to the reaction plane, determined by an
impact parameter.
In conclusion, the study of single-spin polarization phenomena in the NICA

SPD project makes it possible to reveal the regularities in the behavior of the
single-spin asymmetry of hadrons and the transverse polarization of hyperons
and antihyperons. Such studies are possible due to the 4π geometry of the
SPD facility, a developed identification system, a fairly wide range of available
energies, the presence of beams of polarized protons and deuterons, as well as
ion beams. Among the most interesting tasks on this topic are the following
ones, listed below.
1. Measurement of AN and PN at several energies

√
s in a wide range

for xF and pT , in order to separate the dependences on these three kinematic
variables. The form of these dependences reflects the mechanism of the origin
of polarization phenomena. These measurements should be carried out for as
many reactions as possible, which is important for studying the dependence of
AN and PN on the type of particles participating in the reaction. In general,
this study will significantly expand the database available for theoretical
analysis and discrimination of theoretical models.
2. Investigation of the scaling phenomenon for AN and PN and corrections

to it, reflecting the peculiarities of the mechanism of the origin of polarization
phenomena.
3. Investigation of the threshold phenomena for AN , including the

measurement of the threshold angle of hadron production in the c.m. on which
AN becomes null.
4. Investigation of the phenomenon of AN and PN oscillations and the

relationship between the oscillation frequency and the number of spectator
quarks and the type of hadrons participating in the reaction. Particularly
interesting in this respect are antihyperons and cascade hyperons, as well as
secondary protons and neutrons, for which the oscillation frequency reaches a
significant value, which facilitates its measurement. High oscillation frequency
is also expected in heavy ion collisions.
5. Investigation of the phenomenon of “resonance” dependence of AN and

PN on energy
√
s . Disclosure of the mechanism of this phenomenon.
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6. Study of the dependence of AN and PN on the atomic weights of
the particles involved in collisions. This will allow one not only to link the
data obtained with different nuclei, but also to use the nuclei as tools for
investigating the mechanism underlying the polarization phenomena. Research
using ion collisions will provide a new insight into the phenomena previously
studied in hadron–hadron collisions. So far there is only one experiment
in which the transverse polarization of a hyperon was measured in heavy
ion collisions. Global polarization with respect to the reaction plane can be
measured in addition to PN , which is measured with respect to the production
plane.
7. Additional possibilities for studying the mechanism of polarization

phenomena are provided by the use of such variables as the multiplicity of
charged particles in an event, as well as the centrality of collisions and the
impact parameter in the case of collisions of nuclei.
The data obtained in the proposed studies will significantly expand the

general world database on polarization measurements and become the basis
for their systematic theoretical analysis, within the framework of a unified
approach. One of the models that allows one to carry out a systematic global
analysis of polarization data is the model of chromomagnetic polarization of
quarks, which makes it possible to analyze various reactions in a wide range
of kinematic and other variables that determine the experimental conditions.
Global analysis of the entire dataset is suggested.



6. VECTOR LIGHT AND CHARMED MESON PRODUCTION 1

In the context of the NICA SPD project, the motivation of the study of vector
meson, charm production (hidden) p + p → p + p + V , V = ρ, φ, J/ψ and (open)
N + N → ΛC(ΣC) + D + N is recalled. Backward vector meson production, that
should be background-free in a collider, can possibly be measured and be used also as
an alternative method of producing neutron beams. Simple estimations of cross sections
are presented on the basis of existing literature. When possible, model independent
statements on polarization effects are highlighted.

Among the wide possibilities opened by the future availability of the
beams from the NICA collider and the operation of the large acceptance
SPD detector, we focus here on two issues: charm production (hidden and
open) and backward vector meson production. The study of such channels
will take full advantage of the possibility of accelerating polarized p, d beams
(as well as heavier ions) in a kinematical region where data are scarce on
cross sections and polarization effects are mostly unmeasured. New, precise
data will be extremely useful for the understanding of the mechanism of
charm creation and of hadronic matter dynamics in the nonperturbative region
of QCD. In general, threshold meson production channels in NN collisions,
p + p → p+ p+ ω(φ), p+ p → Λ(Σ0) +K+ + p, and p + p → p + p + η(η′),
give deeper insight in the reaction mechanisms as it is shown by the
experimental programs at different proton accelerators as SATURNE and
COSY.
In this respect, J/ψ production has a specific interest: the production and

the propagation of charm in ion–ion collisions have been considered as one of
the most promising probe of quark–gluon plasma (QGP) [110], but in order
to state the evidence of a clear signal, it is necessary to analyze in detail
all possible mechanisms for J/ψ production in ion–ion collisions, and also all
other processes which are responsible for the dissociation of the produced J/ψ
meson. The studies of charmonium (hidden strangeness) and D (D∗) mesons
(open charm) are equally important.

6.1. Charm Production. The elementary pp cross section are collected
and illustrated in [111].
In the energy region that can be investigated with the NICA SPD facility,

3.4 � √
s [GeV]� 27 [112] for pp collisions, the total pp cross section is

1 This section is written by E. Tomasi-Gustafsson (E-mail: egle.tomasi@cea.fr).
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relatively constant around 40 mb, whereas the elastic cross section decreases
due to the opening of different inelastic channels as the energy increases 1.
The order of magnitude of the inelastic cross section can therefore be sizable,
reaching 30 mb at the highest energies. Among these inelastic cross sections,
the channels p+ p→ p+ p+ J/ψ and p+ p→ p+ΛC(ΣC) +D open around√
sthr ∼ 5 GeV and they are expected to grow up to several μb in the

considered energy range.
The production mechanisms for charmonium (hidden strangeness) and D

(D∗) mesons (open charm) in nucleon–nucleon collision have not been yet
understood. The question is how charm quarks — that are not preexisting
in the nucleon as valence quarks — are formed and how they hadronize. To
interpret the production and the propagation of charm in heavy ion collision
as a probe of quark–gluon plasma (QGP), it is necessary to have a solid
theoretical background based on the understanding of elementary processes.
Experimental data and theoretical studies of J/ψ production in different

processes and of its decays exist: for a review see [114] and for a most recent
data collection — [115]. As a result of high statistics and high resolution
experiments, a large amount of information on the properties of the J/ψ
meson, on the production processes and on its numerous decays has been
collected. From a theoretical point of view, the interpretation of the data, in
particular in confinement regime, is very controversial. As an example, the
c-quark mass is too large, if compared to predictions from chiral symmetry,
but for theories based on expansion of heavy quark mass (Heavy Quark
Effective Theory), it is too small [116].
In the threshold region, the final particles are produced in S state,

and the spin structure of the matrix element is largely simplified. Simple
considerations indicate that this region is quite wide: the effective proton size,
which is responsible for charm creation, has to be small, rc 	 1/mc 	 0.13 fm,
where mc is the c-quark mass, selecting small impact parameters [117]. The
S-wave picture can therefore be applied for q �mc, where q is the norm of the
J/ψ-three-momentum in the reaction center of mass (CMS). The momenta
of the produced particles are small, but the mechanisms for the production
of charmed quarks must involve large scales. In [48], the near-threshold J/ψ
production in nucleon–nucleon collisions was analyzed in the framework of a
general model independent formalism, which can be applied to any reaction
N +N → N +N + V 0, where V 0 = ω, φ, or J/ψ. Such reactions show large
isotopic effects: a large difference for pp and pn collisions, which is due to the
different spin structure of the corresponding matrix elements.
In [48], an estimation of J/ψ production was suggested from the

comparison of the cross sections for the φ and J/ψ production in pp collisions.
The same approach, namely π exchange in N + N → N + N + V 0 and ρ
exchange for the subprocess π + N → N + V 0, with V 0 = φ or J/ψ, was

1 Fundamentals of elastic pp scattering up to LHC energies have been recently
reviewed in [113] and references therein.
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considered. For the same value of the energy excess, Q =
√
s − 2m −mV ,

taking into account the different phase space volumes, coupling constants for
the decay V → πρ, monopole-like phenomenological form factor for the vertex
π∗ρ∗V , with virtual π and ρ, one finds the following simple parametrization
for the cross section, holding in the near threshold region only:

σ[nb] = 0.097(Q[GeV])2. (26)

In [118], a parametrization of exponential form

σ[nb] = a e−bmJ/ψ/
√

(s) (27)

was suggested. The values a = 1000 nb and b = 16.7 reproduce well the
experimental data over threshold.
The threshold for this reaction is Eth = 12.24 GeV which corresponds to√

s = 2m +mJ/ψ 	 4.97 GeV. In Fig. 15, the data for p+ p → J/ψ + p+ p
and p+ A→ J/ψ +X are plotted from the recollections in [114] and [115].
Different symbols differentiate J/ψ production in pp or (extrapolated from)
pA collisions. The data, mostly collected at CERN, are reconstructed from
the measurement using models and/or assumptions, and the compiled total
cross section for J/ψ production may differ up to a factor of two. For
example, the original reference for the measurement from Protvino at

Fig. 15. Experimental data on J/ψ production in pp (red circles) and pA (blue
squares) reactions, from the recollections in [114] (filled symbols) and [115] (open
symbols). The solid line is the calculation from [48]. The plot is drawn from the J/ψ
production threshold (black line). The green filled region represents the range that can

be investigated with the NICA SPD facility
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√
s = 11.5 GeV [119] gives σ(pp→ (J/ψ → μ+ μ−) +X) = (9.5 ± 2.5) nb,

whereas the same experimental point is referenced as σ = (11± 3) nb in [114]
and as σ = (20± 5.2) nb in [115]. The cross section from [48] is also plotted
in Fig. 15.
Taking the value of luminosity L = 1030 cm−2· s−1, one expects

3 counts/hour for such a process with a cross section of the order of 1 nb.
This number is not corrected for the detector efficiency and reconstruction
with identification, for example, in a missing mass. The reconstruction of J/ψ
through its decay into a lepton pair, that is the preferred mode, requires two
additional orders of magnitude as the branching ratio is (	 5.9± 0.5) · 10−2.
Note also that in the framework of the considered model, one can find a

large isotopic effect due to the different spin structure of the matrix element
at threshold

σ(np→ npJ/ψ)

σ(pp→ ppJ/ψ)
= 5,

which would require a correction of the experimental data on pA reaction,
where equal np and pp cross sections are usually assumed for the extraction
of the elementary cross section in pp collisions. From [48] one also learns that
only one polarization observable, the J/ψ polarization, is identical for pp and
pn collisions: the J/ψ meson is transversely polarized — even in collisions
of unpolarized nucleons. The experimental determination of the ratio of the
total cross sections for np and pp collisions gives important information for
the identification of the reaction mechanism.
The possibility of presence of intrinsic charm as a higher order component

of the development of the Fock expansion for the proton state has been
discussed in [120]. Near threshold, all partons must transfer their energy
to the charm quarks, within a time t ∼ 1/mc, thus selecting short range
correlations between the valence quarks. Most interesting is the deuteron
case, where all six quarks must be involved coherently, giving access to the
hidden color part of the deuteron wave function.

6.2. Open Charm Production. Open charm production, N +N → N +
+ D + ΛC(ΣC), gives information on scattering lengths, effective radius,
hadronic form factors, and coupling constants and is also related to the
dynamics of charm creation in NN , NA, AA∗ collisions. Some predictions
can be done from an analogy with strangeness production, relying on the
equivalence of SU(3) and SU(4) symmetries, that is, however, not totally
reliable. Existing information and estimation indicate that near threshold cross
section can be of the order of μb. The threshold cross section, normalized
at the lowest existing value is plotted in Fig. 16, where the insert highlights
the threshold region. A dedicated simulation should be done to evaluate the
counting rates, as the charmed particles should be reconstructed from the
most suitable decay channels. The spin and isospin structure of the matrix
element for the reactions N +N → ΛC(ΣC) +D +N was derived for open
charm from [122]. Detailed estimation of cross sections and the expressions
of the polarization observables can be found there.
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Fig. 16. Total charm production in pp and pA collisions. Data are taken from [121].
The line is a threshold parametrization (see the text)

The charm production near threshold cross section follows the behavior

σ[μb] = 0.03(Q[GeV])2 (28)

that can be useful for simulation purposes. It is plotted in Fig. 16 over a
collection of data from [121] reanalyzed from several experiments on charm
production in pp and pA collisions at different facilities.
We stress that these are difficult measurements, with low counting rates,

but that even setting upper limits will be important, as no data at all are
present in the threshold region.

6.3. Backward Meson Production. Larger counting rates are expected
for light meson productions, since cross sections are of the order of mb.
The ρ0 meson production in elementary collisions and on nuclei has been
discussed, for example, in [123] and references therein. The ρ0 inclusive cross
section has been measured at different accelerators since the 70s, mostly at
CERN [124], and more recently by the HADES collaboration [125]. In [126],
the inclusive cross section for ρ production in pp collision is calculated in
frames of a generalized vector meson dominance model, and the existing data
up to

√
s = 65 GeV are fairly reproduced and compared to other models.

In [127], the following parametrization was suggested:

σ(pp→ ρ0X) = (0.38± 0.02) ln2 s− (2.1± 0.4). (29)

This parametrization is shown together with the data for the inclusive cross
section of p+ p→ ρ+X in Fig. 17. One can see that it is of the order of mb
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Fig. 17. The ρ production in pp and pA collisions. The red circles (black squares)
are for inclusive (exclusive) ρ production in different experiments. The line is the
parametrization from [127]. The shaded region represents the SPD energy range

Fig. 18. The Feynman diagram for collinear hard photon emission in eT reactions
(T stands for any target). The hadron equivalent is obtained by replacing the photon

by a ρ meson and the electron by a proton

from the near threshold region, and therefore measurable at SPD already in
the first phase of the experiment.
In [128], a specific kinematics, the backward light meson production in

pp or pA collisions, was discussed in similarity with the “quasi real electron
method”, where a hard photon is produced in the collision of electrons on any
target [129]. Two important characteristics have been proved for the electron
case: the collinear emission probability has a logarithmic enhancement; the
cross section can be factorized in a term related to the probability of the
meson emission with a given energy at a given angle from the beam particle,
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and in a term related to the interaction of the beam remnant after emission
on the target (Fig. 18).
The cross sections for the reactions of interest are

dσpT→h+X(s,x) = σnT→X(xs) dWh+(x),

dσpT→h0X(s,x) = σpT→X(xs) dWh0(x), (30)

where h is a hadron. The quantity dWρ(x) can be inferred using the QED
result

dWρi(x)

dx
=

g2

4π2
1
x

√
1− m2

ρ

x2E2

[(
1− x+

1
2
x2
)
L− (1− x)

]
,

(31)

1 > x =
Eρ
E

>
mρ

E
, L = ln

(
1+

E2θ20
M 2

)
, ρi = ρ+, ρ−, ρ0,

where M , mρ, E, and Eρ are the masses and the energies of the initial proton
and the emitted ρ meson in the laboratory coordinates system (l.c.s.).
The integrated quantities Wh, h = ρ,π can, in general, exceed unity,

violating unitarity. To restore unitarity, we have to take into account virtual
corrections: the vertex for the emission of a single pion (charged or neutral)
from the proton has to include “radiative corrections”, which account for
emission and absorption of any number of virtual pions. For this aim we use
the known expression for the probability of emission of n “soft” photons in
processes of charged particles hard interaction, i.e., the Poisson formula for
emission of n “soft” photons Wn = (an/n!) e−a (where a is the probability of
emission of a single “soft” photon) [130].
The probability of emission of “soft” neutral pions follows the Poisson

distribution, which is not the case for the emission of charged pions.
Fortunately, in our case, it is sufficient to consider the emission of one
charged pion at lowest order (the process of one charged pion emission)
plus any number of real and virtual pions with zero total charge. In such a
configuration, this vertex has the form of the product of the Born probability
of emission of a single pion multiplied by the Poisson-like factor:

Pπ,ρ = e−Wπ,ρ , (32)

which takes into account virtual corrections.
The final result is obtained using the replacement

σ(s) → σ(s) ×Rπ, Rπ = Pπ

k=n∑
k=0

W k
π

k!
, (33)

where Rπ is the renormalization factor in order to account for the emission
of n real soft neutral pions escaping the detection.
Concerning the production of two charged pions, accompanied by a final

state X , we can write

dσpp→ρ0X = 2
dWρ(x)

dx
σpp→X(xs)× Pρ, (34)
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where the factor of two takes into account two kinematical situations,
corresponding to the emission along each of the initial particles, and Pρ is the
survival factor (32) which allows for virtual radiative corrections. The cross
section is shown in Fig. 19 as a function of the ρ energy fraction, for two
values of the incident energy and of the emission angle. The x dependence
shows a characteristic peak at x = xmax that has the same nature as for the
QED process e+ + e− → μ+ + μ− + γ. As explained in [131], it is a threshold
effect, corresponding to the creation of a muon pair, where xmax = 1− 4M 2

μ/s,
Mμ is the muon mass.

Fig. 19. Cross section dσ(pp → ρ0X) as a function of the ρ energy fraction for two
values of the incident energy and of the ρ emission angle: E = 10 GeV and θ0 = 10◦

(black solid line), E = 10 GeV and θ0 = 20◦ (red dashed line), E = 20 GeV and
θ0 = 10◦ (green dotted line), E = 20 GeV and θ0 = 20◦ (blue dash-dotted line)

The prediction of the model for backward ρ meson production in pp
collisions is shown by a black solid thick line in Fig. 20. The red dashed
line is the renormalization factor from Eq. (33), integrated over x. The black
dash-dotted line is the total pp cross section of the order of 40 mb, and
it is quite flat in all the considered energy region. The blue line is the
parametrization from [127] of the inclusive ρ cross section. The available data
are also shown, as different symbols and colors for inclusive measurements
and as black squares for exclusive ρ production. Backward production can be
of the order of several mb, therefore accessible at the NICA SPD facility also
with the initial lower luminosity.
An original application is the possibility of creating neutron beams by

tagging the incident proton beam with a negative meson emitted backwards.

43



Fig. 20. Cross section for ρ-meson production in pp collisions: inclusive (different
symbols and colors from different experiments) and exclusive data from pp → ppρ
(black squares). The present calculation is shown as a black line. The red dashed line
is the renormalization factor from Eq. (33). The black dash-dotted line is the total pp
cross section. The lower red point is the inclusive measurement from [125]. The blue

line is the parametrization from [127]

Charge exchange reaction takes place, and the beam remnant is a neutron
impinging on the target beam.

6.4. Conclusions. The understanding of charm production (open or
hidden) should unify the different steps: parton-level hard process with
production of cc pairs, after hadronization of cc into J/ψ or into charmed
hadrons (mesons and baryons) including the final state interaction of
the produced charmed hadrons with other particles. The relatively large
transferred momenta involved in most processes of J/ψ production in
hadron–hadron collisions allow one to treat the first step within the framework
of perturbative QCD. But the applicability of QCD is not so straightforward
for the description of the c-quark hadronization. In this respect, precise data
collected in the NICA SPD energy range will bring important information,
especially if covering a wide range above threshold. Light meson as ρ-meson
production is definitely easier to be measured. Collecting precise systematic
data should help to refine the models and is also of great interest for the
collision on heavy targets. Backward kinematics could constitute an original
contribution to the field, offering an alternative possibility to produce neutron
beams.



7. EXCLUSIVE HARD PROCESSES WITH DEUTERON AT NICA 1

We argue that reaction p2H → ppn at large momentum transfer to one of the
nucleons of the deuteron provides a sensitive probe of space–time evolution of hard pN
scattering. The same process in a different kinematics allows one to study short-range
correlations in the deuteron. The use of the polarized deuteron beams would provide
a unique opportunity to separate S- and D-wave contributions to the high momentum
component of the deuteron wave function. A possibility to look for non-nucleonic
components of the short-range correlations is also outlined.

Our understanding of the dynamics of NN interactions at the energy
range of

√
s ∼ 5−20 GeV is still rather limited. In particular, it is still not

clear where transition occurs from nonperturbative to perturbative dynamics
in few-body processes with a large momentum transfer (−t). This includes
even the most basic process of the large −t elastic nucleon–nucleon scattering
at large −t. Among the puzzles are large spin effects in large angle scattering
of polarized protons [38] and a complicated energy dependence of the nuclear
transparency in large angle scattering of incident protons off the protons
embedded in nuclei [44]. Also, the recent observations of two nucleon short-
range/high momentum correlations in nuclei, mostly in electron–nucleus
scattering (see review in [132, 133]), require confirmation and testing of
universality of the short-range correlations (SRCs) using other projectiles —
protons, photons, etc.
Questions involved in studies of the short-range/high momentum nuclear

structure and understanding of microscopic nucleon structure and dynamics of
large momentum transfer processes are delicately intertwined: understanding
of hard dynamics of two-body processes is also necessary for precision studies
of the short-range nuclear structure.
Several strategies are possible to address these questions. Here we will

concentrate on reactions with the deuteron since the nonrelativistic deuteron
wave function is well known, and hence the measurements could be matched
to detailed theoretical calculations. Also, the use of the deuteron allows one
to choose special kinematic domains where p2H scattering is sensitive to the
short-range nuclear correlations. The collider kinematics presents a number
of advantages as all particles in the reactions in question have large momenta
and hence can be easily detected.

