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1. Introduction
Main parts of this Letter of Intent (LoI) are related to the studies of the nucleon structure. The
beginning of the nucleon structure story refers to the early 50-ties of the 20th century when in the
famous Hofstadter‘s experiments at SLAC the proton electromagnetic form factor was measured
determining thus the proton radius of <rp> = (0.74±0.24) ·10-13 cm. It means that the proton is
not an elementary particle but the object with an internal structure. Later on, again at SLAC, the
point-like constituents have been discovered in the proton and called partons. After some time,
in 1970-ties, partons were identified with quarks suggested early by Gell-Mann as structure-less
constituents of all hadrons. Three families of quarks, each containing two quarks and antiquarks, are now the basic elements of the Standard Model (SM) of elementary particle structure.
All six quarks are discovered.
The naïve quark-parton model (QPM) of nucleons, i.e. of the proton and neutron, has been
born. According to this model, the proton (neutron) consisted of three spin1/2 valence quarks:
two (one) of the u-type and one (two) of the d-type with a charge of (+2/3) e and (-1/3) e,
respectively, where e is the charge of the electron. Quarks interact between themselves by gluon
exchange. Gluons are also the nucleons constituents. Gluons can produce a sea of any type
(flavor) quark-antiquark pairs. Partons share between themselves fractions, x, of the total
nucleon momentum. Parton Distribution Functions (PDFs) are universal characteristics of the
internal nucleon structure.
Now the quark-parton structure of nucleons and respectively the quark-parton model of
nucleons are becoming more and more complicated. In Quantum Chromo Dynamics (QCD),
PDFs depend not only on x, but also on Q2, four-momentum transfer (see below). Partons can
have an internal momentum, k. A number of PDFs depends on the order of the QCD
approximations. Therefore, the measurements of new collinear and Transverse Momentum
Dependent (TMD) PDFs, the most of which are not discovered yet, are proposed in this LoI.
Main ideas of this document have been discussed at the specialized International Workshops [1].
General organization of the text follows the Table of contents.
1.1. Basic (twist-2) PDFs of the nucleon.
There are three PDF, integrated over the possible internal transverse momentum of parton, kT,
characterizing the nucleon structure at the leading QCD order (twist-2). These PDFs are: the
distribution of parton density in non-polarized (U) nucleon, f1 (x, Q2); the distribution of
longitudinal polarization of quarks in longitudinally polarized (L) nucleon (helicity), g1 (x, Q2);
and the distribution of transverse polarization of quarks in transversely polarized (T) nucleon
(transversity), h1 (x, Q2). They are shown as diagonal terms in Fig. 1.1 with the nucleon
polarization (U, L, T) along the vertical direction and the quark polarization along the horizontal
direction. The PDF h1 (x, Q2) is poorly studied. It is a chiral-odd function which can be measured
in combination with another chiral-odd function. If one takes into account the possible transverse
momentum of quarks, kT, there will be five additional Transverse Momentum Dependent (TMD)
PDFs which are functions of three variables: x, kT , Q2. These TMD PDFs are: correlation
between the transverse polarization of nucleon (transverse spin) and the transverse momentum of
non-polarized quarks (Sivers), f┴1T ; correlation between the transverse spin and the longitudinal
quark polarization (worm-gear-T), g┴1T ; distribution of the quark transverse momentum in the
non-polarized nucleon (Boer-Mulders), h┴ 1; correlation between the longitudinal polarization of
the nucleon (longitudinal spin) and the transverse momentum of quarks (worm-gear-L), h┴1L;
distribution of the transverse momentum of quarks in the transversely polarized nucleon
(pretzelosity), h┴1T. All new PDFs, except f┴1T , are chiral-odd. The Sivers and Boer-Mulders
PDFs are T-odd ones. At the sub-leading twist (twist-3), there are still 16 TMD PDFs containing
the information on the nucleon structure. They have no definite physics interpretation. The PDFs
4

f1 and g1 are measured rather well (Section 1.2). The h1 has been measured recently but is still
poorly investigated. All TMD PDFs are currently studied (Section 1.3).