1 This section is written by M. Strikman (E-mail: mxs43@psu.edu).
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7.1. Probing Dynamics of Nucleon–Nucleon Interaction in Pro-
ton–Deuteron Quasielastic Scattering. The simplest reaction which would
be interesting to study is the process p2H → ppn, where one of the nucleons
has small transverse momentum and two others have approximately back-to-
back large transverse momenta [134, 135].
In the impulse approximation, this process corresponds to elastic

scattering of the projectile proton off a quasifree nucleon of the target. There
exist, however, kinematical conditions where the dominant contributions are
due to soft rescatterings of the initial and final nucleons, which accompany
the hard pp(pn) reaction. The eikonal approximation, which accounts for
relativistic kinematics as dictated by the Feynman diagrams, reveals the
important role played by the initial and final state interactions in the angular
and momentum dependences of the differential cross section in well-defined
kinematics. The condition for the applicability of the generalized eikonal
approximation [136] is that the c.m. scattering angle and invariant mass of
the two-nucleon system are large enough, so that −t,−u � 2 GeV2.
It was suggested in [5, 6] that nucleons in the elementary reaction

interact in small-size configurations with a small cross section — the so-called
color transparency phenomenon. This effect is suppressed by the space–time
evolution of nucleon wave packets [137, 138]. However, the effect of evolution
is very small for the deuteron where typical distances between nucleons in
the rescattering amplitude are � 1.5 fm. Hence, the discussed process allows
one to measure the wave packet size of a nucleon practically right in the
interaction point.
It was pointed out that the hard dynamics in pp and pn elastic scattering

may be rather different [139]. Hence, it would be instructive to compare the
channels where pp and pn are produced with large pt.
Experiments with polarized beams would greatly add to this program: the

study of the dependence of the cross section on the deuteron polarization
allows one to improve separation of kinematic domains where impulse
approximation, double and triple scattering dominate, while the examining of
�p�d → pNN processes will allow studing spin structure of pp and pn elastic
scattering at large t (the latter is practically not known). Also, it would be
possible to find out whether the Krisch effect [38] (a strong difference between
the cross sections of elastic scattering of protons with parallel and antiparallel
spins) involves collisions of protons in configurations with sizes depending on
the spin orientation.
It would be also possible to study effects of coherence in the channels

where exchange by gluons in t channel is impossible, for example, pd →
→ ΔNN . In particular, it would be possible to test the effect of chiral
transparency suggested in [140] — suppression of the pion field in the
nucleons experiencing large −t scattering.

7.2. Probing Microscopic Deuteron Structure. As emphasized at the
very beginning of this section, the dominant source of the SRC in nuclei is
proton–neutron correlations with the same quantum numbers as the deuteron
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and with high momentum tail similar to that in the deuteron. Hence, the
deuteron serves as a kind of the hydrogen atom of the SRC physics. Only
after it has been experimentally tested that approximations currently used for
the description of the p2H reaction work well, one can perform high-precision
studies of SRC in heavier nuclei.
It was demonstrated in [134, 135] that under specific kinematical

conditions (in particular, low transverse momenta of slow nucleons in the
deuteron rest frame) the effect of initial and final state interactions can
be accounted for by rescaling the cross section calculated within the plane
wave impulse approximation. In this kinematics, it would be possible to
check universality of the wave function — in particular, its independence on
the momentum transfer in the elementary reaction. Such a factorization is
expected to break down at sufficiently large −t and −u, where scattering
involves interaction of nucleons in the small-size configurations (the color
transparency regime), since the latter are suppressed in bound nucleons with
suppression growing with the nucleon off shellness [138].
Studies of the non-nucleonic configurations in the deuteron, as well

as relativistic effects, are of separate interest. One option is a search
for non-nucleonic degrees of freedom like 6 quark, two Δ isobars via
production reaction p2H → Δ++ + p + Δ− with Δ++ and proton back to
back and Δ− in the deuteron fragmentation region for the light cone fraction
αΔ = 2p−Δ/p

−
d � 1 (slow in the deuteron rest frame; proton momentum is

along z direction).
In a long run, when polarized deuteron beams become available, it will

be possible to separate contribution of the S and D wave to the SRCs and
compare different relativistic models of the deuteron — light cone vs virtual
nucleon approximations. The difference between two predictions is already
large for the nucleon momenta ∼ 300 MeV/c in the deuteron rest frame.



8. SCALING BEHAVIOR OF EXCLUSIVE REACTIONS WITH
LIGHTEST NUCLEI AND SPIN OBSERVABLES 1

Differential cross sections of various binary reactions with the lightest nuclei
at large fixed scattering angles are in qualitative agreement with the s power-
law dependence dictated by the constituent counting rules. We propose measuring
differential cross section and deuteron analyzing powers of the dp elastic scattering
at the NICA SPD facility to search for transition region from meson–baryon to
quark–gluon degrees of freedom in the deuteron structure.

The structure of the lightest nuclei at short distances rNN < 0.5 fm or
high relative momenta q > �/rNN ∼ 0.4 GeV/c constitutes a fundamental
problem in nuclear physics. One of the most important questions is related to
the search for onset of transition region from meson–baryon to quark–gluon
picture on nuclei. A definite signature for transition to the valence quark
region is given by the constituent counting rules (CCR) [141, 142]. According
to the dimensional scaling, the differential cross section of a binary reaction at
high enough incident energy can be parametrized as dσ/dt ∼ s−(n−2)f(t/s),
where n is the sum of constituent quarks in all participants, s and t are the
Mandelstam variables. Many hard processes with free hadrons are consistent
with CCR at energies of several GeV. The CCR properties of the reactions
with the lightest nuclei were observed in photo disintegration of the deuteron
γd→ pn at Eγ = 1− 4 GeV and 3He nucleus 3He(γ, pp)n, γ3He → dp. Earlier
data on the reactions dd → 3Hp, dd → 3Hen [143], and pd → pd, as was
shown in [144], also follow the CCR behavior s−22 and s−16, respectively, at
surprisingly low energies, 0.5 GeV. Recently the CCR behavior of the reaction
pd → pd has been observed in [145, 146] at higher energies. On the other
hand, the reaction with pion production pp → dπ+ does not follow the CCR
rule demonstrating the differential cross section ∼ s−9 instead of s−12. One
possible way to explain this is a partial restoration of chiral symmetry at
high enough excitation energy [147]. However, systematic studies of these
properties of the reactions with lightest nuclei are absent. So, it is important
to know whether the reaction pn→ dρ0 follows the CCR behavior and at what
minimal energy there is the CCR onset. Assuming the model of the vector
meson dominance and taking into account the observed CCR behavior of the

1 This section is written by V.P. Ladygin (E-mail: vladygin@jinr.ru) and
Yu.N.Uzikov.
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γd→ pn reaction, one may expect the ∼ s−12 dependence of the cross section
of the reaction pn → dρ0. Furthermore, possible relation between the CCR
behavior of the unpolarized cross section and spin observables of the same
reaction are practically not known. The NICA SPD facility provides a good
opportunity for this study using polarized beams in pp, dd and pd collisions.
The results on the polarization observables for deuteron-induced reactions

at large transverse momenta are controversial. The results on the tensor
polarization t20 for the ed elastic scattering [148] obtained at JLab can be
reproduced quite well at Q2 � 1.7 (GeV/c)2 by the covariant relativistic
model [149] without contribution of non-nucleonic degrees of freedom.
The perturbative QCD (pQCD) predictions [150] are not reliable for these
momentum transfers. On the other hand, while the electromagnetic form
factors for the deuteron in the soft-wall AdS/QCD model [151] are in good
agreement with the experimental data and display correct 1/Q10 power
scaling for large Q2 which is consistent with CCR, the tensor analyzing
power t20 [148] demonstrates the discrepancy with the soft-wall AdS/QCD
predictions [152].
The cross section of high energy two-body photo disintegration of the

deuteron, γd → pn, at large angles in the c.m.s. [153, 154] has shown
the scaling behavior up to 5.5 GeV predicted by CCR [141, 142]. Recent
measurements of the proton polarization [155] at energies up to 2.4 GeV are
also consistent with the pQCD hadron helicity conservation prediction [156],
but not the polarization transfers obtained in the same experiment.
The dependencies of the vector Ay and tenzor Ayy analyzing powers in

dp elastic scattering obtained at 60◦, 70◦, 80◦, and 90◦ in the c.m.s. versus
transverse momentum pT are shown in Fig. 21,a, b, respectively. The open
points are the world data obtained at RIKEN, SATURNE, and ANL, while
the black ones represent the results obtained at Nuclotron [157, 158]. The
analyzing powers demonstrate the sign changes at pT ∼ 650 MeV/c and the
asymptotic behavior at large transverse momenta. Note, that negative sign of
Ayy is also observed in deuteron inclusive breakup at large pT [159, 160].
It would be interesting to extend the range of the measurements to larger

pT , where the manifestation of non-nucleonic degrees of freedom is expected.
New precise measurements with small statistical and systematic uncertainties
at the energies higher than

√
s � 3.3 GeV and at different scattering angles

are required to make a conclusion about the validity of CCR [141, 142] in
dp elastic scattering. We propose measuring also different vector and tensor
analyzing powers in dp elastic scattering at SPD energies.
The tensor Ayy and vector Ay analyzing powers in dp elastic scattering

obtained at 60◦, 70◦, 80◦, and 90◦ in c.m.s. versus transverse momentum
pT [157, 158] demonstrate the negative and positive asymptotic behavior,
respectively.
The measurements of dp elastic scattering can be performed either with

polarized deuterons and unpolarized protons, or with unpolarized deuterons
and polarized deuterons. The dp elastic scattering events can be selected using
cuts on the azimuthal and polar scattering angles correlations. The vector Ay
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Fig. 21. Vector Ay (a) and tensor Ayy (b) analyzing powers in dp elastic scattering
obtained at the fixed angles in the c.m.s.: 60◦, 70◦, 80◦, and 90◦

and tensor Ayy and Axx analyzing powers will be measured simultaneously
in the case of the vertically polarized deuteron beam. The precision on
the tensor ΔAyy ∼ 0.09 and ΔAxx ∼ 0.09 and on the vector ΔAy ∼ 0.03
analyzing powers can be achieved for the scattering angle ∼ 90◦ ± 5◦ at√
s ∼ 4.5 GeV (pT ∼ 1.7 GeV/c) for 30 days of the beam time at the

luminosity L ≈ 1029 cm−2· s−1. We assume ∼ 75% of the beam polarization
from the ideal values of polarization for different spin modes. The counting rate
has been estimated using dp elastic scattering cross section parametrization
from [146]. The spin correlations can be obtained in quasifree dp elastic
scattering using dd collisions.



9. MULTIQUARK CORRELATIONS
AND EXOTIC HADRON STATE PRODUCTION 1

Multiquark correlations in the collisions of particles and nuclei at NICA energies
play an important role in understanding of QCD. Processes involving multiquark
degrees of freedom can shed light on various aspects from multiquark fluctons,
diquarks, multiparton scattering to exotic resonance production and fulfill a broad and
rich physics program at the SPD experiment.

9.1. Multiquark Correlations and Exotic State Production at NICA
SPD. Multiquark correlations in the collisions of particles and nuclei play an
important role in understanding of QCD. Multiquark correlation phenomena
may be divided into four classes.
The first one can be related to parton distribution functions (PDFs) of

the colliding nuclei. In the leading twist approximation, in the nuclear PDFs
there is a contribution at large x > 1, which is related to objects fluctuations
of nuclear matter [161] known as multiquark fluctons [162–164] (see for a
review, e. g., [165, 166] and references therein) or few-nucleon short-range
correlations (see, e. g., [138, 167, 168] and references therein). Fluctons
are compact multinucleon states with defrosen color quark–gluon degrees of
freedom (see, e. g., [162–164, 169–180]).
The second class is connected with higher twist contributions of two-

and/or three-quark correlations in PDFs of hadrons and nuclei.
The third class is dealing with multiparton scattering subprocesses in

hadronic and nuclear collisions. Multiparton scattering occurs when two or
more partons from each colliding objects simultaneously scatter off each other.
The fourth class phenomena can be related to production of exotic

multiquark resonance states, e. g., pentaquark and tetraquark states.
Below one can briefly outline possible studies, which can shed light on the

all above-mentioned classes of multiquark phenomena and fulfill a broad and
rich physics program at the SPD experiment.

9.2. Multiquark Correlations: Fluctons in Nuclei. Fluctuations of
nuclear matter were considered in [161] after discovering of backward

1 This section is written by V.T.Kim (E-mail: kim_vt@pnpi.nrcki.ru),
A. A. Shavrin (E-mail: shavrin.andrey.cp@gmail.com), and A.V. Zelenov (E-mail:
zelenov_av@pnpi.nrcki.ru).
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production off nuclei [181, 182]. The nuclear fluctuations would form fluctons:
compact multinucleon states or, in other words, few-nucleon short-range
correlations.
Fluctons are directly connected with cumulative hadron production in the

nuclear fragmentation region [183, 184]. The flucton approach [179], which
is based on hard QCD factorization and EMC-ratio [389] constraints, predicts
an extra nuclear quark sea, which has rather hard momentum distribution:
the extra nuclear sea x-slope is equal to the x-slope of the valence quarks at
x > 1. It leads to “superscaling” for cumulative hadron production at x > 1
in the nuclear fragmentation region: the x-slope of all cumulative hadron
distributions, including “sea” ones [179, 185], is the same. The superscaling
phenomenon was experimentally confirmed by the ITEP group [186, 187].
Nuclear fluctons consist of the nucleons compressed in distances

comparable with nucleon size, so the flucton with five or six nucleons could
be considered as a cold dense baryon matter, since the effective nuclear
density would be high as that in the core of neutron stars [132]. In such a
dense nuclear medium, there would be CP -violating effects [188].
In high-pT cumulative processes at the central region, other contributions

should be added to the contribution of the nuclear PDFs at x > 1, such
as those from PDFs of the other colliding object and possible intranuclear
rescattering effects [189, 190]. So, beyond the nuclear fragmentation region
one should observe deviations from superscaling for cumulative production.
For many observables there are two popular approaches: fluctons and

short-range nucleon correlations yield-similar predictions, e. g., cumulative
particle production, nuclear structure functions in deep inelastic processes
with leptons, etc. However, there is the main difference with flucton and short-
range nucleon correlation approaches: extra sea-quark degrees of freedom
attributed to flucton sea at nuclear PDF at x > 1.
The hard flucton antiquark sea can manifest in massive lepton

pair [191–193] and J/ψ production in cumulative region [194, 195]. SPD can
study J/ψ production process in pd and dd collisions at x > 1, which should
be highly sensitive for hard flucton antiquark sea of deutrons.

9.3. Few-Quark Correlations: Diquarks. Another type of multiquark
correlations is few-quark short-range correlations: diquark and triquark states
in baryons. Diquark states were discussed soon after suggesting quark
model for hadrons (see for a review [196, 197]). This is an important
source [198–202] of large-pT baryon production [200, 203, 204]. Being a
higher-twist, the diquark contribution can describe the strong scaling violation
in deep inelastic scattering off nucleons and in large-pT baryon production in
hard nucleon collisions at SPD energies [201, 202, 205] (Fig. 22).
Most of diquark studies were done within inclusive approach. The

ABCDHW Collaboration at CERN ISR have found more convincing
indications [207, 208] on diquark manifestations in two-particle correlations.
SPD allows one to study two-particle correlations between large-pT baryons
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Fig. 22. The p/π+ ratio of inclusive invariant cross sections at θcms = 90◦

in pp collisions confronted with the data from IHEP, Protvino [204] (•) at√
s = 11.5 GeV and from FNAL, Batavia [203] (�) at

√
s = 23.4 GeV. The

preliminary predictions from MC event generator ULYSSES [205] with incorporated
diquark subprocesses: the red solid line corresponds to value 0.5 for diquark state
probability in proton and the green dash-dotted line — to value 1.0. Prediction by the
standard PYTHIA8.3 4Cx [206] without diquark subprocesses is shown by the blue

dashed line

(proton, Δ++, Λ0, etc.) and back-to-back hadrons to reveal quark structure
of proton in more detail.
Therefore, measuring by the SPD experiment various two-particle

correlations should reveal diquark structure of proton in more detail.

9.4. Multiparton Scattering. There is an important aspect of hadronic
collisions, which has been studied since the 70s [209–216]. There are two
basic approaches for description of multiparton scattering, depending on view
whether it is considered as a higher-twist effect or not [217–221]. In the
all above approaches, the main object is multiparton momentum-dependent
distribution function, which is complicated in addition by the multiparton
distribution in space (impact plane). Therefore, measuring a few-particle
correlation at SPD, one can study multiparton scattering processes [205],
which are related to 2D and 3D PDFs in momentum and coordinate spaces.
The SPD experiment can study multiparton distribution in proton via

multiparton scattering, which yields, in particular, certain azimuthal two-
particle correlations. For instance, double-parton scattering should increase
two-particle correlations out of back-to-back scattering region, where single
parton–parton scattering is dominant [179], yielding a ridge structure [223].
Predictions from the MC event generators (ULYSSES [205] with incorporated
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diquark subprocesses and PYTHIA8.3 for two-particle correlation function of
two protons)

R12 = σinE1E2d
6σ

d3p1d3p2

/(
E1d

3σ

d3p1

E2d
3σ

d3p2

)
are shown in Fig. 23 for back-to-back region and outside it at

√
s = 23.4 GeV.

Fig. 23. Two-proton correlation function at θcms = 90◦ in pp collisions at√
s = 23.4 GeV as a function of pT (≈ pT1 ≈ pT2) for two regions of azimuthal

angle difference: a) for back-to-back region (Δϕ = |ϕ1 − ϕ2| ≈ π); b) out of it
(Δϕ �≈ π). The preliminary predictions from MC event generator ULYSSES [222] with
incorporated diquark subprocesses in different tunes (red squares and magenta stars)

and PYTHIA8.3 4Cx [206] (green triangles) without diquark subprocesses
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Two-particle correlation function for out of back-to-back azimuthal region
is directly connected with double-parton scattering cross section.
Multiparton scattering can be significant for production of multiquark

systems and nuclei [205, 224].

9.5. Multiquark Exotic State Production. Multiparton scattering
provides a unique opportunity to study production of various multiquark states
and light nuclei [205, 224] at SPD energies.
An excitement flourished when LEPS [225], DIANA [226] and

CLAS [227] Collaborations observed a resonance state, which was
correspondent with quantum flavour numbers of Θ+-pentaquark, with the
narrow width as predicted in [228].
However, in a meantime there was a somewhat contradictory situation.

Most of Θ+-pentaquark observation claims were ruled out while the
others [226, 229–231] were still not (see for a review of the experimental
situation, e. g., [232, 233]). There were also papers in which they tried to
explain why some experiments could observe the Θ+-pentaquark state, while
the others could not (see, e. g., [234]). A similar situation is with the other
multiquark states: H-dihyperon [235, 236], etc. [237, 238].

Fig. 24. Production of multiquark systems
(pentaquarks, H-dihyperons, etc.) and
deuterons on large angles via double
diquark–quark scattering [205, 224] in

nucleon collisions

Multiquark state production cross
section depends on its structure and
production mechanism. For instance,
the atomic or molecular structures
lead to different mechanisms of
production and to different branching
ratios of the final states.
Production of multiquark sys-

tems with possible diquark structu-
re [222, 239–242] on large angles
can be enhanced due to double
diquark–quark scattering [205, 224].
Inclusive and two-particle correlation
studies with production of light
nuclei and antinuclei should help to
establish two production mechanism
stages: multiparton scattering and
fragmentation/fusion process [205,
224] (Fig. 24).
So far, most of the negative pentaquark and H-dihyperon searches have

been performed at small production angles. Therefore, the SPD experiment
provides a unique opportunity to search such multiquark states at unexplored
kinematic domain.

9.6. Conclusions. To summarize this section:
• SPD with study of the inclusive particle production and few-particle

correlations at different kinematic regions in pp collisions at high luminosity
should reveal such quark correlations as diquark states in proton;
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• multiparton distribution in proton can be studied via multiparton
scattering, which yields certain azimuthal two-particle correlations; in
particular, double-parton scattering should increase two-particle correlations
out of back-to-back scattering region;

• SPD can carry out investigations of the novel production mechanisms
as double quark–diquark scattering and other multiparton scattering
subprocesses, which would lead to enhanced production of exotic multiquark
resonance states and light nuclei at large angles;

• pd and dd collisions at high luminosity can shed light on the
difference between multiquark fluctons and short-range nucleon correlations
by measuring cumulative production of antiprotons and K− mesons. Collision
processes with light nuclei, if available, should enhance sensitivity to the hard
flucton antiquark sea.
Therefore, the SPD experiment at NICA gives a unique opportunity, on the

one hand, to test and extend our knowledge of various aspects of multiquark
correlations: from diquark substructure of proton, double-parton scattering,
cold dense baryon matter, to the exotic multiquark resonance production, and,
on the other hand, it has a rather high potential for discovering new exotic
multiquark states and novel mechanisms of production at high energy hadronic
collisions.



10. STUDY OF INELASTIC d−d AND p−d INTERACTIONS
FOR OBSERVATION OF NEUTRON–PROTON SYSTEM

UNDER STRONG COMPRESSION 1

In this experimental proposal, we consider a possibility of registering light
dibaryons at the NICA SPD facility, experimental and theoretical indications of the
existence of which were previously obtained at JINR. The main attention is paid to
the description of the observable effects, as well as the requirements for measuring
instruments necessary for their successful detection.

10.1. Few-Nucleon Systems and Phase Transitions in Nuclear
Matter. At present, there are different theoretical indications that cold
nucleonic matter under strong compression should undergo phase transitions
(see, e.g., [243]). Experiments at the NICA MPD facility will be devoted
to the search for signs of these transitions, in which the manifestations
of the transformations of the nucleon phase into the quark–gluon one, as
well as other transitions, are expected to be seen in collisions of heavy
nuclei. Unfortunately, traditional nuclear physics, as well as astrophysical
restrictions on the equation of state for cold dense matter, has not yet given
direct indications of the need to take into account such processes [244]. A
similar situation has arisen in the description of small nucleon systems, which
can be used as the basis for the microscopic theory of phase transitions in
nuclear matter. Thus, it has long been suggested that various multibaryon
states can exist in nature in the form of a configurational admixture together
with ordinary nuclei [245]. At the same time, models continued to develop,
suggesting that nucleons in nuclei can also retain their individuality even in
very exotic high-momentum states [246]. An attempt to find experimental
manifestations of the multiquark component in the wave function of atomic
nuclei was undertaken within the framework of the flucton model [162, 247].
In parallel, the model of short-range correlations was considered according
to which the same processes should be explained by taking into account the
high-momentum component of the nucleon wave function of nuclei [248].
Experiments at the NICA MPD facility should in the future answer some

of the questions associated with the problem of phase transitions of nucleonic
matter into other forms of nuclear substance at high densities, which can be

1 This section is written by B. F. Kostenko (E-mail: bkostenko@jinr.ru).
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achieved in collisions of heavy nuclei accelerated to relativistic velocities. The
theory of these phenomena is extremely difficult, so that the interpretation of
the obtained experimental data may turn out to be highly uncertain. In this
regard, it is of particular interest to study the transitions of nucleonic matter
to other states, which can occur in few-nucleon systems. Drawing an analogy
with the theory of the formation of an electron–ion plasma, it can be argued
that knowledge of the characteristics of few-nucleon systems under conditions
of strong compression can contain information as indispensable as knowledge
of the ionization characteristics of atoms for building a theory of ordinary
plasma.

10.2. Search for New Dibaryons at the NICA SPD Facility. There
are a number of theoretical and experimental indications of the existence of
light dibaryon excitations in two-nucleon systems [249–251]. An analysis
of the experimental data suggests the possible observation of events, the
cross sections of which in a certain kinematic region are comparable to
those of hard elastic nucleon–deuteron collisions. For example, in [251], a
peak was observed, which is interpreted to date as a quasifree knockout
by the target deuteron of a nucleon from the incident deuteron in the
reaction d + d → d + X . However, its large width can hardly be explained
only by the internal motion of nucleons in the deuteron being destroyed.
At the same time, kinematic analysis shows [249] that scattering processes
with the participation of dibaryons preexisting in the incident deuteron in
a virtual form before the collision can also contribute to the observed
peak. In experiments [250], where the effective masses of two-nucleon
systems formed after the emission of several (up to 5) pions from highly
excited neutron–proton systems were measured, there are indications of the
observation of narrow dibaryons, the masses of which can be described by a
simple formula [249] Mn = (Md + 10.08n) MeV, where Md = 1875.6 MeV
is the value of deuteron mass 1. It can hardly be interpreted as a mere
coincidence that the broadening of the peak caused by the “quasifree” nucleon
knockout in the experiment [251] can also be explained [249] by scattering
d + d → d + d∗ with the participation of the same dibaryons as in the
experiment [250]. Of course, these arguments can only be considered as
indirect evidence in favour of the existence of light dibaryons. On the other
hand, it must be emphasized that the criticism of the Troyan experiment
presented in [252] also does not look convincing enough. Firstly, in [250],
a larger number of events than in [252] were studied; secondly, in [252],
events with a poorer “cooling” of a highly excited dibaryon were used, i.e.,
the work is based on events with fewer secondary pions emitted by a highly
excited dibaryonic system. And finally, even in spite of all that, significant
variations in the measured cross sections were observed in [252], which
can hardly be explained by simple statistical fluctuations. The above facts
suggest that light dibaryons could have been present in a sufficiently large

1 Hereinafter, the system of units is used, in which c = 1.
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number already in some of the earlier experiments, but were not recognized
due to the insufficient spectral resolution of the corresponding experimental
facilities. Drawing an analogy with the history of discoveries associated with
the invention of the microscope, we can say that a medium that can contain
a large number of interesting microscopic objects is presumably known, but a
device that allows them to be clearly seen has not been created yet. Below we
shall consider the demands that would have to be advanced to an experimental
setup so that it could be used to obtain unambiguous answers to all the above
questions.
In experiments on colliding beams of deuterons with momenta of the same

modulus, the energy q0 transferred in the reaction d + d → d + d∗ from one
of the deuterons to the dibaryon being produced is

q0 =
M 2∗ −M 2

d

4E
. (35)

Here E =
√
P 2 +M 2

d is the deuteron energy in the laboratory coordinates
system (l.c.s.). For the n-th excited level of the dibaryon M∗ = Md + nε.
Here ε is the distance between the levels, which we will take equal to
10 MeV [249]. The relation (35) allows one to estimate the influence of the
instability of the beam energy E on the accuracy of determining the value
of ε. For this purpose, let us bring into correspondence the spread in energy
ΔE of deuterons in beams and the inaccuracy of setting the level number
0 < δ < 1, which will describe the deviation of the measured level energy from
its exact value, referred to ε. Substitution of E → E + ΔE and n → n+ δn
into the relation (35) gives a quadratic equation for n, which determines the
highest level for which the uncertainty in the distance between adjacent levels
has not yet exceeded the value of δ:

ΔE

E
=
2Md + (2n+ δ)ε

2Mdn+ n2ε
δ. (36)

For nε 
 Md, this relation is reduced to a directly proportional relationship
between the relative fluctuation of the beam energy and the relative error
in measuring the distance between the adjacent levels caused by these
fluctuations:

δ ≈ ΔE

E
n.

It turns out to be rather weak (so far, the influence of the beam momentum
spread on the accuracy of measuring theM∗ dibaryon mass has not been taken
into account). For example, for ΔE = 100 MeV, the error in determining the
energy of the tenth level of a dibaryon is only 1 MeV for the colliding beams’
momentum at the level of 10 GeV in l.c.s.
It is also useful to have the correspondence between the 4-momentum q

transferred to the nascent dibaryon, which can be measured experimentally,
and the relativistic Mandelstam variable t ≡ q20 − q2. One can make sure
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after elementary but cumbersome calculations that for the experiments with
colliding beams, the following simple formula holds:

t = 2(Eq0 − Pq‖). (37)

Here q‖ is longitudinal, i.e., directed along the beams’ axis, component of the
momentum transfer, which is directly responsible for the excitations. It can
be seen from (37) that the processes of dibaryon production from a kinematic
point of view are possible at both negative and positive, as well as zero values
of the variable t, which seems to be extremely unlikely. It is clear that the
dynamic theory of the process should be based on the relativistic-invariant
amplitude using the variable t, since the fact of dibaryon production does not
depend on the frame in which it is registered. In the absence of such a theory,
the answer to the question of whether the dibaryons under consideration are
produced, for example, at zero values of the variable t, can only be found
from experiment. Since the relativistic-invariant amplitude also depends on the
Mandelstam variable s, the search for the region of localization of dibaryons
should also be accompanied by a variation in the momentum of deuterons in
colliding beams.
Traditionally, the formula (35) is used to identify resonances, in which

M∗ is the effective mass of decay products of a resonance. An individual
resonance can be seen if an error of its mass determining, which includes
its own width, and also takes into account the measurement errors of the
momenta of its decay products, is significantly less than the distances to
adjacent levels. It is clear that, to recognize resonances, one can also use
the relationship (37), in which they are seen as separate lines. However, to
formulate the requirements for the experimental setup, the most appropriate
is to use a method of resonance recognition directly based on the quantities
to be measured. Indeed, resonances, as well as the degree of reliability of
their recognition, can also be seen on the graphs of the dependence q⊥(q‖)
with a direct indication of the measurement errors of longitudinal q‖ and
perpendicular q⊥ components of the momentum transfer. The exact analytical
dependence q⊥(q‖) for colliding beams with equal momenta has the form

q⊥(q‖) =

√(
4E2 +M 2∗ −M 2

d

4E

)2
−M 2∗ − (P − q‖)

2
. (38)

This dependence is shown in Fig. 25 for the supposed theoretical values
of the masses of dibaryons and P = 3 GeV. In a real experiment, the
values of the momenta of decay products of a dibaryon should be measured.
For light dibaryons, these are the momenta pn and pp of the secondary
neutron and proton. The transverse component of the momentum transferred
to the dibaryon is equal to that of the total momentum of the secondary
nucleons q⊥ = pn⊥ + pp⊥, which is known with the measurement accuracy
Δpn,p⊥ = Δpn⊥ +Δpp⊥. In addition, the nonzero fluctuation of the transverse
momentum of the beam ΔP⊥ makes a contribution to the measurement error
of the transverse momentum transfer. Thus, the total measurement error of
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Fig. 25. The dependence of the transverse momenta of light dibaryons on their
longitudinal momenta measured in MeV for an experiment with colliding beams with
P = 3 GeV. The uppermost curve corresponds to the first excited level, and the lowest

one — to the tenth level

the transverse component of the momentum transfer is calculated by the
formula

Δq⊥ = Δpn⊥ +Δpp⊥ +ΔP⊥.

Similarly, taking into account that q‖ = P − (pn‖ + pp‖), we obtain

Δq‖ = Δpn‖ +Δpp‖ +ΔP‖,

where ΔP‖ is a value of the beam momentum fluctuations.
In paper [251], in which the light dibaryons could be observed at t =

= −0.5 GeV2, interactions of deuterons with momentum P = 8.9 GeV with
a stationary deuterium target were used. The colliding beam experiments
at |P | = 3 GeV correspond to the deuteron momentum P = 11.3 GeV in
experiments with the stationary target, which is close to the value in [251].
Using the formulas (35) and (37), it can be verified that the kinematics of
colliding beams corresponds to similar events at q‖ = (100 ± 20) MeV. In
its turn, the formula (38) tells us that at q‖ = 100 MeV the value of q⊥
will be 755.8 MeV for elastic d−d scattering, 743.2 MeV for scattering with
excitation of the first level, 730.3 MeV for scattering with excitation of the
second level, ... 631.0 MeV — for the tenth level. In this range, the distances
between the levels grow as follows: 12.3, 12.6, 12.9, ... 14.9, 15.3 MeV. Thus,
it can be seen that the measurement accuracy of the transverse momentum
at a level of 3 MeV is quite enough to register all the dibaryons described
above.
To estimate the required accuracy of measuring the longitudinal

component of the momenta of the secondary particles, the dependence (38)
should be reversed, expressing P − q‖ in terms of q⊥. One can check that
the spacings in the horizontal direction between the levels of dibaryons
shown in Fig. 25, in this case, are only slightly more than 3 MeV at full
longitudinal momentum P − q‖ of the decay products at a level of 3000 MeV.
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This dictates very high requirements, both for the measurement accuracy of
the longitudinal components of momentum of the secondary particles and the
degree of monochromaticity of the beam — at the level of 10−4. Nevertheless,
even in this respect, the experiments with colliding beams have significant
advantages in relation to those with the stationary target. In the latter case,
a similar experiment would require increasing relative accuracy by a factor
of 7, because of the larger momentum P of the accelerated beam and also
because of a different analytical dependence q⊥(q‖). The requirements for the
accuracy of measuring the longitudinal component of the momentum transfer
decrease very fast with decreasing momentum of the colliding beams. So, if
it is equal to 1 GeV, then the required relative accuracy becomes equal to
10−2. Since we do not know the exact range of values of the Mandelstam
variable s, within which the production of light dibaryons is possible, then it
makes sense to set up an experiment even at lower values of s than it was
done in the experiment [251].
Figure 25 suggests the possibility of searching for any dibaryons, including

heavier ones, the existence of which is predicted by quark models. For this,
it is enough to use the fact of a distinct concentration events near some line
q⊥(q‖), described by the formula (38), which should be very similar to those
shown in Fig. 25.



11. PROPOSAL FOR THE STUDY OF THE LIGHTEST NEUTRAL
HYPERNUCLEI WITH STRANGENESS −1 AND −2 1

Based on our recent study of the lightest neutral hypernuclei with strangeness −1
and −2, we propose to look for the neutral hypernucleus 4

ΛΛn in deuteron–deuteron
collisions which can be accessed by NICA SPD in the future. Some advantages and
opportunities for hypernuclei and exotic hadrons in the double K+ production channels
at NICA are addressed.

There has been significant progress in the study of hypernuclei in both
experiment and theory during the past decades. The discovery of a number
of hypernuclei with S = −1 and S = −2 has greatly enriched our knowledge
about the hyperon–nucleon and hyperon–hyperon interactions [253, 254], and
the search for stable hypernuclei still serves as a direct probe for many
interesting physics problems with the presence of hyperons in nuclear matter.
So far, there has been evidence neither for a stable (n,Λ) nor bound (p,Λ)

state for baryon number A = 2, except for a resonance peak of about 2.06 GeV
seen in d + π− [255]. The situation becomes more complicated in the 3- or
4-body systems made of nucleons and hyperons. For A = 3 in the sector of
isospin I = 1, 3ΛHe = (p, p,Λ) and 3

ΛH = (n, p,Λ) are found bound. The latter
has a 3-body binding energy of E3 = −2.45 MeV, which is just below the
threshold of a deuteron plus an isolated Λ, i.e., E2 = −2.20 MeV. In contrast,
the existence of 3Λn = (n,n,Λ) still needs confirmation [255].
For A = 4 with I = 0, the nonstrange tetraneutron, 4n = (n,n,n,n),

is naively suggested to exist by the stability of 8He isotope, but so far
has received only controversial experimental indications [256]. Calculations
based on realistic neutron–neutron potentials [257–261] or potentials made
artificially deeper to produce a dineutron 2n do not support its stability due
to the Pauli principle. To avoid the Pauli blocking effects and benefit from
the convening role played by the hyperon, it is thus interesting to consider
the stability of the doubly strange tetrabaryon system, T = 4

ΛΛn = (n,n,Λ,Λ)
with S = −2 and I = 1. In particular, the ground state should favour the
spin-singlet assignments for both the nn and the ΛΛ pairs in order to satisfy
the antisymmetrization.

1 This section is written by J.-M.Richard, Q.Wang, and Q. Zhao (E-mail:
zhaoq@ihep.ac.cn).

63



In the sector of A = 4 and S = −2, namely the “double Λ” hypernuclei, it
includes the states, 4

ΛΛHe,
4

ΛΛH, and
4

ΛΛn. Note that the “Nagara” event [262]
has set a limit on the ΛΛ effective attraction in 6

ΛΛHe with a precise
measurement of its binding energy. This may provide some constraints on
lighter S = −2 systems [263–265], and in particular hypernuclei with A = 4.
The 4

ΛΛH was studied in [266] by I.N. Filikhin and A.Gal, and it was found
to be unbound within the models adopted. However, with a more sophisticated
method for solving the 4-body problem, the calculation by H.Nemura,
Y.Akaishi and K.Myint [267] found a small amount of binding below the
threshold of dissociation into 3

ΛH + Λ. As stressed in [263, 266, 267], the
interaction of ΛΛ ↔ NΞ ↔ ΛΛ, which is sizeable in free ΛΛ scatterings, will
be suppressed in a dense nucleus due to the antisymmetrization between the
nucleons in the core and the nucleon in NΞ. Such a Pauli suppression effect
was invoked to explain the relatively weak binding of 6

ΛΛHe. However, since it
requires a (nΛΛ) correlation, it should not play a significant role in the limit
of weak binding.
It is no doubt that the question of stability of the A = 4 double-Λ

hypernuclei would be crucial for our understanding of the role played
by hyperons in nuclear matter. While it is still controversial for model
calculations of such a 4-body problem in the regime of weak binding, we
would propose that some general properties arising from the weakly binding
systems involving the 2- and 3-body bound-state energies may provide a
guidance for a possible stability of 4

ΛΛn. Meanwhile, we propose a sensitive
reaction process for the search for 4

ΛΛn in deuteron–deuteron scatterings, i.e.,
d + d → K+ + K+ + 4

ΛΛn, which is accessible at NICA. After all, it would
rely on the experimental study to decide the dedicated dynamics for such an
exotic system.
As follows, we will first demonstrate that 4

ΛΛn may exist given the
satisfaction of the Thomas condition, where 4

ΛΛn is likely to be a Borromean
system. Then, we propose and discuss its production mechanism in d + d→
→ K+ +K+ + 4

ΛΛn. Advantages of using the double K
+ production channels

to probe exotic hypernuclei and exotic hadrons are also addressed. A brief
summary is given at the end.

11.1. Binding Conditions for 3- and 4-Body Systems with
Strangeness −1 and −2. The Thomas condition is referred to the relation
between the range of nuclear forces and the ratio of 3- to 2-body bound-state
energies which was discovered by L. Thomas in 1935 [268]. Namely, it shows
that the ratio of 3- to 2-body bound-state energies, E3/E2, becomes very
large if the range of the interaction decreases. In such a case, one may have a
deep 3-body binding of E3/E2 → ∞ for a given (short) range if the coupling
g approaches (from above) the minimal value g2 required by the 2-body
binding. Here, the coupling g is defined by the potential energy g

∑
v(rij),

where v accounts for the attractive parts of the potential, and rij denotes the
interparticle separation. Implication of the Thomas condition consists in that
the minimal coupling g3 to bind three particles is smaller than g2. Therefore,
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it allows a coupling value of g3 < g < g2, which will lead to a Borromean
3-body binding system. Namely, the 3-body system becomes bound but its
2-body subsystems are unbound.
The rigorous boundaries on the allowed domain of coupling constants for

the Borromean system have been studied in [269], and the Borromean window
as a function of the potential shape [270] or of the low-energy parameters
of the pair interactions [271] has been investigated. In [272], it was shown
that such a Borromean binding for 3-body (such as nnΛ) and 4-body (such
as nnΛΛ) systems may exist based on some general features implemented for
the 2-body interactions.
While the detailed discussions on the Thomas conditions can be found

in [272, 273], we only outline the key points which are relevant to the study
of the nnΛΛ system. First, we adopt some simple potentials for the 2-body
interaction:

−g exp (−μ r) (exponential), (39)
−g exp (−μ r)/r (Yukawa), (40)
g exp [−2μ (r −R)]− 2 g exp [−μ (r −R)] (Morse), (41)

where for the Morse potential, we use R = 0.6 for the illustration purpose.

T a b l e 4. Values (in fm) adopted for the scattering length and effective range
parameter in the two models

Pair ESC08 CEFT
a reff a reff

nn –16.51 2.85 –18.9 2.75
(nΛ)s=0 –2.7 2.97 –2.9 2.65
(nΛ)s=1 –1.65 3.63 –1.51 2.64

ΛΛ –0.88 4.34 –1.54 0.31

Then, we solve the 2-body problem to reproduce the deuteron binding
energy, and nn, nΛ and ΛΛ scattering lengths and effective ranges extracted
by the Nijmegen-RIKEN extended-soft-core (ESC08) model [253, 274] and the
chiral effective field theory (CEFT) [275, 276]. The values for the scattering
lengths and effective ranges from these two models are listed in Table 4.
It shows that these two models have similar results for the nn and nΛ
interactions, but they produce quite different values for the ΛΛ interaction.
In particular, the effective range of ΛΛ is remarkably small, and for a
given scattering length, this eases the occurrence of the Borromean binding
involving a pair of Λ. However, in a more advanced CEFT study [277], the
same group found a larger value for reff , and this modifies the conclusions
for the 3- and 4-body systems at the edge of binding. Hopefully, some
new experimental results, e.g., from final-state correlations in heavy-ion
collisions [278] would allow for a better tuning of the models. The main
results are briefly outlined below.
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• The model reproduces the observed binding of the 2H and 3
ΛH systems.

For 3
ΛH both spins s = 1/2 and s = 3/2 are found bound, since there

is no much difference between the spin-triplet and the spin-averaged
nucleon–hyperon interactions.

•We find that 3
ΛH with isospin I = 1 and spin s = 1/2 is marginally

unbound. However, it may become bound if some masses increase by about
10%. Namely, the unequal masses between nucleon and hyperon will bring
more binding.

•We also find that 3
Λn is marginally unbound. Our results for

3
Λn agree

with the conclusions of the recent studies [279–281].
• The state 4

ΛΛH with isospin I = 0 is found weakly bound (about 3 MeV)
in the Nijmegen-RIKEN model, and slightly more (about 9MeV) in the CEFT
one. The state 4

ΛΛH with isospin I = 1 and 4
ΛΛn deviate from binding by a

very small amount with the Nijmegen-RIKEN parameters, but become bound
by about 1MeV with the CEFT parameters.
The above analysis is based on some general properties arising from

few-body systems. In particular, the satisfaction of the Thomas condition
is crucial for the stability of 4

ΛΛn as a Borromean system. However, it
should be noted that the detailed dynamics for the nucleon–hyperon and
hyperon–hyperon interactions will clarify whether 4

ΛΛn could exist at all. At
this moment, there are still significant discrepancies between some of the
most popular models. For instance, as shown in Table 4, the ΛΛ scattering
length and effective range determined by the Nijmegen-RIKEN and CEFT
models turn out to be signficantly different. It indicates that experimental
constraints on the ΛΛ interaction are desired.
Another point needs to be addressed is that the 3-body forces have not

been considered so far. Whether or not they contain an attractive component
would be crucial for the stability of close-to-binding systems. In case that
some spin-dependence of the 3-body forces can play a significant role, it
would keep the spin s = 1/2 state of 3

ΛH bound and move s = 3/2 in the
continuum. It is also possible that the 3-body and n-body forces with n > 3
contain a short-range repulsive component. This is due to the Pauli exclusion
of the constituent quarks when several hyperons (or several hyperons and
nucleons) overlap within a small distance. The repulsive component seems
to be necessary in large systems containing strangeness [282]. While the
calculations of hyperon–nucleon and hyperon–hyperon forces should be pushed
to higher order within theoretical models, experimental search for these
hypernuclei with strangeness −2 would provide crucial constraints on the
model parameters.