Fig. 1.1: The twist-2 PDFs characterizing the nucleon structure.
1.2. Deep Inelastic Scattering as a microscope for the nucleon structure study.
The PDF f1 and g1.
A powerful method to study the quark-parton structure of nucleons is the Deep Inelastic
lepton-nucleon Scattering (DIS). High energy DIS of leptons off polarized nucleons also probes
the polarization of quarks inside the polarized target and allows measuring the contribution of
quarks to the spin of the nucleon. There are three types of DIS reactions:
- Inclusive (IDIS), when characteristics of incident (l), polarized or non-polarized, and scattered
lepton (l’) are known (measured): l + N l’ +X, nucleon (N) can be polarized or not;
- Semi-inclusive (SIDIS), when, additionally to the above mentioned, characteristics of one or
more the final state hadron (h) are known: l + N l’ + nh + X, n ≥1, and
- Exclusive (EDIS), initial and final states of the reaction are fully determined.
A quantitative characteristic of the IDIS reaction is a double differential cross section [2]. This
cross section can be calculated theoretically assuming that the main contribution to it comes
from the one-photon exchange process, represented by the Feynman diagram in Fig. 1.2 (a).
It is known that the one-photon exchange IDIS cross section is defined as

d 2 S SN  4 2 E ' 

 one photon 
  4    L  W  .
d dE '  Q
E
The term in brackets characterizes the point-like interaction; L is the lepton current tensor
representing the lepton vertex in Fig. 1.2 (a) and W is the hadronic tensor amplitude
characterizing the hadrons‘ vertex structure. Each tensor has two parts, one of which (SIM) is
independent of the spin orientations and the second one (ASIM) is spin-dependent:
ASIM
L  LSIM
  iL ,


W   WSIM
 iWASIM
.

The form of L is exactly known from Quantum ElectroDynamics (QED). The hadronic tensor
W is not calculated theoretically. It is a pure phenomenological quantity characterizing the
nucleon structure. Theory tells us that, from the most common considerations, for
electromagnetic interactions W should have the form:
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WSIM
 A1  (q, q ' )  W1 (Q 2 , )  A2  (q, q ' )  W2 (Q 2 , ),

WASIM
 B1  (q, q ' )  G1 (Q 2 , )  B2  (q, q ' )  G2 (Q 2 , ),
where A1, A2, B1 and B2 are known kinematic expressions, W1 (Q2,) and W2 (Q2,) are spin
independent and G1 (Q2,) and G2 (Q2,) are spin dependent structure functions representing the
nucleon structure. In general, these structure functions should be functions of two independent
variables - either (Q2,); or (Q2, x); or (x, y), etc. Bjorken has assumed that in the DIS (scaling)
limit (Q2,, x fixed), , the structure functions became the functions of the only one (Bjorken)
scaling variable x:
M  W1 (Q 2 , )  F1 ( x),

 W2 (Q 2 , )  F2 ( x),
M 2  G1 (Q 2 , )  g1 ( x),
 2 M  G2 (Q 2 , )  g 2 ( x).
But at the Q2 of current experiments, this hypothesis is true only in the limited range of x.

(a)

(b)

(c)
(d)
Fig. 1.2: Feynman diagrams of DIS in one-photon exchange approximation:
(a) IDIS. The virtual photon transfers a four momentum squared, Q2, and energy,, from the
incident lepton to the nucleon. Variables:  q 2  Q2  (k  k ' )2  4EE ' sin 2 ( / 2);
Pq

 E  E';
x  Q 2 / 2M ;
y  / E
M
(b) IDIS in QPM. The virtual photon is absorbed by the constituent quark carrying the fraction
of the nucleon momentum x;
(c) IDIS in QCD improved QPM. The quark absorbing the virtual photon can emit gluons before
or after absorption;
(d) EDIS: the hand-bag diagram introducing Generalized Parton Distributions, GPD.
Performing the calculations as prescribed above and summing over the spin orientations of
scattered leptons, Se, which are usually not known, one can get the cross section

d 2 Se S N d 2 unp
d 2 pol

 S N Se
,
ddE '
ddE '
ddE '
where unp (pol) is the non-polarized (polarized) part of the cross section and SN=  1 is the
orientation (helicity) of the nucleon spin. In the most commonly used notations the spinindependent part of the cross section, unp, is expressed via two spin-independent structure
6

functions F1 and F2:

2me2
d 2 upn 4 2  2
 2 y2
2
) F2 ( x, Q 2 )  .
 xy (1  2 ) F1 ( x , Q )  (1  y 
2 
2
4
dxdQ
Q x 
Q

Here me is the lepton mass and   2 Mx / Q 2  Q 2 /  . There is a theoretical relationship
between the structure functions F1 and F2 known under the name of Callan-Gross:
F2 (x, Q2) = 2xF1 (x, Q2).
The unp is often expressed via F2(x, Q2) and R(x, Q2) = L/T where L(T) is the nucleon
absorption cross section of the virtual photon with longitudinal (transverse) polarization:

d 2 unp 4 2
y 2 2
y 2 (1   2 ) 
unp
2
.
 
 4 F2 ( x, Q ) 1  y 

dxdQ 2
Q x
4
2(1  R( x, Q 2 )) 

The structure functions R(x,Q2) and F2(x,Q2) have been measured by the well-known
collaborations SLAC-MIT, EMC, BCDMS, NMC, ZEUS, H1 and others.
By definition, the structure functions F1 and F2 are pure phenomenological. Their physics
interpretations can be given only within certain models. In QPM of nucleons IDIS is represented
by the diagram in Fig. 1.2 (b) in which the virtual photon is absorbed by the nucleon‘s
constituent quark carrying fraction x of the nucleon momentum. In the QCD improved QPM, the
quark can emit a gluon before or after absorption. Then
F2 (x, Q2) = x∑q e2 q [q (x, Q2) + q (x, Q2)], q=u, d, s,
where eq is the charge of the quark. From the global QCD analysis of all DIS data one can find
the non-polarized nucleon PDFs fa 1 (the superscript a is usually omitted) for each parton, Fig.1.3.

Fig. 1.3: Parton (density) distributions in non-polarized nucleons at Q2=10 GeV2 vs. x.
The spin-dependent part of the cross section, pol, can be extracted from so-called
asymmetries which are proportional to the difference between cross sections for two opposite
target polarizations. The difference between cross sections, //, for two opposite longitudinal
target polarizations is given by the expression:
 d 2 //pol  16 2 y 
y y 2 2 
y 2 



 //  

1


g

g 2 ,

1
2 
4 
2
Q 4  2
 dxdQ 

pol
unp
The polarized part of the cross section,  , is small compared to  and its contribution to the
experimental counting rate is further reduced by incomplete beam and target polarizations. So, to
separate pol, instead of measurements of differences between the cross sections, experiments
measure asymmetries. The longitudinal asymmetry, A// , is defined as
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A// 

 //
    

2 unp     

.

The arrows and  indicate the directions of the incident lepton and the polarisation of the
target, respectively. The asymmetry A// is related to the virtual photon asymmetries A1 and A2:
// = D (A1+A2) ≈ DA1.
Here
y (2  y )(1   2 y / 2)
,
D
(1   2 )[ y 2 (1  2me2 / Q 2 )  2(1  y   2 y 2 / 4)(1  R) /(1   2 )]
A2= γ (g1 +g2)/F1.
The A2 is estimated to be small. So, using the above mentioned expressions for pol and unp, in
the first approximation one can obtain a relation connecting A// and g1:
A// /D ≈ A1 ≈ (g1 –γ2g2)/F1 ≈ g1 /F1, (the term γ2g2 is small).
The F1 is expressed in terms of structure functions F2(x, Q2) and R(x, Q2):
1  2
F1 
F
2 x (1  R) 2
In QPM, IDIS is represented by the diagram in Fig. 1.2 (b, c): the virtual photon is absorbed by
the constituent quark carrying the fraction x of the nucleon momentum. Due to conservation of
the total angular momentum, this photon can be absorbed only by a quark having the spin
oriented in the opposite direction to the photon angular momentum. Taking this into account, one
can obtain the QPM expression for virtual photon asymmetry A1:

 1p/ 2   3p/ 2
A  p

 1/ 2   3p/ 2
p
1

 e q
 e q

.
( x )

2
i


i

( x )  qi ( x )