11.2. Production Mechanism for 4
ΛΛn and Advantages of Double

K+ Productions. We turn to the possible experimental search for 4
ΛΛn

and propose a production mechanism which can be accessed at NICA SPD.
In [272], we have shown that the deuteron–deuteron collisions around the
energy region above Ecm 	 5.2 GeV is favoured to produce 4

ΛΛn with the total
cross section of about 2.5 nb. Here, based on the same analysis, we try to
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clarify some key points and make a rough estimate of its production rate at
the kinematics of NICA SPD.
As mentioned earlier, the quantum numbers of the ground state 4

ΛΛn will
favour JP = 0+, where the neutron pair and Λ pair have spin 0, namely,
their spins are antiparallel, respectively. Meanwhile, the total isospin is I = 1.
Thus, the total wave function of the ground state is antisymmetric under
the interchange of the two nucleons or the two Λ. In principle, one has
to construct a dynamic wave function for the (n,n,Λ,Λ) system, which is
a nontrivial work and strongly model-dependent due to the unknown ΛΛ
interactions. But for the purpose of making an estimate of the production rate,
we can simply introduce a momentum distribution for the nΛ clusters for the
(n,n,Λ,Λ) system [272].
The most ideal reaction for producing 4

ΛΛn should be d + d → K++
+K+ + T which is an extremely clean process since the background
processes involving the K+K− productions become irrelevant. It makes the
measurement of the missing mass spectrum recoiling against the K+K+

pairs sensitive to the existence of any pole structure in the nnΛΛ system. The
transition matrix element can be expressed as

M =

∫
ψ∗
T (p

′
1,p

′
2,p

′
3,p

′
4;P

′
T )ψ

∗
K1

(PK1)ψ
∗
K2

(PK2)Ô(p′
1,p

′
3,p1,p3,PK1 ,PK2)×

× ψd1(p1,p2;P d1)ψd2(p3,p4;P d2)δ(P
′
T + PK1 + PK2 − P d1 − P d2)×

× δ(p1 + p2 − P d1)δ(p3 + p4 − P d2)δ(p
′
1 + p′

2 + p′
3 + p′

4 − P ′
T )×

× δ(p2 − p′
2)δ(p4 − p′

4)dp1dp2dp3dp4dp
′
1dp

′
2dp

′
3dp

′
4, (42)

where the kinematic variables are defined in Fig. 26. Note that Fig. 26
illustrates one of the leading transitions favoured by the 4

ΛΛn production in
the central deuteron–deuteron collisions.

Fig. 26. Mechanism for T production in dd collisions
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In Fig. 27, the total cross section is estimated by the leading transition
process of Fig. 26. As the leading-order test, the relative internal momenta
between the proton and neutron inside the incident deuterons have been
neglected. Namely, the Fermi motion inside the initial deuterons is
neglected. Also, the final-state interactions among the final-state baryons
are overlooked, which means that the neutrons are treated as spectators
and their contributions to the amplitude will be via the convolution of the
final-baryon momentum distributions. The S11(1535) resonance is included in
the transition amplitude which is found to be relatively small, mainly due to
the smaller couplings to πN and KΛ. Since other processes with intermediate
N∗ excitations may contribute, our estimate including only the Born term
and S11(1535) excitations can be regarded as a conservative estimate of the
production cross section for 4

ΛΛn .

Fig. 27. Total cross section for d+ d→ K+ +K+ + (n,n,Λ,Λ). From upper to lower
the curves stand for the total cross sections of the full calculations, exclusive process
from the nucleon Born terms, from the double S11(1535) excitations, and from the one

Born transition and one S11(1535) excitation

In Fig. 28, the K+K+ missing mass spectra for the recoiled (n,n,Λ,Λ)
at different energies are shown above the production threshold. The peak
position is located at the four-baryon nnΛΛ threshold since only a momentum
distribution for 4

ΛΛn is considered. However, our estimate is sufficient to
demonstrate the behavior of the correlated system recoiled by the K+ pair.
For uncorrelated K+K+ events, i.e., the final states (n,n,Λ,Λ) are not bound,
there would be no peak in the missing mass spectrum.
The c.m. energy at NICA SPD starts at Ecm = 6.7 GeV with a luminosity

of L = 1027 cm−2 · s−1. We estimate that the total cross section at Ecm =
= 6.7 GeV will drop about one order of magnitude compared with the peak
value of about 2 nb. Thus, the events expected in one-year runtime are

N = σtotal × L× t = 0.2 nb× 1027 cm−2 · s−1 × 1 y 	 6.3, (43)
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Fig. 28. The missing mass spectra for the recoiled (n,n,Λ,Λ) at different energies
above the production threshold in d+ d→ K+ +K+ + (n,n,Λ,Λ)

which is a small event counting. It could be even smaller taking into account
the detection efficiency which generally tends to reduce the event counting
by one order of magnitude. However, if the luminosity can reach 1029, which
is an approximate average between the lower limit of 1027 cm−2 · s−1 and
the upper limit of 2 · 1030 cm−2 · s−1, the event counting can be significantly
increased:

Nm = σtotal × L× t = 0.2 nb× 1029 cm−2 · s−1 × 1 y 	 630, (44)

which is sufficient for establishing the state. For the highest luminosity, one
would expect about 12 000 events in one-year runtime. Even though the
detection efficiency will reduce the events, there will be tens to hundreds of
events to count.
It shows that the double K+ production channel has great advantages

for the study of hypernuclei and exotic hadrons. Apart from the proposed
process, d+ d→ K+ +K+ + (n,n,Λ,Λ), it is also interesting to look at the
proton–proton collisions, p+ p→K+ +K+ +Λ+Λ, where the missing mass
spectrum of K+K+ also provides a clear and direct way to search for the
dibaryon ΛΛ, or to study the ΛΛ interactions.
For the proton–deuteron collisions, the double K+ channel is p + d →

→ K+ +K+ + n+ Λ + Λ. The recoiled part of the double K+ is nΛΛ. It is
also unknown whether such an exotic system, i.e., H dibaryon, can exist or
not. A direct measurement of such a system would provide rich information
about both ΛΛ and nΛ interactions. Nevertheless, notice that the final states
have access to the nK+ invariant mass spectrum. The exclusive measurement
of this process can also tell whether the light pentaquark state Θ+(1540)
exists or not.

11.3. Summary. The stability of 3
Λn and, more likely, of T = 4

ΛΛn, is
within the uncertainties of our knowledge of the baryon–baryon interaction.
Although many effects need to be considered in order to refine the predictions,
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we propose that direct experimental evidence would be extremely useful
for model constraints and a better understanding of the hyperon dynamics
within nuclear matter. We also emphasize the advantages of the double K+

production channels as a probe for topical exotic hypernuclei and exotic
hadron studies. The NICA SPD facility would be the ideal place for such an
experimental effort in the future.



12. PROBLEMS OF SOFT pp INTERACTIONS 1

Experiments are proposed directed on solution of three main problems of physics
of soft pp interactions: understanding/description of baryon spectra in pp collisions,
evolution of 〈P 2

T 〉 − xF correlations with energy growth, and two-particle PT

correlations.

Description of proton spectra in hadron–nucleon interactions is a long-
standing problem of high energy physics. By tradition, three-reggeon
phenomenology is used for its solution at xF → 1 [283]. Especially, it is
assumed that the three-pomeron graph (PPP) is responsible for the high
mass diffraction dissociation. The nonvacuum reggeon – two-pomeron graph
(RPP) is connected with the so-called low mass diffraction dissociation. The
nonvacuum three-reggeon graph (RRR) gives a contribution at xF � 0.8.
A. B. Kaidalov and O. I. Piskunova [284] proposed a method of the spectra
description in the central region in the framework of the quark–gluon string
model (QGSM). Up to now various Monte Carlo models cannot describe the
spectra sufficiently well [285]. All of them are using the LUND fragmentation
scheme [286] for a treatment of decays of quark–diquark strings. An example
of the description is presented in Fig. 29, where PYTHIA 6.4 [287] and
GEANT4 Fritiof (FTF) model’s predictions are shown.
The GEANT4 FTF model [288] considers RRR graphs. As seen, the

PYTHIA model gives abnormal humps at y ∼ 1.7 and 2.3 at Plab = 158 and
400 GeV/c, correspondingly. Thus, detailed experimental data at low energies,
where the diffractions are the dominant processes, are highly desired for a
development of the theoretical models.
The most impressive experimental data on pp interactions were

presented in the last decade by the NA61/SHINE Collaboration for√
sNN = 6.2, 7.6, 8.8, 12.3 and 17.3 GeV [289]. Unfortunately, the data

are not sufficiently detailed. Before there were data at Plab = 12 and
24 GeV/c [290]. They were based on low statistics according to a modern
point of view.
On the whole, we can say that the FTF model of GEANT4 toolkit

describes quite well the multiplicities and kinematical spectra of produced
particles in proton–proton interactions in a wide laboratory energy range
from 1 up to 1000 GeV.

1 This section is written by A.Galoyan and V.Uzhinsky.
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Fig. 29. Distributions of π± and protons on rapidity in the center-of-mass system of pp
interactions at Plab = 158 and 400 GeV/c. Points are the experimental data [289, 291]
without systematical errors. Solid and dashed curves are the FTF and PYTHIA 6.4

model calculations

Another problem, recognized by us, was observed in 〈P 2T 〉 − xF
correlations in pp interactions. The NA61/SHINE Collaboration did not
provide corresponding experimental data for the correlations, though, they
could be extracted in principle. The NA49 Collaboration presented the needed
data [292–294] only at http://spshadrons.web.cern.ch/ppdata.html. The data
are very different from analogous data by the LEBC-EHS Collaboration [291]
at

√
sNN = 27.5 GeV. The models cannot describe the last data quite well.
As seen in Fig. 30, the models describe the general behavior of the data

except the correlations for protons. Predictions of the models are close to each
other and to the data for π+, π−, K+ and K− mesons at

√
sNN = 17.3 GeV.

The FTF model overestimates the correlations for protons at xF � 0.2, and
does not reproduce the hump at xF ∼ 0. The PYTHIA model gives the hump,
but it is essentially lower than the experimental data. In other regions of xF,
the PYTHIA model does not describe the shape of the data. At higher energy,
the situation becomes worse for the proton correlation. This shows that both
models have a problem with baryon production in pp interactions.
It is interesting to look at evolution of the correlations with energy. In

Fig. 31, we present 〈P 2T 〉 − xF correlations at various energies. As seen, there
is a smooth evolution, though there is a change of process contributions
with energy in the FTF model. Quark exchange processes and one-vertex
diffractions dominate at low energies. At higher energies, the diffraction stays
at the same level, but the yield of nondiffractive processes is increased.
In order to clarify a nature of the correlations, we propose to study

two-particle PT correlations in soft interactions. The correlation can be also
studied by current experiments at RHIC and LHC.
As known, two-particle correlations were intensively used in the

past for study of particles and jets in high energy physics (see, for
example, [295–299]). At the present time, there are well-developed methods
of jet recognition [300, 301] and analysis of their properties. More
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Fig. 31. The 〈P 2
T 〉 − xF correlations in pp interactions at

√
sNN = 3.2, 6.3, 8.8 and

17.3 GeV (lines from bottom to top). Points are the NA49 data [292–294]. Lines are
the FTF model calculations

complicated situation takes place at sufficiently lower energies, especially for
nucleus–nucleus interactions, when hard jets cannot be produced. Though,
some methods of high energies can be adjusted for lower energies. Instead of
jets with high PT , one can choose as a trigger a particle of any type in an
event. An associated particle can be chosen in the same manner in the event,
where the trigger particle is produced.
In general, two-particle PT correlation function can be determined as

C(Ptr
T ,P

as
T ) =

1
Ntr

d N(tr, as)
d2P tr

T d2P as
T

, (45)

where Ptr
T is a transverse momentum of a trigger particle. Pas

T is a transverse
momentum of an associated particle. Ntr is a number of the trigger particles.
N(tr, as) is a number of pairs — trigger particles and associated particles
having predetermined values of Ptr

T and Pas
T .

Function C is a function of four independent variables. Though, accounting
azimuthal symmetry of interactions of unpolarized particles, there must be
only three independent variables. We propose to use as variables the module
of transverse momentum of the trigger particle (|Ptr

T |), and two projections
of the vector Pas

T on the direction of the vector Ptr
T and on the direction
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perpendicular to Ptr
T (see Fig. 32). In Fig. 32, we choose Λ as a trigger

particle, and K-meson or π-meson as associated particles.

P as
T ,L = Pas

T ·Ptr
T /|Ptr

T |, (46)

P as
T ,T = |Pas

T ⊗Ptr
T |/|Ptr

T |. (47)

Instead of calculations of scalar and vector products, one can use the
following method: determine the azimuthal angle of flying of the trigger
particle — φ = arctgP tr

T ,y/P
tr
T ,x, make the Euler transform of the coordinate

system, and find new components of Pas
T :

P as
T ,x′ = P as

T ,x cosφ + P as
T ,y sinφ, (48)

P as
T ,y′ = −P as

T ,x sinφ + P as
T ,y cosφ. (49)

It is obvious, that the new components of Ptr
T will be P tr

T ,x′ = |Ptr
T | and

P tr
T ,y′ = 0. In the following, we will omit subscripts “T ”, and apostrophes of x
and y for the new components of vectors.

Fig. 32. Fig. 33.

Trigger and associated particles can be chosen in various rapidity/pseudo-
rapidity windows. Types of the particles can or cannot coincide. It is useful
to consider also the correlation functions integrated on one or two variables.
Let us consider a connection of the functions with transverse momentum

generation mechanism (see Fig. 33). Let us take a baryon (Λ) as a trigger
particle. The transverse momentum of the baryon (PΛ) is a sum of the
transverse momentum of diquark (Pqq) after previous fragmentation steps
and the transverse momentum of s-quark (Ps) produced from the vacuum:
PΛ = Pqq + Ps. The transverse momentum of an associated hadron
Pas = −Ps +Pq, where Pq is a transverse momentum of a quark produced
at the next fragmentation step from the vacuum.
According to the Schwinger model [302] implemented in the LUND

fragmentation model [286], distributions of Ps and Pq are the Gaussian ones.
Assume for simplicity, that distribution of Pqq also has the Gaussian shape.
In this case, a probability density of the process is given by the expression
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W =

[
1

π σ1
e−P2

qq/σ1

] [
1

π σ2
e−P2

s/σ2

] [
1

π σ2
e−P2

q/σ2

]
∝

∝ exp (−(Ptr)2/σ1 − (Pas)2/σ2 +
σ1 σ2
2σ1 + σ2

(Ptr/σ1 −Pas/σ2)
2).

Choosing x-axis direction along the vector Ptr, we have

W (Ptr,Pas) ∝

∝ exp

(
− σ1 + σ2
σ2(2σ1 + σ2)

[
P as
x +

σ2
σ1 + σ2

P tr

]2
− σ1 + σ2
σ2(2σ1 + σ2)

(P as
y )2

)
. (50)

Using Eq. (50), one can obtain the following expressions for average values
of projections of vector Pas on x- and y-axes:

〈P as
x 〉 = − σ2

σ1 + σ2
P tr, (51)

〈(P as
y )2〉 = 1

2
2σ1 + σ2
σ1 + σ2

σ2. (52)

It is useful to consider the following cases:

1) σ1 = 0, 〈(P as
y )2〉 = σ2/2, 〈P as

x 〉 = −P tr,

2) σ1 = σ2, 〈(P as
y )2〉 = 3

4
σ2, 〈P as

x 〉 = −1
2
P tr,

3) σ2 	 0, 〈(P as
y )2〉 	 0, 〈P as

x 〉 	 0.
In the first case, we assume that diquarks have no transverse momentum.

The second case corresponds to the assumptions that average momenta of
quarks and diquarks are equal. The last one shows the obvious results, when
transverse momenta of sea quarks are equal to zero.
Let us test the method on events generated by PYTHIA 6.4 and GEANT4

FTF models at
√
sNN = 10 GeV. For the testing we chose Λ hyperons

as trigger particles, and considered anti-Λ hyperons, K and π mesons as
associated particles. We expected that there would be an essential difference
between the model predictions due to the difference in the baryon production
mechanisms. As seen in Fig. 34, it is so. In Fig. 34, we present 〈P as

x 〉 as
functions of triggered Λ momentum for various associated particles.
As seen, first of all, the correlations are approximately linear functions of

P tr, as it was expected. A large deviation between the model results takes
place for Λ correlations with Λ, K0, K+ and π− mesons. The models give
close predictions for Λ correlations with K− and π+ mesons. In general, the
FTF model predicts strongest correlations between baryons and antibaryons.
Other strong correlations are between triggered π mesons and baryons. The
correlations are weaker in the PYTHIA model. There are practically no
correlations between Λ and Λ hyperons in the PYTHIA model.
According to the FTF model, there is an evolution of the correlations from

strong to the less strong ones in the energy range
√
sNN = 3−15 GeV. It is
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Fig. 34. 〈P as
x 〉 as functions of triggered Λ momentum for associated particles Λ (a),

K0 (b), K+ (c), K− (d), π+ (e), and π− (f) in pp interactions at
√
sNN = 25 GeV.

Open and filled symbols are the PYTHIA and FTF calculation results, respectively

connected with dying out of the quark exchange processes in the FTF model.
At higher energies the correlations become “frozen”. The next step in the
function evolution can be at copious gluon production.
Correlations of 〈(P as

y )2〉 with P tr give a possibility of a direct check of the
Schwinger mechanism. The correlations are presented in Fig. 35.
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Fig. 35. 〈(P as
y )2〉 as functions of triggered Λ momentum for associated particles Λ (a),

K0 (b), K+ (c), K− (d), π+ (e), and π− (f) in pp interactions at
√
sNN = 25 GeV.

Open and filled symbols are the PYTHIA and FTF calculation results, respectively

As seen, the correlations are practically constant. The model predictions
are close to each other for π± and K± mesons. There is an essential difference
between the predictions for Λ hyperons and K0 mesons.
The correlations evolve in the energy range

√
sNN = 3−15 GeV in the

FTF model. We believe that all of the considered correlations can be studied
at the SPD experiment.



13. PUZZLES OF SOFT PHOTONS IN pp, pA
AND AA INTERACTIONS 1

Over three decades there has been no comprehensive understanding of the
mechanism of soft photons (energy smaller than 50 MeV) formation. Experimental
data indicate an excess of their yield in hadron and nuclear interactions in comparison
with calculations performed theoretically. At JINR, in connection with the building of
a new accelerator complex NICA, it has become possible to carry out such studies in
pp, pA and AA interactions at energies up to 25A GeV. We prepared the extensive
physical programme for soft photons that covers a wide region of investigations in high
energy physics. To carry out this programme, our group has developed the conception
of an electromagnetic calorimeter of “sandwich” type based on gadolinium–gallium
garnet (GaGG) crystals, which have significantly lower threshold for registration of
photons. The first tests of electromagnetic calorimeters manufactured at JINR on the
basis of GaGG and a composite of tungsten and copper confirm that choice.

For more than three decades, a question about the mysterious origin and
properties of soft photons (SP) has lacked a comprehensive understanding.
A few experimental groups found out an increased yield of photons in the
region of low transverse momentum, pT , smaller than 50 MeV/c [303–311].
These photons are not the decay products of short-living particles (including
resonances).
According to QCD, at high energies, qq, qg and gg interactions lead to the

emission of photons called direct photons. In spite of the fact that the majority
of photons in high energy interactions come from decays of secondary hadrons
(neutral mesons and others), the direct photons present a unique opportunity
to study the soft gluon component of a nucleon and a stage of hadronization.
Direct photons interact with the surrounding medium only electromagnetically
as opposed to the strong interaction of hadrons. So, SP keep more information
about the medium at all stages of the interaction. This is especially valuable,
along with the information about the secondary hadrons.
The first convincing experiment on the SP detection has been carried

out at the Big European Bubble Chamber (BEBC) [303]. The study of SP
production in K+p interactions at 70 GeV/c beams of K+ mesons after the

1 This section is written by E.Kokoulina (E-mail: kokoulina@jinr.ru) and V.A.Niki-
tin (E-mail: nikitin@jinr.ru).
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subtraction of all known hadron decays indicated their excess compared to
what was expected from QED inner bremsstrahlung.
The next series of experiments have been conducted at higher

energies [304–308]. The excess of the SP yield was four-fold or even
higher, eight-fold. The last European experiment has been realized at the
SPS accelerator, CERN, by the DELPHI Collaboration [309]. The yield of
SP as a function of the neutral pion number turned out to be completely
unexpected [310]. The excess of the inner bremsstrahlung rates over the
predicted ones as a function of the neutral multiplicity in the quark jet turned
out to be seventeen-fold for the largest recorded number of pions Nneu = 6.
The muon bremsstrahlung photons in the reaction e+e− → Z0 → μ+μ− have
demonstrated a good agreement of the observed photon rate with predictions
from QED for the muon inner bremsstrahlung [311].
Our bismuth germanate (BGO) calorimeter has been installed at the

NIS-GIBS setup at an angle of 16◦ relative to the beam direction, registering
the energy release of gamma quanta. The Monte Carlo simulation has also
been carried out in the conditions of the last assembly and with the beam
energy of 3.5A GeV. Spectra of photon energy release in deuterium–carbon
and lithium–carbon [312] interactions have been obtained. In the region of
energy release below 50 MeV, a noticeable excess over the Monte Carlo
simulation is observed.
There are a few phenomenological models which have been worked out to

describe the SP spectra [313–316]. The most attractive among them is the
model of the cold quark–gluon plasma of L. Van Hove [313]. But until now,
a complete comprehensive understanding of the nature of the anomalous yield
of SP has not been achieved.

13.1. The Scientific Programme of SP Study. In accordance with
the gluon dominance model (GDM) [316, 317], multiparticle production is
described as the convolution of two stages. The first stage is described in QCD
as a quark–gluon cascade. For the second one, the phenomenological scheme
of hadronization is applied. The GDM evidences that the sources of secondary
particles are gluons that we call active, and an abundance of soft gluons can be
the sources of SP. They are picked up by newly born quarks with a subsequent
dropping of energy by emission of SP: g + q → γ + q or q + q → γ. At that
valence, quarks are staying in the leading particles. Our estimations of the
emission region of SP (its linear size) for pp→ hadrons + photons at U-70 in
case of a near-equilibrium state at using the black-body radiation exceed the
typical hadronization region (1 fm) and reach a value of about 4–6 fm [317].
We consider that the soft gluon component of protons is relevant for the
understanding of the spin structure of nucleons.
The formation of the pionic (Bose–Einstein) condensate in the region

of high total multiplicity (N � 〈N〉, N = Nch + N0, 〈N〉 — the average
multiplicity of charged and neutral pions) can be related to the exceeding yield
of SP [314]. The growth of the scaled variance ω0 = (〈N 2

0 〉 − 〈N0〉2)/〈N0〉 will
be the signal of pionic condensate formation [318].
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The increasing yield of photons at low energy gives us the opportunity
to calculate two-particle correlations of direct photons. Similar results were
obtained by the WA98 Collaboration [319]. The deviation from theoretical
predictions is at the level of a fraction of a percent.
The next item of our scientific programme appeared thanks to the RHIC

experiment, namely with using the variable flow or v2. There is an interesting
prediction in [320] about the growth of v2 in the region of small pT of
photons. This dependence can be the evidence of a coherent SP emission. Our
programme proposes testing this behavior.
The scientist from the US, Cheuk-Yin Wong [315], develops an intriguing

model of open string QED mesons to explain and describe the pT spectrum of
SP. He believes that since q and q cannot be isolated, the intrinsic motion of
the qq system in its lowest-energy state lies predominantly in 1+1 dimensions
as in the open string with q and q at its two ends. Extrapolating into the qq
QED sector in which q and q interact according to QED rules, he finds an
open string QED meson state at (17.9 ± 1.5) MeV and QED meson state at
(36.4 ± 3.8) MeV. These predicted masses of the isoscalar and isovector QED
mesons are close to the masses of the hypothetical X17 [321] and E38 [322]
particles observed recently, making them good candidates for these particles.
This hypothesis has generated great interest [323].
The decay of these particles can manifest itself as an excess of e+e−

and γγ pairs in the SP phenomenon [315]. Cheuk-Yin Wong shows that an
astrophysical object consisting of a large assembly of QED mesons such as
the X17 particle with the mass mX = 17 MeV will be an electron–positron
and gamma-ray emitters. If the temperature of such an assembly is low, it can
form a Bose–Einstein condensate. Such assemblies of QED mesons present
themselves as good candidates of e+e− emitters, gamma-ray emitters, or a
part of the primordial cold dark matter.

13.2. The Preparation to Experimental SP Study. To carry out our
scientific programme, we have to manufacture a space saver electromagnetic
calorimeter (ECal) with the capacity of low energy gamma quanta detection.
As is known, the production of homogeneous crystalline ECal’s is expensive.
Usually, physicists prefer making heterogeneous assemblies [324]. They are
cheaper and at that possess satisfactory properties. Our activity was aimed at
testing two types of ECal’s. The “spaghetti” type was the first prototype that
we produced and irradiated with photon beams in Germany [312].
We substituted light scintillator material for a very dense (heavy) crystal

having a high specific light yield [324]. It allowed us to build a device
capable of maintaining considerable compactness (space-saving of about
30%). To produce the “spaghetti” type, we have chosen a monocrystal of
gadolinium–gallium garnet (GaGG), Gd3Al2Ga3O12 : Ce, as a scintillator and
tungsten+copper composite by way of the absorber. We expect the decay time
to be ∼ 90 ns; the light yield to be ∼ 45 000–55 000 ph/MeV; an estimated
price of 25–35 $/cm3 of volume, and a good radiation resistance.
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The GaGG crystal is a fast-acting scintillator, its light yield is 4 times
greater than that of BGO crystals. And we can acquire these crystals from the
well-known domestic firm “Fomos-Materials”. The Monte Carlo simulation
has shown that the necessary energy resolution for SP in case of the ECal
“spaghetti” type turns out to be lower than that when using the “sandwich”
type (see figures in [312] for an example of a typical view of the ECal
“sandwich” type).
We plan to assemble the ECal “sandwich”. It is assumed that it will consist

of 16 or more plates of GaGG (100 × 100 × 3 mm), 15 plates of 2-mm-
absorber (W :Cu composite, 1 : 19), and its total length will be about 138 mm.
GEANT4 simulation shows that the energy resolution of the “sandwich” is
considerably better than that of the “spaghetti” type. The dimensions of both
assemblies were optimized by the Monte Carlo simulation for obtaining the
required characteristics. The design of the “sandwich” allows expanding it up
to any length. We can also exclude the W/Cu absorber from the “sandwich”
and then assemble the homogeneous device for the detection of MeV photons,
if the energy resolution of the ECal is not of a good enough quality.



14. HADRON FORMATION EFFECTS IN HEAVY ION COLLISIONS 1

The space–time picture of hadron formation in high-energy processes with
nuclear targets is still poorly known. It is suggested to test different models
of hadron formation by using collisions of heavy ions. Results of microscopic
transport calculations of proton and charged pion rapidity and transverse momentum
distributions in C+C and Ca+Ca collisions at

√
sNN = 11 GeV are presented.

Hadrons produced in a hard exclusive particle-nucleon collisions emerge
first in a form of prehadrons having a reduced transverse size ∼ 1/

√
Q2 ,

where Q2 is a hard scale. For exclusive meson electroproduction eN → e′N ′M
(M = π, ρ), the hard scale is the photon virtuality (cf. [325]). In the case
of large-angle hadronic scattering hN → h′N ′ with −t 	 −u 	 s/2, the
hard scale is given by the momentum transfer, i.e., Q2 = −t, (cf. [326] and
references therein). The prehadrons, called also the point-like configurations
(PLCs), interact with nucleons with reduced strength which is known as the
color transparency (CT) phenomenon (see [327] for the most recent review of
CT).
In inclusive production channels of the NN collisions, there is no fixed

hard scale, even at large
√
s . Thus, formation of PLCs is questionable

here. However, the hard scale will fluctuate event by event, and one can
expect that in average the transverse size of the outgoing hadrons will be
still reduced. This motivates inclusion of the hadron formation effects in
microscopic transport models for high-energy heavy ion collisions, such as
UrQMD [328], HSD [329], GiBUU [330] 2.
Hadron formation studies in the current fragmentation region [331] based

on the deep inelastic scattering (DIS) data from HERMES and EMC concluded
the linear increase of the prehadron–nucleon cross section with time (or
length traveled by a prehadron), in agreement with the quantum diffusion
model (QDM) [137]. In the QDM, the prehadron is converted to the “normal”
hadron after passing the distance called formation (or coherence) length

lh 	 2ph
|M 2

h −M 2
h′ | ∼ 0.4− 0.6(fm/GeV) · ph(GeV), (53)

1 This section is written by A. B. Larionov (E-mail: larionov@theor.jinr.ru).
2 Based on the CT concept, also the incoming nucleons are transversely “squeezed”

if they are in the initial state of a hard collision. This effect is totally neglected in
transport models.
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where ph is the momentum of hadron h, Mh is the mass of hadron h, and
Mh′ is roughly the mass of the closest radially excited state h′. Thus, based
on the QDM, one can estimate that particles with momenta above ∼ 10 GeV
leave the nucleus almost without interactions. On the other hand, the analyses
of E665 data on the low-energy (E < 10 MeV) neutron production in the
470-GeV muon DIS on Pb target [332, 333] favour a surprisingly low cutoff
value of the momentum ∼ 1 GeV above which the prehadrons do not interact
in the nucleus. This cannot be explained by the QDM or any other existing
model of hadron formation and calls for the new experiments on hadron
formation in the target fragmentation region, e.g., in virtual photon–nucleus
collisions at the future electron–ion collider (EIC) or in ultraperipheral heavy
ion collisions at the LHC and RHIC [333]. The physics of target fragmentation
is one of the perspectives for the experimental programme of the EIC [334].
Another opportunity to study hadron formation effects is offered by heavy

ion collisions at NICA SPD regime (
√
sNN ∼ 10 GeV). Here, the stopped

nucleon in the NN center-of-mass system (c.m.s.) has xF = mN/
√
sNN ∼

∼ 0.1. Therefore, slow nucleons in the NN c.m.s. represent a mixture of the
current (xF 
 1) and target (xF � 1) fragmentation products. We address
the sensitivity of heavy ion collision observables to the different treatments
of hadron formation. The calculations are performed within the Giessen
Boltzmann–Uehling–Uhlenbeck (GiBUU) model.
In subsec. 14.1, the GiBUU model is briefly described with a focus

on hadron formation. Subsection 14.2 contains the results of numerical
calculations of the rapidity- and pt spectra of protons and pions in C+C and
Ca+Ca collisions at

√
sNN = 11 GeV. The summary and estimation of rates

at NICA SPD are given in subsec. 14.3.

14.1. The Model. The GiBUU model (detailed description see in [330])
solves the system of kinetic equations for the baryons (N , N∗, Δ, Λ, Σ, ...),
corresponding antibaryons (N , N

∗
, Δ, Λ, Σ, ...), and mesons (π, K, ...).

The kinetic equations are coupled via collision integrals and mean field
potentials. The latter are determined self-consistently, i.e., they depend on the
actual particle distributions in the six-dimensional phase space of position and
momentum. The distribution function is projected onto the set of point-like
test particles. Kinetic equation is then solved if the test particle positions and
momenta propagate in time according to the Hamiltonian equations of motion
between collisions 1. The two test particles experience a two-body collision
during the time interval [t−Δt/2; t +Δt/2], if they approach their minimal
distance d in position space during this time interval and if d <

√
σtot/π .

Here, Δt is the time step in the computational frame that is chosen to be
the nucleus–nucleus c.m.s., and σtot is the total interaction cross section of
colliding particles.

1 In the present calculations, we disregard mean field potentials. Thus, the test
particles propagate along straight-line trajectories.
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The model also includes the three-body collision processes πNN → NN
and ΔNN → NNN which are simulated by the direct calculation of the
three-body absorption rate. Unstable resonances experience decays with a
probability P = ΓΔt, where Γ is the total decay width of a resonance. The
final states of the two- and three-body collisions and resonance decays are
sampled by the Monte Carlo method according to the partial channel cross
sections, widths and angular distributions. The Pauli blocking is taken into
account for the final state nucleons.
For low-energy elementary binary collisions, the resonance model

complemented with empirical background cross sections (e.g., s-wave direct
pion production NN → NNπ) is implemented. For such collisions, it is
assumed that all produced particles are formed immediately and interact with
usual hadronic cross sections.
High-energy elementary binary collisions are simulated by the PYTHIA

and FRITIOF models (the latter is applied for antibaryon–baryon collisions
only). The corresponding transition values of

√
s for meson–baryon,

baryon–baryon, and antibaryon–baryon collisions are 2.2, 4.0 and 2.38 GeV,
respectively. Note that in the narrow

√
s region ±(0.1 − 0.2) GeV centered

at the transition value, the low- and high-energy events are mixed to ensure
a smooth behavior of the cross sections between the two energy regimes.
The particles produced in a high-energy binary collision are supposed to

be in a prehadronic state. Their effective interaction cross section σeff with
nucleon becomes time-dependent and deviates from the ordinary interaction
cross section σ0. We applied the three different models presented below for
the ratio of the effective and ordinary interaction cross sections.
(i) The one based on JETSET-production-formation points [335], used as

default in GiBUU, favoured by analysis of hadron attenuation at HERMES
and EMC [331]:

σeff(t)/σ0 = X0 + (1−X0)
t− tprod

tform − tprod
, (54)

where X0 = rleada/Q
2, a = 1 GeV2, rlead is the ratio of the number of leading

quarks to the total number of quarks in the prehadron. Q2 is defined for the
hard 2 → 2 subprocess by the PYTHIA variable VINT(52). By default, it
gives Q2 ∼ p2⊥, where p⊥ is the transverse momentum of the hard scattering
(see PYTHIA 6.4 manual [287] for details).
(ii) QDM [137]:

σeff(t)/σ0 = X0 + (1−X0)
c(t− thard)

lh
. (55)

Here, we set X0 = 0 for simplicity; thard is the time moment of the collision
in the GiBUU calculation.
(iii) Momentum cutoff:

σeff/σ0 = Θ(pcut − ph) , pcut ∼ 1−2 GeV/c. (56)
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Some comments are in order with regard to the Lorentz covariance. In
principle, all three of the above models are explicitly noncovariant. Thus, one
needs to specify the frame in which they are applied. In the case of models
(i) and (ii), the noncovariance, however, should largely cancel out in the ratios
of time- or length differences. The model (iii) is the most problematic: it is
clear that the result will certainly depend on the frame in which the particle
momentum is calculated. Note that originally Eq. (56) has been suggested for
the target nucleus rest frame [333], where DIS is calculated in GiBUU. In
contrast, here the nucleus–nucleus c.m.s. is used as the calculational frame.
The problem related to the choice of the calculational frame is beyond the
scope of this work and should be addressed in future studies.

14.2. Numerical Results. The calculations were performed for the
systems C+C and Ca+Ca at

√
sNN = 11 GeV. The maximum impact

parameter was set to 8 fm for C+C and to 11 fm for Ca+Ca that corresponds
to the minimum bias trigger. The time evolution of the colliding system was
calculated until the maximum time 30 fm/c with the time step Δt = 0.2 fm/c.
The total accumulated statistics is 2 · 106 (1 · 106) nucleus–nucleus collision
events for C+C (Ca+Ca).
Figure 36 shows the rapidity spectra of protons and pions. Note that

we do not distinguish free protons from those bound in nuclear clusters.
This explains the maxima in the proton rapidity spectra at the target and
projectile rapidities. Calculation without hadron formation gives the largest
production at midrapidity (y = 0). Hadron formation leads to the reduced
final state interactions (FSI) of the outgoing hadrons. Hence, the produced
protons lose less longitudinal momentum which results in the depletion of the
proton spectrum at midrapidity. Since less FSI imply less inelastic production
by secondary protons, the pion spectrum also gets depleted at midrapidity
in calculations with hadron formation. As expected, the depletion is stronger
for heavier system and for calculations with more restrictions on FSI (pcut =
= 1 GeV/c).
Figure 37 shows the proton and charged pion transverse momentum

spectra at midrapidity. The proton pt spectrum becomes softer due to hadron
formation. Indeed, protons effectively gain transverse momentum in the
rescattering processes, while hadron formation suppresses rescattering. Pion
pt spectrum is very weakly influenced by hadron formation only. In the
collisions of heavier nuclei [336], the hadron formation effect becomes more
pronounced, especially for central events.

14.3. Summary and Conclusions. The purpose of this section of work
was to clarify whether heavy ion collisions can be used to test various
models of hadron formation. To this end, the GiBUU transport model was
used that includes three optional models of hadron formation. The first two
models, (i) and (ii) (Eqs. (54) and (55)), are based on the CT mechanism and
differ only in the details of the hadron formation length. Both these models
were successful in the description of hadron attenuation in DIS reactions.
The third model (iii) (Eq. (56)) assumes that the prehadrons with momenta
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Fig. 36. Proton and charged pion rapidity distributions in C+C and Ca+Ca at√
sNN = 11 GeV. Dot-dot-dashed (magenta) line — calculation without formation

(immediately formed hadrons). Solid (black) line — default formation (i). Dot-dashed
(red) line — QDM model (ii). Dashed (blue) line — pcut = 2 GeV/c (iii). Dotted
(brown) line — pcut = 1 GeV/c (iii). Here (i), (ii), and (iii) refer to the models defined

in the text, see Eqs. (54), (55), (56), respectively

above 1–2 GeV/c do not interact with nucleons which is in stark contrast
with widely accepted momentum dependence of the hadron formation length
(Eq. (53)). This model was originally adopted to describe the low-energy
neutron production induced by the muon DIS on nuclear targets [333].
The GiBUU model calculations were performed for inclusive proton and

charged pion production in C+C and Ca+Ca at
√
sNN = 11 GeV. In the
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Fig. 37. Proton and charged pion transverse momentum distributions in C+C and
Ca+Ca at

√
sNN = 11 GeV. C.m.s. rapidity cut |y| < 0.5 is applied. Line notation is

the same as in Fig. 36

C+C system, the secondary rescattering effects are minimal and the reaction
process is governed by first-chance NN collisions. The Ca+Ca system is
more suitable for the study of FSI effects. Proton and charged pion rapidity
distributions and proton pt distributions are strongly sensitive to the hadron
formation effects. More restrictions on FSI of prehadronic states lead to less
production at midrapidity and to softer proton pt spectra.
In the C+C system, the proton and π± production cross sections in

the c.m.s. rapidity window |y| < 0.5 are about 0.4 and 3 b, respectively. In
the Ca+Ca system, the corresponding cross sections are about one order
of magnitude higher. Thus, the measurements of the proton and charged
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pion spectra seem easily possible at the first stage of NICA SPD operation
(L = 1025 cm−2· s−1) with the production rate of about 1–10 events per
second (without efficiency and acceptance corrections). The accuracy needed
to separate different models of hadron formation should be better than ∼ 10%
for the production cross sections at midrapidity which is reachable within
a few hours of beam time.



15. MEASUREMENT OF CHARACTERISTICS OF THE PROCESSES
OF PAIR PRODUCTION OF POLARIZED τ LEPTONS

IN THE SPD EXPERIMENT 1

It is proposed to use the Drell–Yan (DY) process with pair production of τ leptons
to measure the parameters of polarized parton distribution functions of a proton at
the NICA collider in the SPD experiment. To determine the polarization of τ leptons,
we propose to use decays of τ leptons into a single charged π meson and neutrino.
To parametrize the polarization state of τ leptons, it is proposed to use the energy of
single π mesons.

The probability of the process with a particular parton is described by
the function, which is dependent on the fraction of the total momentum of
the proton carried by that parton and the momentum transfer scale. These
functions are known as parton distribution functions (PDFs) and contain
information about the internal structure of corresponding nucleons [337, 338].
Hence, for a consistent description of processes with polarized nucleons in a
wide energy range and the most complete description of the proton structure,
a generalized parton model was developed [339–341], which consists of 8
specialized parton distribution functions. These functions are: the distribution
of the parton density in unpolarized nucleon (Density); distribution of the
longitudinal polarization of quarks in the longitudinally polarized nucleon
(Helicity); distribution of transverse polarization of quarks in transversely
polarized nucleon (Transversity); the correlation between the transverse
polarization of a nucleon and the transverse momentum of unpolarized
quarks (Sivers); the correlation between the transverse polarization of a
nucleon and the longitudinal polarization of quarks (Worm-gear-T); the
distribution of the transverse momenta of quarks in unpolarized nucleon
(Boer–Mulders); the correlation between longitudinal polarization of a nucleon
and the transverse momenta of quarks (Worm-gear-L); the distribution of the
transverse momenta of quarks in transversely polarized nucleon (Pretzelosity).
At the current level of our knowledge of the nucleon structure, parton

distribution functions cannot be obtained analytically and have to be measured
experimentally. The (semi-inclusive) deep inelastic scattering (DIS, SIDIS)

1 This section is written by A. Aleshko, E. Boos (E-mail: boos@theory.sinp.msu.ru),
and V. Bunichev (E-mail: bunichev@theory.sinp.msu.ru).
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and the Drell–Yan (DY) processes are typically used for the measurements of
PDFs [342–354].
In the Drell–Yan processes, the annihilation of a quark and antiquark,

from colliding nucleons, through an intermediate photon or Z-boson leads to
the production of a lepton–antilepton pair [347, 355]. The matrix element of
the Drell–Yan process consists of a convolution of two tensors [347, 356,
357]. The first one is responsible for the hadron part with initial partons
and includes a dependence on the polarized parton distribution functions.
The second tensor corresponds to the lepton part of the process. Such a
simple structure and the fact that the Drell–Yan process is one of the cleanest
hard hadron–hadron scattering processes makes it a very convenient tool for
studying PDFs.
The conventional way for studying parton distribution functions via the

Drell–Yan process is to use processes with the production of electron–positron
(and muon–antimuon) pairs [347, 352, 354], because, in this case, the mass
of leptons can be neglected and one can consider them as having some definite
helicity. Within this approach, angular parameters, which define the spatial
orientation of the momenta of leptons relative to the momenta of colliding
nucleons, are used as parameters describing the polarization state of the lepton
pair. Then, one can measure azimuthal asymmetries and extract particular
structure functions from them.
In the case of τ production, this approach will work only at very high

energies. At lower energies, however, the mass of τ cannot be neglected.
Massive particles do not have definite helicity. Therefore, for τ leptons, the
angular parameters as spin-sensitive variables can be used only at collision
energy much greater than the mass of the τ lepton and are not suitable
for energies comparable to its mass. Consequently, we need a more suitable
parametrization of the polarization state of τ lepton.
Our idea to tackle this problem is to utilize the unique decays properties of

τ lepton. Let us consider the hadronic decay of τ to a single charged π meson
and neutrino. Due to the weak nature of this decay and the fact that neutrinos
are always left-handed, the energy spectra of π meson are strictly correlated
with the polarization state of decaying τ lepton [358–361]. For instance,
in the case of mostly right-handed τ decay, due to the angular momentum
conservation law, most of the τ momentum is transferred to the π meson.
On the contrary, in the case of mostly left-handed τ , the significant part of
its momentum is transferred to the neutrino. Thereby, the energy of single
π meson is a convenient characteristic of the polarization state of its parent
τ . So, to determine the polarization of τ leptons, we suggest using hadron
decays of τ leptons to a single charged π meson and neutrino. The diagram of
the corresponding process is shown in Fig. 38. We propose to use the energy
of single π meson as variable that parametrizes the polarization state of τ
leptons. A key feature of our method is that we do not summarize the τ lepton
polarizations, but keep information about the polarizations of both τ leptons
through the energies of single π mesons from τ decays. Due to the fact that a
pair of τ leptons is produced at the NICA collider near the reaction threshold,
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Fig. 38. The Drell–Yan process with the
pair production of τ leptons and their
subsequent decay into single charged

π meson and neutrino

depending on the parton momenta,
the τ leptons can be produced
almost at rest or have a significant
momentum, which is reflected in
the decay products of τ leptons and
makes the process with τ leptons
very sensitive to the state of the
spins and momenta of the initial
partons and nucleons.
One of the closest opportunities

for testing this approach is the
future NICA SPD experiment [362].
Since at the NICA collider a pair
of τ is produced near the reaction
threshold, the leptons can be at rest
or possess a significant momentum,

which affects the τ decay products and makes this process very sensitive to
the polarization states and momenta of the initial hadrons.
To confirm the efficiency of our method, we carried out a detailed

numerical simulation. First, using the CompHEP [363] package, we computed
the tree-level cross section of the Drell–Yan τ pair production process. Also,
we used the MadGraph5_aMC@NLO package [364] to estimate the cross
section of the same process at the next-to-leading order in perturbation
theory. In both cases we have used the NNPDF3.1 PDF set [365]. As it has
been mentioned, the important advantage of the NICA facility is its energy
range

√
s = 10−26 GeV, which lies close to the τ pair production threshold.

However, one of the problems arising in calculating the cross sections at
such low energies is the correct choice of the QCD factorization scale. At
present, certain ambiguity exists as how to choose this scale properly. When
dealing with the Drell–Yan process, it is often suggested to choose the scale
to be of the order of the invariant mass of the lepton pair Q, since it is the
most obvious characteristic scale of the process. However, the important point
given in the aforementioned work is that the choice of the factorization scale
μF = Q does not always lead to satisfactory results. The problem is especially
evident at lower energies, which is the case for NICA. In [366], the authors
suggest using the scale μF ∼ 0.5Q. Other popular choices of the factorization
scale include the transverse energy ET and transverse mass mT of the event.
The results obtained using different types of scales at energy

√
s = 24 GeV

are shown in Table 5.
To assess the approximate birthrate of corresponding events in NICA

conditions, we utilize the known branching ratio of corresponding τ decay
channel: Br(τ− → π−ντ ) = (10.83 ± 0.06)% according to [367]. Table 6
contains the estimation of the number of events at two energies, which
correspond to the highest proposed luminosities.
The next important step is to demonstrate the manifestation of the

discussed effect. In order to do so, we have carried out numerical simulation
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Ta b l e 5. Cross sections of the Drell–Yan τ pair production at energy
√
s =

= 24 GeV calculated with different choices of factorization scale μF

Scale Cross section, σ, pb MC error, Δσ, pb
Leading order (LO)

Q 70.0 0.3
Q/2 84.8 0.4
ET 75.7 0.4
mT 70.7 0.3

Next-to-leading order (NLO) QCD
Q 83.5 0.7
Q/2 83.8 0.7
ET 108.5 0.6
mT 105.7 0.7

T a b l e 6. Estimation of the number of events pp→ π−ντπ+ντ per year (∼ 7000 h)
of data taking, assuming 100% efficiency of the detector

√
s = 24 GeV (L = 1.0 · 1032 cm−2 · s−1)

Lower cut on Ml+l− , GeV 3.56 4

σpp→τ+τ−Brτ−→π−ντBrτ+→π+ντ , pb 1.00 0.71

Approximate number of events per 7000 h 2500 1800√
s = 26 GeV (L = 1.2 · 1032 cm−2 · s−1)

Lower cut on Ml+l− , GeV 3.56 4

σpp→τ+τ−Brτ−→π−ντBrτ+→π+ντ , pb 1.22 0.88

Approximate number of events per 7000 h 3100 2200

of the full process pp → π−ντπ+ντ with polarized protons and different
polarization of initial partons. Events were generated in CompHEP package.
For the simulation of the polarized processes, we have used polarized PDF
set NNPDFpol provided by NNPDF Collaboration [368]. Currently, only the
longitudinally polarized proton version of the PDF is available. Generated
events were transferred to PYTHIA 8 package [369] for parton showering
and hadronization. Finally, events were treated by Delphes package [370] for
detector simulation and reconstruction.
The energy spectra of pions produced in the unpolarized case can be

seen in Fig. 39. Both π+ and π− mesons manifest a similar behavior. The
picture becomes interesting in the case of polarized initial states. Figure 40
shows the energy spectra of pions produced in the processes with different
polarization of initial partons. Figure 40, a shows the case of left-handed
quark interacting with right-handed antiquark, while Fig. 40, b corresponds
to the case of right-handed quark interacting with left-handed antiquark.
As we can see, the energy spectra of the pions are correlating with the
polarization states of quarks just in the way described. Moreover, the clear
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Fig. 39. Energy spectra of π mesons in unpolarized case

Fig. 40. Energy spectra of π mesons produced in processes with different polarization
of the initial partons: a) the case of left-handed quark and right-handed antiquark;

b) the case of right-handed quark and left-handed antiquark
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asymmetry is seen between the energy spectra of π+ and π− mesons, which
can also be utilized as a characteristic of the polarization state of the initial
quarks.
The first carried out numerical evaluations show the potential of the new

method. In the next step, we will carry out simulations with different initial
combinations of longitudinally and transversely polarized protons. Next, we
will compile a detailed table of correspondence between the pair distributions
of π mesons and various combinations of the initial polarizations of protons
and their constituent quarks.
Following this approach, one can determine the polarization of interacting

partons by measuring energies of π mesons produced in corresponding decays
of τ leptons. Considering the fact that pions are rather easy detectable [371],
the proposed approach is potentially a very convenient and powerful tool for
studying nucleons PDF via τ production in the polarized Drell–Yan process.



16. ON MEASURING ANTIPROTON-PRODUCTION CROSS
SECTIONS FOR DARK MATTER SEARCH 1

Firm interpretation of the recent results from the AMS-02 and PAMELA
spectrometers, regarding the antiproton yield in p–p and p–d collisions, has been
hindered by uncertainties in production cross section, angular and momentum spectra
of the produced antiprotons. The proposed measurements of antiproton yield at
the planned SPD experiment at the NICA collider could significantly contribute to
enhancing the situation in favour of the search for dark matter WIMPs.

The dark matter (DM) problem is a long-standing puzzle in modern
cosmology. Even though DM is known to make more than 26% of the total
energy-matter content of the Universe [372], we still have no confirmed
conclusions about its identity. Evidence of DM is abundant and diverse, but
mainly gravitational. The effects of DM have been observed in the rotation
curves of galaxies, the mass discrepancy of galaxy clusters, and the lens-less
gravitational lensing, among others [373]. Perhaps most of our knowledge
about DM properties was a product of the Bullet Cluster event, where two
galaxy clusters collided with one another. Astronomical observations and
lensing analyses of the event assured astronomers that DM particles are
only weakly interacting [374]. Once merely a tentative hypothesis, this has
become widely accepted. Consequently, among many DM candidates, weakly
interacting massive particles (WIMPs) became the most favoured [375].
There are several search approaches applied in the case of DM. Each of

them has an underlying paradigm. The main three approaches are collider
searches, direct detection, and indirect detection. Collider searches are based
on the hypothesis that DM particles can be pair-produced in collisions of
Standard-Model (SM) particles, either directly or via a mediator. Direct
detection experiments try to measure the recoil energy of DM particles
colliding with SM nuclei. Indirect detection seeks to prove the hypothesis
that DM particles decay and pair-annihilate producing SM particles as final
products [375]. Thus, astrophysical searches try to accurately measure rare
fluxes in cosmic rays (CRs), in order to detect a secondary anomalous
signature of DM. To identify an anomalous signal, it is crucial to first subtract
other ordinary astrophysical sources. Secondary CR fluxes are produced
in collisions of primary CRs on inter-stellar medium (ISM). In particular,

1 This section is written by R. El-Kholy (E-mail: relkholy@sci.cu.edu.eg).
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secondary antiprotons are produced in proton–nucleus, nucleus–proton, and
nucleus–nucleus collisions.
During the last two decades, two satellite-borne experiments, namely,

PAMELA [376] and AMS-02 [377], have measured the secondary antiproton
flux and antiproton-to-proton ratio with unprecedented accuracy, covering a
wide energy range. The AMS-02 experiment has measured antiproton-to-
proton ratio with an accuracy higher than 95% for kinetic energies from 1 to
450 GeV [378]. However, we still cannot come to firm conclusions about any
exotic signal because the AMS-02 measurements are still surrounded with
several sources of uncertainties as shown in Fig. 41. These sources stem from
uncertainties on: (i) the primary spectra slopes at high energies; (ii) the solar
modulation at lower energies; (iii) the propagation parameters in the galactic
environment; (iv) the antiproton-production cross sections. The first two can
be relatively reduced through new AMS-02 measurements. The third one can
be minimized via parameter variation. However, the last of these sources is
the most significant and ranges between 20% and 50%, depending on the
energy [379].
In addition to the scarcity of cross-section measurements of

antiproton production, most available datasets date back to before 1980, and
do not account for hyperon decay to antiprotons [380], thus raising the need
for new measurements of antiproton-production cross sections. The kinematic
phase-space coverage required to catch up with the AMS-02 measurements

Fig. 41. The combined total uncertainty on the predicted secondary p/p ratio
superimposed to the PAMELA and AMS-02 data. Each envelope accounts for
uncertainties enclosed in it; such that the green band is the total band of all four

sources of uncertainty [379]
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has been outlined [381]. Here, we affirm the capability of the SPD, planned
at the NICA collider currently under construction at JINR, to make a sizable
contribution to the desired measurements [382, 383].

16.1. Antiproton-Production Cross Sections. The contribution of
each interaction channel of primary CRs with ISM to the production of
secondary antiprotons depends on the abundances of different nuclei in
both CRs and ISM. Based on the abundances outlined in [382], the most
dominant channel of antiproton production would be proton–proton collisions,
followed by proton–helium, and proton–deuteron collisions, respectively.
Other nucleus–nucleus collisions have a negligible contribution. In addition to
different production channels, there are also different production mechanisms.
The dominant mechanism is the direct production. However, antiprotons are
also produced via decay of antibaryons, namely, antineutrons and the Λ and
Σ

−
hyperons. The overall antiproton-production cross section can be expressed

as [384]:
σp = σ0p(2+ΔIS + 2ΔΛ), (57)

where ΔIS = σ0n/σ
0
p − 1 is the isospin enhancement factor of antineutron direct

production, and ΔΛ = σΛ
p /σ

0
p is the hyperon factor, assuming σ

Λ
n = σΛ

p .
The currently available data on proton–proton collisions is extremely

scarce. It is graphically summarized in Fig. 42, in terms of transverse

Fig. 42. The available data on d3σpp→p/dp
3 in the pT − xR space [380]
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momentum, pT , and the radial-scaling variable, xR, which is given by [380]:

xR =
E∗
p

E∗
pmax

, (58)

where E∗
p is the antiproton energy, and E

∗
pmax is the maximal energy it can

acquire, both in the center-of-mass frame. The maximal antiproton energy can
be obtained by [380]:

E∗
pmax =

s− 8m2
p

2
√
s

. (59)

Moreover, most of these datasets date back to before 1980, and thus do
not include a hyperon-decay feed-down. As for datasets on other production
channels, they are essentially nonexistent. The first ever proton–helium
dataset was released by the LHCb Collaboration in 2018 [385].
In addition to measuring the cross sections of direct antiproton production,

it is necessary to accurately estimate the hyperon factor, ΔΛ, as well. The
hyperon factor can be expressed as [384]:

ΔΛ =
Λ

p
× BFΛ→pπ+ +

Σ
−

p
× BF

Σ
−→pπ0

, (60)

where Λ/p and Σ
−
/p are the hyperon-to-promptly-produced-antiproton ratios,

and BFΛ→pπ+ = 0.639 ± 0.005 and BF
Σ

−→pπ0
= 0.5157 ± 0.0003 are the

branching fractions of the corresponding decays. While there are some existing
data on the ratio Λ/p, there are no data on the ratio Σ

−
/p; and it is only

estimated based on the symmetry argument that Σ
−
/Λ = 0.33 [386]. Thus,

expression (60) can be rewritten as

ΔΛ = (0.81± 0.04) × Λ/p. (61)

Even existing data on the ratio Λ/p have a high energy-dependent uncertainty
ranging from 12% to 18% [384].
From all of the above, the need for new measurements of the antiproton

production cross sections and hyperon-to-antiproton production ratios becomes
clear. The phase space that requires coverage in order to bridge the gap
between antiproton data and the AMS-02 measurements has been outlined.
Figure 43 shows it in terms of transverse momentum and the radial-scaling
variable, where the areas within the contours need to be covered with
uncertainty no more than 3%, while the areas outside the contours require
coverage with uncertainty no more than 30% [381].

16.2. The NICA SPD Contribution. The SPD detector is planned
to operate at the NICA collider which is currently under construction at
JINR [387]. Polarized proton and deuteron beams will be used. The pp
collisions are expected to reach

√
s = 27 GeV, and a luminosity of 5 ·×

× 1030 cm−2· s−1 should be achieved [388]. Preliminary MC results using
PYTHIA 8.2 [206] show that the antiproton-production cross section in pp
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Fig. 43. The kinematic range accessible to the SPD [383] superimposed on the required
measurement range to match the AMS-02 accuracy [381]

Fig. 44. The Λ/p ratio in proton–proton collisions as measured by several
experiments [384]. The range of

√
s accessible at NICA SPD is indicated in the lower

left side of the figure [383]

collisions multiplied by the average antiproton multiplicity in this energy
range is on the level of a few mb [382], corresponding to a production
rate > 105 s−1. Thus, the measurements will not be hindered by statistical
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uncertainty. The 4π angular acceptance of the SPD will also allow access to a
wider kinematic range, in comparison to fixed-target experiments. Figure 43
shows the kinematic range accessible to the SPD based on a preliminary MC
study [383], superimposed on the required measurement range to match the
AMS-02 accuracy.
The time-of-flight system of the SPD detector will enable particle

identification. In addition, reconstruction of secondary vertices will allow the
study of secondary hyperon decays [383]. Thus, the SPD can also contribute
to measurement of the Λ/p ratio, where Fig. 44 shows the energy range
accessible to the SPD.

16.3. Summary. The Spin Physics Detector can make a sizable
contribution to the search of physics beyond the Standard Model. The SPD
can measure energy and angular distributions of antiprotons produced in
proton–proton and proton–deuteron collisions both directly and from the
decays of Λ and Σ

−
hyperons in the kinematic range starting from the

threshold, for the astrophysical searches for dark matter. The collider mode
and the geometry of the SPD detector provide a unique possibility to study
the production of antiprotons at high transverse momenta which is unavailable
for fixed-target experiments. The possibility for NICA to operate with beams
of light nuclei, such as 3He and 4He, could extend this programme.



17. TESTS OF FUNDAMENTAL DISCRETE SYMMETRIES
AT THE NICA FACILITY: ADDENDUM
TO THE SPIN PHYSICS PROGRAMME 1

We present new ideas on tests of fundamental symmetries in polarization
experiments at the NICA facility. Specifically, we explore the possibilities of high
precision tests of the Standard Model by parity violation and searches of beyond the
Standard Model semistrong breaking of time reversal invariance in double polarized
proton–deuteron scattering, taking advantage of high intensity beams of polarized
protons and deuterons available at NICA. In both cases, we propose to use the new
technique of polarized beam with precessing horizontal polarizations, and polarized
deuterons are the favoured choice. The external target in the extracted beam is optional
for the parity violation experiment, which requires furnishing Nuclotron and/or new
Booster with very modest new instrumentation. One should not overlook this potential
for substantial broadening of horizons of spin physics at the NICA facility.

The SPD project at NICA aims primarily at polarization experiments in the
collider mode. In the broader context, the main virtue of the NICA facility is
high current beams of polarized protons and deuterons [387, 390]. We report
here new ideas developed in the framework of the Russian Fund for Basic
Research Grant No. 18-02-40092 MEGA. Basically, we propose addendum to
the previously discussed spin physics programme of the NICA facility. For
decades to come, NICA will be a holder of a unique potential to conduct
fixed target experimental tests of fundamental symmetries within or beyond
the Standard Model (SM), and one should not overlook this outstanding
opportunity.
Our knowledge about high energy parity violation (PV) in the pure

nonleptonic sector of SM is as yet scarce. The most accurate result
on PV asymmetry in pp scattering at 45 MeV, APV = −(1.5 ± 0.22) ·×
× 10−7, is based on the data collected for several years [391]. A result of
PV experiment at ZGS with 5.1-GeV protons interacting with the water
target, APV = −(26.5± 6.0 ± 3.6) · 10−7, had been also collected for several
years [392]. Theorists failed to accommodate the latter, anomalously large,
asymmetry in the SM [393]. Only modest upper bounds were set at Fermilab
in pp and pp interactions at 200 GeV: APV < 10−5 [394].

1 This section is presented by I. A. Koop, A. I.Milstein, N.N.Nikolaev (E-mail:
nikolaev@itp.ac.ru), A. S. Popov, S.G. Salnikov, P.Yu. Shatunov, Yu.M. Shatunov.
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Of our prime concern is a feasibility of precision measurements of PV
asymmetry at the NICA facility [395–397]. Our key suggestion is using
beams with polarization idly rotating in the ring plane. Such a polarization
was for the first time successfully applied in 1986 at the Budker INP,
with participation of members of the present team, to a record precision
comparison of magnetic anomalies of e+ and e− [398]. We also mention the
idea of 2002 to accelerate oscillating polarization beams in Nuclotron [399].
Subsequently, the JEDI Collaboration, including members of the present team,
had extended this approach to studies of fine aspects of spin dynamics of
polarized deuterons stored at the COSY accelerator [400–404]. The principal
point is that time-stamped precessing polarization has matured, and can be
viewed as useful as the static ones. Namely, oscillating spin asymmetries in
cross section generated by the in-plane-precessing polarization can readily be
isolated by the Fourier analysis. We find it imperative to dwell on the aspects
of precessing polarization approach which are not that familiar to the NICA
community.
In this report, we mostly focus on the preferred external fixed-target

PV experiments at the new Booster or Nuclotron. The already published
collaboration results [395–397] are mentioned just briefly. Execution of the
PV experiment would require furnishing the Nuclotron or Booster ring with
just very modest extra instrumentation: the radiofrequency spin flipper and
internal target polarimeter to fix the time stamp of the spin phase. Extraction
of the signal of the PV violation from the difference of attenuations of
extracted beams of opposite helicity will not require any sophisticated external
detectors — the anticipated noninvasive measurement of the total charge of
the bunch incident on the condensed matter target and of the transmitted
bunch will be performed by a system of the Rogowski coils.
Polarized deuterons are favoured because the NICA energy range is free

of the deuteron spin resonances. An outstanding record of experimentation
with polarized deuterons at the Nuclotron is noteworthy [405, 406]. Our
starting point was the PV studies, but the project outgrew its original
boundary: it was understood that the precessing polarization deuterons
could give an access to tests of still another fundamental symmetry —
the time reversal invariance [407, 408]. Specifically, one can search for
the semistrong T - and CP -violating, P -conserving and flavor-conserving
interaction, suggested by L.Okun [409], J. Prentki and M.Veltman [410],
and T. Lee and L.Wolfenstein [411]. An intriguing open issue is whether
this manifestly beyond SM semistrong CP violation can resolve the puzzle
of the anomalously large baryon asymmetry of the Universe, where the SM
fails by many orders in magnitude [412]. On top of that, we also mention a
possibility of spin crisis experiments with oscillating deuteron polarization at
the electron–ion collider (eIC) [408].

17.1. Precessing Spin Asymmetries in the Total pd Cross Section.
We illustrate the polarization effects on the example of total pd cross section:
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σtot = σ0 + σTT
[(
Pd ·Pp)− (Pd · k) (Pp · k)] +

+ σLL
(
Pd · k) (Pp · k) + σTQmnkmkn + σpPV (Pp · k) +
+ σdPV

(
Pd · k)+ σTPV (Pp · k)Qmnkmkn+

+ σTVPV

(
k · [Pd ×Pp

])
+ σTVPCkmQmnεnlrP

p
l kr. (62)

Here Pd and Pp are polarizations of the deuteron and proton, Qmn
is the tensor polarization of the deuteron, and k is the collision axis
(the z-axis). The y-axis is normal to the ring plane, x-axis is the
radial one. In the tensor polarization dependent terms Qmnkmkn = Qzz,
and kmQmnεnlrP

p
l kr = QxzP

p
y − QyzP

p
x is odd under flip of the proton

polarization. The cross sections σ0, σTT , σLL, and σT correspond to the
ordinary P -even and T -even interactions, σpPV, σ

d
PV, and σTPV give PV

signals, and σTVPV is the time-reversal violating parity-violating (TVPV)
component, while σTVPC is the null observable for the time-reversal violating
parity-conserving (TVPC) semistrong interaction [20, 30, 31]. The last three
polarization effects have not been studied before.
In our approach, the equilibrium vertical spin of the stored beam will be

subjected to parametric resonance driven by the radiofrequency (RF) flipper
(solenoid):

P(n) = Py(0)[cos (εn)ey + sin (εn)[cos (θsn)ex − sin (θsn)ez]. (63)

Here n is the turn number, θs = 2πνs, where νs = Gγ is the spin tune, G is
the magnetic anomaly of the particle, γ is its relativistic γ factor, ε = 2πνR,
and νR is the spin resonance tune, related to the amplitude of spin rotation in
a single pass through the spin flipper. In this equation, cos (εn) and sin (εn)
have conspicuous interpretation as envelopes of the vertical and in-plane idly
precessing polarizations, respectively. The flipper is turned off when εn = π/2
is reached, and then spin will keep idly precessing in the storage ring plane.
Oscillating Pz = −Py(0) sin (θsn) gives rise to the oscillating PV signal

in total cross section (see Eq. (62)). The internal target polarimetry of
oscillating Px is used by the JEDI Collaboration to monitor the spin precession
frequency [400, 401] and simultaneously to provide the time stamp for
Pz . In our proposal, this time stamp will be used to trigger the single-
turn dump of beam of the desired Pz onto the external target. In JEDI
experiments [402, 403], the spin coherence time of idly precessing deuterons
has been maximized up to 1400 s by fine tuning the sextupole lenses, as was
already suggested in 1987 by the present collaborations members (I. Koop and
Y. Shatunov [413]).
We mention briefly only major points about flipper driven evolution of the

tensor polarization of deuterons starting with Qyx(0) = Qyz(0) = Qxz(0) = 0,
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and Qxx(0) = Qzz(0) = −1
2
Qyy(0) [408]:

Qyy(n) =
1
2
Qyy(0)

[−1+ 3 cos2(εn)] ,
Qxx(n) =

1
2
Qyy(0)

[−1+ 3 sin2(εn) cos2(θsn)] ,
Qzz(n) =

1
2
Qyy(0)

[−1+ 3 sin2(εn) sin2(θsn)] ,
Qyx(n) =

3
2
Qyy(0) sin (εn) cos (εn) cos (θsn),

Qyz(n) = −3
2
Qyy(0) sin (εn) cos (εn) sin (θsn),

Qxz(n) = −3
4
Qyy(0) sin2(εn) sin (2θsn).

(64)

At the working point εn = π/2, we have Qyx = Qyz = 0, Qyy = const
and Qxx,zz ∝ 1± 3 cos 2θsn. There is a conspicuous difference of the Fourier
harmonics of the vector and tensor polarizations, and the P -conserving effects
of tensor polarizations are easily separated from the PV signal by the Fourier
analysis. On the other hand, the tensor asymmetry is well understood, and
the signal of oscillating component of Qzz can serve as an important cross
check of our technique. We emphasize that in search for the single-spin PV
asymmetry one only needs unpolarized targets.
The off-diagonal Qxz is also of particular interest. It enters the TVPC

asymmetry which probes the semistrong CP -violating interaction [20, 30].
The TVPC asymmetry ∝ Qxz has the unique Fourier signature, is P py -odd, and
is free of systematic background [408]. However, it is the double-polarization
observable, and search for semistrong CP violation with stored polarized
deuterons requires the internal polarized hydrogen target [407].

17.2. The PV Asymmetry: Expectations from the Standard Model.
The theoretical results of the team were reported in three publications [396,
397, 408]. The salient feature of the tree-level PV weak Hamiltonian
is a strong suppression of the PV pp amplitude, because numerically
|4 sin2 θW − 1| 
 1. However, the effective PV neutral current can be
generated from charged current np interaction by radiative corrections from
charge exchange strong interaction with encouraging magnitude, although
the uncertainties are inevitably substantial [396]. The initial- and final-state
strong interactions, also known as absorption corrections, endow the initially
real valued tree-level PV amplitude with the imaginary part, which can be
evaluated in the eikonal approximation. The PV contribution to the total
cross section is nearly exhausted by PV in elastic scattering, what entails
a strong suppression of PV in inelastic scattering. The corollary is that
in comparison with the total cross section, the PV asymmetry in elastic
scattering will be enhanced by large factor of σtot/δσel ∼ 3. The expectations
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from the SM for PV in proton–nucleon interactions at NICA are [396]:
Apn

tot ∼ 10−7, App
tot ∼ 0.4 · 10−7.

New features of pd interactions are the Glauber screening and quasielastic
scattering, also known as diffractive breakup of the deuteron [414, 415].
The technicalities of calculations of P -odd asymmetries are found in [397].
The enhancement of the P -odd asymmetry in elastic pN scattering vs.
total cross section will persist in both elastic and quasielastic pd scattering.
A substantial difference between the scattering of polarized deuterons on
unpolarized protons and the scattering of polarized protons on unpolarized
deuterons has its origin in the interference of the P -odd pp and pn amplitudes.
Remarkably, to the same accuracy as in the case of pp scattering, the

P -odd component of the total pd cross section is exhausted by the sum of
P -odd components of the total elastic and quasielastic cross sections. Now, the
strong suppression of the parity violation holds for truly inelastic pd collisions
with production of new particles (mesons).
We first report expectations for PV cross sections and asymmetries A =

= σW /σs in the scattering of polarized deuterons with λd = 1 on unpolarized
protons:

σpds, tot = 96 mb, σpdW , tot = 2.1 nb, Apd
tot = 2 · 10−8,

σpds, el = 20 mb, σpdW , el = 0.7 nb, Apd
el = 3.5 · 10−8, (65)

σpds, qel = 22.4 mb, σpdW , qel = 1.4 nb, Apd
qel = 6 · 10−8.

For the interaction of polarized protons with λp = 1 with unpolarized deute-
rons, we have

σpdW , tot = −0.8 nb, Apd
tot = −0.9 · 10−8,

σpdW , el = −0.6 nb, Apd
el = −3 · 10−8, (66)

σpdW , qel = −0.2 nb, Apd
qel = −10−8.

17.3. The Experimental Strategies. Generic Considerations of the
External Target Option. The analysis of the optimal strategy for the PV
experiment is in the formative stage. To illustrate the challenges one faces,
we focus here on the option of extracted polarized deuteron beams interacting
with the external target, similar to that used in the ZGS experiment with
accelerated protons [392]. A source of polarized deuterons with unique
parameters [405] was commissioned at the Joint Institute for Nuclear
Research decades ago, and successful sessions of their acceleration in the
Nuclotron [406] were carried out. According to [387], the Nuclotron is able
to accelerate in one cycle up to 1.6 · 1011 polarized protons and deuterons.
The principal goal is to reach PV asymmetries at the level ∼ 10−7 or

better. On generic grounds this requires about 1015 events. The physical
observable will be a difference of attenuations of the positive and negative
helicity beams in thick dense target. To maximize the statistics, one needs
a large number of cycles. The typical cycle will consist of (i) injection
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of vertically polarized particles, (ii) acceleration to the required energy,
(iii) rotation of polarization from the vertical to horizontal one by RF flipper,
(iv) polarimetry of the in-plane precessing spin and determination of the
spin-tune and the spin phase, (v) single-turn extraction of the beam of desired
helicity onto the target, (vi) comparison of beam currents upstream and
downstream of the target.
We skip a discussion of the routine stages (i) and (ii).
The Spin Coherence Time. The stages (iii) and (iv) require more attention.

The vertical polarization is preserved by the vertical guiding field in the
ring. The in-plane idly precessing spins decohere with time. Therefore, the
stages (iii) and (iv) together must be shorter than the spin coherence time.
Ever since the experiment [398], the RF flippers are being routinely used in
the spin experiments. More detailed discussion of the proposed fast flipper
will be presented below, for the purposes of the present discussion it suffices
to know that the vertical spin can be rotated to the horizontal one faster than
in 1 s. As the reference point we cite the JEDI result, that with beams of
109 deuterons of momentum 0.97 GeV/c in COSY, the spin precession phase
can be measured to the accuracy of ∼ 0.2 in 2 s [401, 404]. Steady operation
with spin coherence time exceeding 1000 s has been achieved [402, 403]. The
educated guess is that, at the same energy of deuterons, the spin coherence
time will be sufficient for less than 3 s of idle precession in Nuclotron or
the new Booster rings even without cooling the beam, and a single cycle
can be as short as ∼ 5 s. The radial polarization cycles bring the effective
cycle length to ∼ 10 s. Making allowance for the contingency factor of 2,
we end up with ∼ 130 000 effective cycles per month. By the rule of thumb,
in one-month data taking with thick target of one absorption length, the
total number of interactions can reach ∼ 1016. A parasitic data taking, when
Nuclotron and/or Booster are idling during operation of NICA in the collider
mode, makes possible a further gain in the statistics.

Polarization of the Ejected Beam. One needs the single-turn extraction
of the stored bunch. At the discussed energy, the spin tune of deuterons
νs = Gγ = −0.160977. After 50 particle revolutions in the ring, the spin
will make 8.048 in-plane rotations, after 99 revolutions it will make 15.966
rotations, and 23.986 in-pane rotations after 149 revolutions, etc. This shows
that with time stamp it will take not much longer than a few hundred turns
of the beam, i.e., a few decimal fractions of a millisecond, to decide when
to extract the beam polarized in any desired orientation. A good option is a
sequence of two cycles with alternating Pz to measure the PV asymmetry,
and two more cycles to crosscheck the equality of attenuations of beams with
alternating radial Px. Tensor asymmetry of the total cross section is large, and
PV cycles can easily be interspersed with the control sequence of cycles to
extract the second harmonics signal from the precessing tensor polarization.

Polarimetry Issues. Internal cylindrical scintillation polarimeter made
of four top–bottom and right–left sectors will provide time resolution to
dynamically measure the oscillating transverse polarization of the beam from
the oscillating up-down asymmetry [400, 401]. The periphery of the beam can
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be brought to collisions with the carbon target either by stochastic heating
of the beam or generating the bump by beam steerers. The polarimetry
will consume only a small fraction of the beam before it is ejected into the
target channel. A cycle-to-cycle stability of orbits will be controlled by beam
position monitors along the ring circumference, the magnetic field will be
controlled by nuclear magnetic resonance (NMR) sensors in a special dipole
magnet powered serially with the ring dipoles. Specific to the approach is
a high precision cycle-to-cycle comparison of spin tunes, which amounts to
a comparison of energies. The supplementary polarimetry of the beam after
the target will provide important crosscheck of orientation of the polarization
vector of the beam incident on the target.

Flipper Implementation Issues. For deuterons with momentum p =
= 0.97GeV/c (kinematic parameters γ = 1.125, β = 0.46), it is rational to
apply the longitudinal magnetic field oscillating at a relatively low frequency
f = fc · γ|G| = 88.3 kHz. The ceramic vacuum chamber must have conductive
longitudinal stripes on the inner surface so that the beam image currents
can freely propagate along these metalized tracks. The outer side of the
ceramic chamber will serve as a skeleton for winding the solenoid turns. The
approximate technical parameters of the flipper [395] are shown in Table 7.
The necessary power to the RF generator, 5 kW, can be provided, for instance,
by the GI-50 generator triode, capable of delivering up to 40 kW of power in
a continuous mode, with the help of modern semiconductor amplifiers. We
leave these issues for a future technical study.

T a b l e 7. The main flipper parameters for the deuteron momentum 0.97GeV/c
and the amplitude of its circular harmonic w = 2.5 · 10−5 (field integral Bl =

= 1.2 · 10−3 T ·m)

Parameter Value Units
Solenoid length 1.0 m
Magnetic field amplitude 0.0012 T
Spiral winding diameter 150 mm
Aperture of the ceramic vacuum chamber 120 mm
Case diameter 400 mm
Solenoid turns 80
Winding inductance 150 μH
Characteristic impedance of the circuit 75 Ω

Active loss resistance 0.2 Ω

Quality factor of the oscillating circuit 375
Winding current 150 A
Inductive voltage 11 kV
Active loss power 4.5 kW

The Accuracy Issues in the External Target Mode. With N1 particles
impinging on the target and N2 particles left behind the target, the
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total beam loss cross section σtot per target nucleus is derived from
the exponential attenuation law, N2 = N1 · exp (−σtotρ), where ρ is target
density: σtot = ρ−1 ln (N1/N2), δσtot = ρ−1(δN1/N1 − δN2/N2). We estimate
the dispersion of the measured number of particles N following the

√
N

law, so that 〈δN 2
1 〉 = N1. For the transmitted beam, allowance for the

dispersion of the transmission coefficient p gives the corrected formula
〈δN 2

2 〉 = N2 + p(1 − p)N1. The best rms accuracy of measuring loss cross
section is achieved at p = e−2:

δ(σtot)

σtot
=

√
2

p ln2 p

1√
N1

⇒ e√
2

1√
N1

=
1.92√
N1

. (67)

Above we argued that ∼ 1.6 · 105 cycles per month are feasible.
Consequently, in order to achieve the statistical accuracy of 10−7 in measuring
the loss cross section in the one-month run, it is necessary to ensure the
accuracy of the asymmetry measurement in the single cycle at the level of
A1 ≈ 4 · 10−5. The number of particles in the bunch impinging on the target
must be no less than ≈ 2.3 · 109. This leaves a certain room for the further
improvement of sensitivity to the PV asymmetry increasing the number of
particles in the bunch. Furthermore, in the parasitic mode the data taking can
be stretched beyond one month.
One can view two options to measure the number of particles in the

beam. The first one is to resort to ionization chambers or secondary
emission sensors with multiplication of secondary particles. With n secondary
particles produced per one primary particle in the final state, total number of
secondary particles will be Nn, that entails the relative rms fluctuation in the
determination of the number of particles in the beam

δN

N
=
δ(Nn)

Nn
=

√
1
Nn

.

An alternative option is a nondestructive measurement of the total charge
of the bunch before and after interaction in the target — a comparison
of charges before and after amounts to the desired comparison of particle
numbers N1,2. Such an approach will take advantage of a bunched beam
required for the time stamp of the precessing polarization. Namely, the
Rogowski coils with high permeability amorphous iron core are known to
be good transformers of the current from the primary circuit, i.e., the beam
current, to the secondary circuit with a very high degree of identity. This is
largely due to the very large ratio of the magnetizing inductance of the core
to the leakage inductance.
The primary signal from the Rogowski coil is a voltage proportional to

the time derivative of the beam current: U = Lİ. This signal is applied to the
infinitely large resistance of the amplifier buffer stage. Next, it is subjected to
analog integrations on operational amplifiers (OA), composed of an RC chain.
The first integration will give at the output a signal U1(t) = L · I(t)/R1C1.
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After the second integration, we get at the output an almost constant voltage
U2, and the accumulated charge q2 on the capacitor C2 will equal

U2 =
qL

R1R2C1C2
, q2 =

qL

R1R2C1
.

With a large ratio L/(R1R2C1), one can get a significant gain in the
accumulated charge on the capacitor of the second integrator. Note that the
values of the time constants of the RC chains do not in any way affect the
linearity of signal conversion by the integrator on the OA, in contrast to its
passive analogue, where the signal is integrated imperfectly, with damping
determined by the time constant τ = RC. Leaving aside the question of the
magnitude of the noise in the signal processing circuit for the current coils,
we can state that it is promising to use the above approach to measure the
transmission coefficient of a beam through a dense target in the transport
channel from the Nuclotron or the new Booster.
One can further increase the overall statistical accuracy of measuring

the beam transmission coefficient installing 3–5 identical devices both in
front of and behind the target. Besides better statistics, this will allow for
the mutual control of the received data from all sensors. In principle, the
above considerations of performance of the Rogowski coils as beam current
transformers can be studied in the test-stand experiment simulating the
particle bunches by the current pulses.

17.4. Summary and Outlook. High intensity beams of polarized
deuterons available at the NICA facility make feasible the high precision
PV tests of the Standard Model. We consider the external fixed dense-target
experiments at either Nuclotron or new Booster the most promising ones.
At the core of our proposal lies a new technique of polarization precessing
in the ring plane, which enables one to eject onto the target beams of any
desired spin orientation. We anticipate a noninvasive measurement of the
total charge of the bunch incident on the condensed matter target and of the
transmitted one as well by a system of the Rogowski coils, so that the PV
experiment will not require any sophisticated external detectors. The only two
new devices, the RF spin flipper and internal target polarimeter, can be made
sufficiently compact to fit into the Nuclotron and/or the new Booster ring.
The Booster may be preferred for the less crowded ring lattice. A possibility
of conducting the PV asymmetry experiment in the parasitic mode needs
more scrutiny. There are still open questions, but by statistics considerations,
the PV asymmetries smaller than 10−7 are within the reach of the proposed
scheme.
For the lack of space, we omitted a number of items, including the spin

resonance issues in operation with polarized protons, possible PV experiment
with the internal dense target, selection of elastic events at high energies,
etc. We sketched only briefly a search for the semistrong CP violation which
requires the internal polarized proton atomic beam source (ABS) target. The
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theoretical analysis of PV in polarized deuteron–nucleus interactions is in
progress.
At electron–ion colliders, one cannot produce longitudinal polarization of

deuterons resorting to Siberian snakes, because of the impractically large
required field integrals. The ideas of operation at the integer spin tune,
developed at JINR [416–418], have been further extended at Brookhaven
National Laboratory (BNL) in the USA [419, 420]. In view of simplicity of the
approach, a fresh look at the possibility of oscillating in-plane polarization of
ultrarelativistic deuterons is essential. A solution has to be found to increase
the horizontal spin coherence time of ∼ 1400 s, achieved so far at COSY [402],
by more than one order of magnitude to match the expected storage time of
∼ 10 h at eIC [421].
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249. Kostenko B., Pribiš J. Possible Observation of Phase Transitions in Two-Nucleon
Systems // Proc. of the XXII Intern. Baldin Seminar on High Energy Physics
Problems (V.Baldin ISHEPP XXII). 2015. P. 122.

250. Troyan Y. A. Narrow Diproton Resonances // Fiz. Elem. Chast. Atom. Yadra.
1993. V. 24. P. 683 (in Russian).

251. Baldin A. JINR Commun. 1-12397. Dubna, 1979.
252. Abramov B., Dukhovskoy I., Fedorets V., Khanov A., Krestnikov Y., Kruten-

kova A., Kulikov V., Matsyuk M., Radkevich I., Starodumov A., Sutormin A.

124



Results of Search for Narrow Diproton Structures in the pn→ ppπ− Reaction at
1.98 GeV/c // Z. Phys. C. 1995. V. 69. P. 409.

253. Rijken T.A., Nagels M.M., Yamamoto Y. Baryon–Baryon Interactions
S = 0,−1,−2,−3,−4 // Few-Body Syst. 2013. V. 54, Nos. 7–10. P. 801–806.

254. Gal A., Millener D. J. Consistency of ΛΛ Hypernuclear Events // Hyperfine
Interact. 2012. V. 210, Nos. 1–3. P. 77–82; arXiv:1111.3831 [nucl-th].

255. Rappold C. et al. (HypHI Collab.) Search for Evidence of 3
Λn by Observing

d+ π− and t+ π− Final States in the Reaction of 6Li + 12C at 2A GeV // Phys.
Rev. C. 2013. V. 88, No. 4. P. 041001.

256. Marques F.M. et al. The Detection of Neutron Clusters // Phys. Rev. C. 2002.
V. 65. P. 044006; arXiv:nucl-ex/0111001.

257. Tang Y. C., Bayman B. F. Nonexistence of the Tetraneutron // Phys. Rev. Lett.
1965. V. 15. P. 165–168.

258. Bertulani C. A., Zelevinsky V. Is the Tetraneutron a Bound Dineutron–Dineutron
Molecule? // J. Phys. G. 2003. V. 29. P. 2431–2437; arXiv:nucl-th/0212060.

259. Pieper S.C. Can Modern Nuclear Hamiltonians Tolerate a Bound Tetra-
neutron? // Phys. Rev. Lett. 2003. V. 90. P. 252501; arXiv:nucl-th/0302048.

260. Timofeyuk N.K. Do Multineutrons Exist? // J. Phys. G. 2003. V. 29. P. L9;
arXiv:nucl-th/0301020.

261. Lazauskas R., Carbonell J. Is a Physically Observable Tetraneutron Resonance
Compatible with Realistic Nuclear Interactions? // Phys. Rev. C. 2005. V. 72.
P. 034003; arXiv:nucl-th/0507022.

262. Takahashi H. et al. Observation of a 6
ΛΛHe Double Hypernucleus // Phys. Rev.

Lett. 2001. V. 87. P. 212502.
263. Garcilazo H., Valcarce A. Strangeness −2 Hypertriton // Phys. Rev. Lett. 2013.

V. 110, No. 1. P. 012503; arXiv:1212.1369 [nucl-th].
264. Gal A. Comment on Recent Strangeness −2 Predictions // Phys. Rev. Lett. 2013.

V. 110. P. 179201; arXiv:1301.1241 [nucl-th].
265. Garcilazo H., Valcarce A. Reply to “Comment on Strangeness −2 Hyper-

triton” // Phys. Rev. Lett. 2013. V. 110. P. 179202; arXiv:1304.3552 [hep-ph].
266. Filikhin I. N., Gal A. Faddeev–Yakubovsky Search for 4

ΛΛH // Phys. Rev. Lett.
2002. V. 89. P. 172502; arXiv:nucl-th/0209003.

267. Nemura H., Akaishi Y., Myint K. S. Stochastic Variational Search for 4
ΛΛH //

Phys. Rev. C. 2003. V. 67. P. 051001; arXiv:nucl-th/0211082.
268. Thomas L.H. The Interaction between a Neutron and a Proton and the Structure

of 3H // Phys. Rev. 1935. V. 47. P. 903–909.
269. Richard J.M., Fleck S. Limits on the Domain of Coupling Constants for Binding

N -Body Systems with No Bound Subsystems // Phys. Rev. Lett. 1994. V. 73.
P. 1464–1467; arXiv:nucl-th/9408017.

270. Moszkowski S., Fleck S., Krikeb A., Theussl L., Richard J.M., Varga K.
Borromean Binding of Three or Four Bosons // Phys. Rev. A. 2000. V. 62.
P. 032504; arXiv:nucl-th/0003026.

271. Thogersen M., Fedorov D. V., Jensen A. S. Universal Properties of Efimov
Physics beyond the Scattering Length Approximation // Phys. Rev. A. 2008.
V. 78. P. 020501.

272. Richard J.M., Wang Q., Zhao Q. Lightest Neutral Hypernuclei with Strangeness
−1 and −2 // Phys. Rev. C. 2015. V. 91, No. 1. P. 014003; arXiv:1404.3473
[nucl-th].

125



273. Richard J.M., Wang Q., Zhao Q. Possibility of a New Neutral Hypernucleus
4

ΛΛn = (n,n,Λ,Λ) // J. Phys. Conf. Ser. 2014. V. 569, No. 1. P. 012079;
arXiv:1408.1323 [nucl-th].

274. Rijken T.A., Nagels M.M., Yamamoto Y. Baryon–Baryon Interactions: Nijmegen
Extended-Soft-Core Models // Prog. Theor. Phys. Suppl. 2010. V. 185. P. 14–71.

275. Polinder H., Haidenbauer J., Meissner U.G. Strangeness S = −2 Baryon–
Baryon Interactions Using Chiral Effective Field Theory // Phys. Lett. B. 2007.
V. 653. P. 29–37; arXiv:0705.3753 [nucl-th].

276. Haidenbauer J., Petschauer S., Kaiser N., Meissner U.G., Nogga A., Weise W.
Hyperon–Nucleon Interaction at Next-to-Leading Order in Chiral Effective Field
Theory // Nucl. Phys. A. 2013. V. 915. P. 24–58; arXiv:1304.5339 [nucl-th].

277. Haidenbauer J., Meissner U.G., Petschauer S. Strangeness S = −2 Baryon–
Baryon Interaction at Next-to-Leading Order in Chiral Effective Field Theory //
Nucl. Phys. A. 2016. V. 954. P. 273–293; arXiv:1511.05859.

278. Acharya S. et al. (ALICE Collab.) Study of the Λ−Λ Interaction with
Femtoscopy Correlations in pp and p–Pb Collisions at the LHC // Phys. Lett. B.
2019. V. 797. P. 134822; arXiv:1905.07209.

279. Gal A., Garcilazo H. Is There a Bound 3
Λn? // Phys. Lett. B. 2014. V. 736.

P. 93–97; arXiv:1404.5855 [nucl-th].
280. Hiyama E., Ohnishi S., Gibson B. F., Rijken T.A. Three-Body Structure of

the nnΛ System with ΛN−ΣN Coupling // Phys. Rev. C. 2014. V. 89, No. 6.
P. 061302; arXiv:1405.2365 [nucl-th].

281. Garcilazo H., Valcarce A. Nonexistence of a Λnn Bound State // Phys. Rev. C.
2014. V. 89, No. 5. P. 057001; arXiv:1507.08061.

282. Lonardoni D., Gandolfi S., Pederiva F. Effects of the Two-Body and Three-Body
Hyperon–Nucleon Interactions in Λ-Hypernuclei // Phys. Rev. C. 2013. V. 87.
P. 041303; arXiv:1301.7472 [nucl-th].

283. Kaidalov A. Diffractive Production Mechanisms // Phys. Rept. 1979. V. 50.
P. 157–226.

284. Kaidalov A., Piskunova O. Inclusive Spectra of Baryons in the Quark–Gluon
Strings Model // Z. Phys. C. 1986. V. 30. P. 145.

285. Uzhinsky V. Toward Description of pp and pC Interactions at High Energies:
Problems of Fritiof-Based Models. arXiv:1404.2026 [hep-ph]. 2014.

286. Andersson B., Gustafson G., Ingelman G., Sjostrand T. Parton Fragmentation
and String Dynamics // Phys. Rept. 1983. V. 97. P. 31–145.

287. Sjostrand T., Mrenna S., Skands P. PYTHIA 6.4 Physics and Manual // JHEP.
2006. V. 0605. P. 026; arXiv:hep-ph/0603175.

288. Allison J. et al. (GEANT4 Collab.) Recent Developments in Geant4 // Nucl.
Instr. Meth. A. 2016. V. 835. P. 186–225.

289. Aduszkiewicz A. et al. (NA61/SHINE Collab.) Measurements of π±, K±, p and
p Spectra in Proton–Proton Interactions at 20, 31, 40, 80 and 158 GeV/c with
the NA61/SHINE Spectrometer at the CERN SPS // Eur. Phys. J. C. 2017.
V. 77. P. 671.

290. Blobel V. et al. (Bonn–Hamburg–Munich Collab.) Multiplicities, Topological
Cross Sections, and Single Particle Inclusive Distributions from pp Interactions
at 12 GeV/c and 24 GeV/c // Nucl. Phys. B. 1974. V. 69. P. 454–492.

291. Aguilar-Benitez M. et al. (LEBC-EHS Collab.) Inclusive Particle Production in
400-GeV/c pp Interactions // Z. Phys. C. 1991. V. 50. P. 405–426.

126



292. Alt C. et al. (NA49 Collab.) Inclusive Production of Charged Pions in p + p
Collisions at 158-GeV/c Beam Momentum // Eur. Phys. J. C. 2006. V. 45.
P. 341–381.

293. Anticic T. et al. (NA49 Collab.) Inclusive Production of Protons, Antiprotons
and Neutrons in p+ p Collisions at 158-GeV/c Beam Momentum // Eur. Phys.
J. C. 2010. V. 65. P. 9–63.

294. Anticic T. et al. (NA49 Collab.) Inclusive Production of Charged Kaons in p+ p
Collisions at 158-GeV/c Beam Momentum and a New Evaluation of the Energy
Dependence of Kaon Production up to Collider Energies // Eur. Phys. J. C. 2010.
V. 68. P. 1–73.

295. Adler S. et al. Jet Properties from Dihadron Correlations in p+ p Collisions at√
sNN = 200 GeV // Phys. Rev. D. 2006. V. 74. P. 072002.

296. Aaboud M. et al.Measurement of Jet Fragmentation in Pb+Pb and pp Collisions
at

√
sNN = 2.76 TeV with the ATLAS Detector at the LHC // Eur. Phys. J. C.

2017. V. 77. P. 379.
297. Aaboud M. et al. Measurement of Jet Fragmentation in 5.02 TeV Proton–Lead

and Proton–Proton Collisions with the ATLAS Detector // Nucl. Phys. A. 2018.
V. 978. P. 65.

298. Aad G. et al. Measurement of Angular and Momentum Distributions of
Charged Particles within and around Jets in Pb+Pb and pp Collisions at√
sNN = 5.02 TeV with the ATLAS Detector // Phys. Rev. C. 2019. V. 100.

P. 064901.
299. Acharya A. et al. Jet Fragmentation Transverse Momentum Measurements

from Dihadron Correlations in
√
s = 7 TeV pp and

√
sNN = 5.02 TeV p–Pb

Collisions // JHEP. 2019. V. 1903. P. 169.
300. Cacciari M., Salam G., Soyez G. The Anti-kt Jet Clustering Algorithm // JHEP.

2008. V. 0804. P. 063.
301. Cacciari M., Salam G., Soyez G. FastJet User Manual // Eur. Phys. J. C. 2012.

V. 72. P. 1896.
302. Schwinger J. Gauge Invariance and Mass. II // Phys. Rev. 1962. V. 128.

P. 2425–2429.
303. Chliapnikov P. et al. (Brussels–CERN–Genoa–Mons–Nijmegen–Serpukhov

Collab.) Observation of Direct Soft Photon Production in K+p Interactions at
70 GeV/c // Phys. Lett. B. 1984. V. 141. P. 276–280.

304. Schukraft J. et al. (HELIOS Collab.) Recent Results from HELIOS (NA34) on
Proton–Nucleus and Nucleus–Nucleus Reactions // Nucl. Phys. A. 1989. V. 498.
P. 79–92.

305. Botterweck F. et al. (NA22 Collab.) Direct Soft Photon Production in K+p and
π+p Interactions at 250 GeV/c // Z. Phys. C. 1991. V. 51. P. 541–548.

306. Banerjee S. et al. (SOPHIE/WA83 Collab.) Observation of Direct Soft Photon
Production in π−p Interactions at 280 GeV/c // Phys. Lett. B. 1993. V. 305.
P. 182–186.

307. Belogianni A. et al. Confirmation of a Soft Photon Signal in Excess of QED
Expectations in π−p Interactions at 280 GeV/c // Phys. Lett. B. 1997. V. 408.
P. 487–492.

308. Belogianni A. et al. (WA102 Collab.) Observation of Soft Photon Signal in
Excess of QED Expectations in pp Interactions // Phys. Lett. B. 2002. V. 548.
P. 129–139.

127



309. Abdallah J. et al. (DELPHI Collab.) Evidence for an Excess of Soft Photons in
Hadronic Decays of Z0 // Eur. Phys. J. C. 2006. V. 47. P. 273–294.

310. Abdallah J. et al. (DELPHI Collab.) Evidence for an Excess of Soft Photons in
Hadronic Decays of Z0 // Eur. Phys. J. C. 2010. V. 67. P. 343–366.

311. Abdallah J. et al. (DELPHI Collab.) Observation of the Muon Inner
Bremsstrahlung at LEP1 // Eur. Phys. J. C. 2008. V. 57. P. 499–514.

312. Kokoulina E. et al. Study of Soft Photon Yield in pp and AA Interactions at
JINR // Eur. Phys. J. Web Conf. 2020. V. 235. P. 0300384.

313. Van Hove L. The Cold Quark–Gluon Plasma and Multiparticle Production //
Ann. Phys. 1989. V. 192. P. 66–76.

314. Barshay S. Anomalous Soft Photons from a Coherent Hadronic Phase in High-
Energy Collisions // Phys. Lett. 1989. V. 227. P. 279–284.

315. Wong C. Y. Open String QED Meson Description of the X17 Particle and Dark
Matter // JHEP. 1989. V. 165.

316. Kokoulina E. Description of pp Interactions with Very High Multiplicity at
70 GeV/c // Acta Phys. Polon. B. 2004. V. 35. P. 295–302.

317. Kokoulina E. High Multiplicity Study and Gluon Dominance Model // Phys.
Part. Nucl. Lett. 2016. V. 13. P. 74–78.

318. Begun V.V., Gorenstein M. Bose–Einstein Condensation of Pions in High
Multiplicity Events // Phys. Lett. B. 2007. V. 653. P. 190–195.

319. Peresunko D. Interferometry of Direct Photons in 208Pb+208Pb Collisions at
158A GeV // J. Phys. G. 2004. V. 43. P. 095103.

320. Koide T., Kodama T. Anisotropy of Low Energy Direct Photons in Relativistic
Heavy Ion Collisions // Phys. Lett. B. 2016. V. 30. P. 1065–1068.

321. Krasznahorkay A. J. et al. Observation of Anomalous Internal Pair Creation in
8Be: A Possible Indication of a Light Neutral Boson // Phys. Rev. Lett. 2016.
V. 116. P. 042501.

322. Abraamyan K. et al. Check of the Structure in Photon Pairs Spectra at the
Invariant Mass of about 38 MeV/c2 // Eur. Phys. J. Web Conf. 2019. V. 138.
P. 04006.

323. Banerjee D. et al. (NA64 Collab.) Search for a Hypothetical 16.7-MeV Gauge
Boson and Dark Photons in the NA64 Experiment at CERN // Phys. Rev. Lett.
2018. V. 20. P. 0231803.

324. Grupen C., Shwartz B. Particles Detectors. New York: Cambridge Univ. Press,
2011.

325. Larson A., Miller G.A., Strikman M. Pionic Color Transparency // Phys. Rev.
C. 2006. V. 74. P. 018201; arXiv:nucl-th/0604022.

326. Larionov A., Strikman M. Color Transparency in pd → π−π0p Reaction // Eur.
Phys. J. A. 2020. V. 56, No. 1. P. 21; arXiv:1909.00379.

327. Dutta D., Hafidi K., Strikman M. Color Transparency: Past, Present and
Future // Prog. Part. Nucl. Phys. 2013. V. 69. P. 1–27.

328. Bass S.A. et al. Microscopic Models for Ultrarelativistic Heavy Ion Collisions //
Prog. Part. Nucl. Phys. 1998. V. 41. P. 255–369; arXiv:nucl-th/9803035.

329. Cassing W., Bratkovskaya E. L. Hadronic and Electromagnetic Probes of Hot
and Dense Nuclear Matter // Phys. Rept. 1999. V. 308. P. 65–233.

330. Buss O., Gaitanos T., Gallmeister K., van Hees H., Kaskulov M., Lalakulich O.,
Larionov A. B., Leitner T., Weil J., Mosel U. Transport-Theoretical Description
of Nuclear Reactions // Phys. Rept. 2012. V. 512. P. 1–124; arXiv:1106.1344
[hep-ph].

128



331. Gallmeister K., Mosel U. Time Dependent Hadronization via HERMES
and EMC Data Consistency // Nucl. Phys. A. 2008. V. 801. P. 68–79;
arXiv:nucl-th/0701064.

332. Strikman M., Tverskoy M.G., Zhalov M. B. Soft Neutron Production in DIS: A
Window to the Final State Interactions // Phys. Lett. B. 1999. V. 459. P. 37–42;
arXiv:nucl-th/9806099.

333. Larionov A., Strikman M. Slow Neutron Production as a Probe of Hadron
Formation in High-Energy γ∗A Reactions // Phys. Rev. C. 2020. V. 101, No. 1.
P. 014617; arXiv:1812.08231.

334. CFNS Adhoc Workshop: Target Fragmentation Physics with EIC;
https://indico.bnl.gov/event/9287/.

335. Gallmeister K., Falter T. Space–Time Picture of Fragmentation in
PYTHIA/JETSET for HERMES and RHIC // Phys. Lett. B. 2005. V. 630.
P. 40–48; arXiv:nucl-th/0502015.

336. Larionov A., Strikman M. Color Transparency and Hadron Formation Effects in
High-Energy Reactions on Nuclei // Particles. 2020. V. 3, No. 1. P. 24–38.

337. Kuhn S. E., Chen J. P., Leader E. // Prog. Part. Nucl. Phys. 2009. V. 63. P. 1–50.
338. Deur A., Brodsky S. J., de Teramond G. F. // Rep. Prog. Phys. 2019. V. 82, No. 7.
339. Belitsky A. V., Radyushkin A.V. // Phys. Rept. 2005. V. 418. P. 1–387.
340. Goeke K., Polyakov M.V., Vanderhaeghen M. // Prog. Part. Nucl. Phys. 2001.

V. 47. P. 401–515.
341. Diehl M. // Phys. Rept. 2003. V. 388. P. 41–277.
342. D’Alesio U., Murgia F. // Prog. Part. Nucl. Phys. 2008. V. 61. P. 394–454.
343. Barone V., Drago A., Ratcliffe P.G. // Phys. Rept. 2002. V. 359. P. 1–168.
344. Alekhin S., Melnikov K., Petriello F. // Phys. Rev. D. 2006. V. 74. P. 054033.
345. Bacchetta A., Diehl M., Goeke K., Metz A., Mulders P. J., Schlegel M. //

JHEP02. 2007. V. 93.
346. COMPASS Collab. // PoS Dis2019. 2019. V. 267.
347. Arnold S., Metz A., Schlegel M. // Phys. Rev. D. 2009. V. 79. P. 034005.
348. Sissakian A., Shevchenko O., Nagaytsev A., Ivanov O. // Phys. Rev. D. 2005.

V. 72. P. 054027.
349. Sissakian A., Shevchenko O., Nagaytsev A., Ivanov O. // Eur. Phys. J. C. 2009.

V. 59. P. 659–673.
350. Sissakian A., Shevchenko O., Nagaytsev A., Denisov O., Ivanov O. // Eur.

Phys. J. C. 2006. V. 46. P. 147–150.
351. Sissakian A., Shevchenko O., Ivanov O. // JETP Lett. 2007. V. 86. P. 751–755.
352. Sissakian A., Shevchenko O., Nagaytsev A., Ivanov O. // Phys. Part. Nucl.

2010. V. 41. P. 64–100.
353. Collins J. C., Soper D. E., Sterman G. // Nucl. Phys. B. 1985. V. 250. P. 199–224.
354. Brodsky S. J., Hwang D. S., Schmidt I. // Nucl. Phys. B. 2002. V. 642.

P. 344–356.
355. Drell S.D., Yan T.M. // Phys. Rev. Lett. 1970. V. 25. P. 316–320.
356. Bodwin G. T. // Phys. Rev. D. 1985. V. 31, No. 10. P. 2616–2642.
357. Collins J. C. // Nucl. Phys. B. 1993. V. 394. P. 169–199.
358. Boos E., Bunichev V., Carena M., Wagner C. E.M. Econf C050318:0213. 2005.
359. Nojiri M.M. // Phys. Rev. D. 1995. V. 51. P. 6281.
360. Boos E., Martyn H.U., Moortgat-Pick G., Sachwitz M., Sherstnev A., Zer-

was P.M. // Eur. Phys. J. C. 2003. V. 30. P. 395.

129



361. Boos E., Moortgat-Pick G., Martyn H.U., Sachwitz M., Vologdin A.
arXiv:hep-ph/0211040.

362. Savin I. A., Efremov A.V., Peshekhonov D.V., Kovalenko A. D., Teryaev O.V.,
Shevchenko O.Y., Nagajcev A. P., Guskov A. V., Kukhtin V.V. et al. // Eur.
Phys. J. Web Conf. 2015. V. 85. P. 02039.

363. Boos E., Bunichev V., Dubinin M., Dudko L., Edneral V., Ilyin V., Kryukov A.,
Savrin V., Semenov A., Sherstnev A. arXiv:hep-ph/ 0403113. 2004.

364. Alwall J. et al. arXiv:1405.0301[hep-ph].
365. Ball R.D. et al. (NNPDF Collab.) // Eur. Phys. J. C. 2017. V. 77, No. 10. P. 663;

arXiv:1706.00428.
366. Maltoni F., McElmurry T., Putman R., Willenbrock S. arXiv:hep-ph/0703156.

2007.
367. Olive K. et al. (Particle Data Group) // Chin. Phys. C. 2014. V. 38. P. 090001.
368. Nocera E. R. et al. (NNPDF Collab.) // Nucl. Phys. B. 2014. V. 887. P. 276–308;

arXiv:1406.5539 [hep-ph].
369. Sjostrand T., Mrenna S., Skands P. // JHEP05. 2006. V. 26.
370. de Favereau J., Delaere C., Demin P., Giammanco A., Lematre V., Mertens A.,

Selvaggi M. arXiv:1307.6346[hep-ex].
371. Sirunyan A. et al. (CMS Collab.) // J. Instrum. 2018. V. 13, No. 10. P. P10005;

arXiv:1809.02816.
372. Ade P.A.R. et al. (Planck Collab.) Planck 2013 Results. I. Overview of Products

and Scientific Results // Astronomy & Astrophysics. 2014. V. 571. P. A1.
373. Majumdar D. Dark Matter: An Introduction. Boca Raton, Florida: CRC Press,

2014.
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