2
i


i

( x )  qi

In this expression 1/2 and 3/2 are absorption cross sections of the virtual photon (*) by the
nucleon with the total photon-nucleon angular momentum along the * axis equal to 1/2 or 3/2,
respectively. The denominator of this expression by definition is equal to the non-polarized
structure function F1p ( x) . So, the numerator is associated with the structure function g1:





g1 ( x)   ei2 qi ( x)  qi ( x) .
i

It gives information on the quark spin orientation (helicity) with respect to the nucleon spin in
the longitudinally polarized nucleon.
The structure functions gp1(x, Q2) and gd1(x, Q2) for protons and deuterons have been
determined from inclusive asymmetries A1 measured by various collaborations at SLAC, CERN,
DESY, JLAB. The summary of present g1 data is shown in Fig. 1.4 [2]. The data are in very good
agreement between themselves and with the QCD NLO predictions.
Inclusive and semi-inclusive asymmetries for proton and deuteron of the type shown in
Fig. 1.5 permit to determine quark helicity distributions ∆q, Fig. 1.5, right by using the following
expression:
e2 q( x, Q 2 ) Dqh ( z, Q 2 )

q q
h( p/ d )
2
A1
( x, z , Q ) 
 q eq2q( x, Q2 ) Dqh ( z, Q2 )
in which parameterizations of non-polarized quark distributions q(x, Q2) and quark
fragmentation functions (FF) Dhq (z, Q2) measured in other experiments are used. The precision
of this determination depends very much on the precision of the FFs. This is especially important
for the strange quarks. Data shown in Fig. 1.5 give only values for x∆S, where S is the sum of
strange quarks and anti-quarks.
One can estimate the quark contributions to the nucleon spin integrating the helicity
distributions over the covered x-range. As it is known, the longitudinal projection of the nucleon
spin is equal to ½ in units of the Max Plank constant. In QPM it is defined as a sum of
contributions of quarks, gluons and their orbital momenta:
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SN= ½ = ½ ∆∑ +∆G + Lqz + Lgz.
The present value of the quark contributions determined from the helicity distributions amounts
to about 33% of the SN.This result confirms with high precision the original EMC observation
that the quarks contribute little to the total nucleon spin (spin crisis). The COMPASS
collaboration in the separate measurements, Fig. 1.6, has shown that the gluons contribute to the
nucleon spin even smaller than that of quarks, almost zero. This is confirmed by the RHIC
experiments. At the present knowledge, the nucleon spin crisis can be solved by future
measurements of Generalized Parton Distributions (GPD) accounting also for orbital momenta of
nucleon constituents.
Similarly to the non-polarized PDF, the latest QCD analysis [3] of the gp1(x, Q2) and gd1(x, Q2)
data produce the helicity distribution PDF ga 1 (Fig. 1.7).

Fig. 1.4: Summary of the world data on the structure functions gp1(x, Q2) and gd1(x, Q2).

Fig. 1.5: Left: inclusive and semi-inclusive asymmetries for protons. Right: quark helicity
PDFs.

Fig. 1.6: Direct measurements of the gluon polarization in the nucleon.
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Fig. 1.7: Parton helicity distributions in the longitudinally polarized nucleon.
1.3. TMD PDFs.
The new TMD PDFs are chiral odd and can be measured only in the SIDIS or DY processes,
Fig. 1.8. So far data have been obtained for the polarized nucleon only from SIDIS by the
HERMES and COMPASS collaborations. Polarized TMD PDFs from the DY processes in πp
interactions are to be measured at COMPASS-II. There is a real opportunity and challenge to
study TMD PDFs at NICA in polarized pp and pd collisions (see Section 2.1).

DY, polarized πp

COMPASS

DY,

NICA

polarized pp, pd

Fig. 1.8: Reactions for TMD PDF studies.
In SIDIS, the chiral TMD PDFs can be obtained studying the azimuthal modulations of hadrons
which are sensitive to convolution of PDF with the corresponding FF:
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The first and second subscript labeling azimuthal modulations indicate beam and target
polarizations; h and S are the azimuthal angles of produced hadron and initial nucleon spin,
defined with respect to the direction of the virtual photon in the lepton scattering plane; H┴1 is
the Collins FF which describes the distribution of non-polarized hadrons in the fragmentation of
the transversely polarized quark and D1 is the non-polarized kT dependent FF. The Collins FF is
chiral-odd; it is a partner of transversity. The status of these PDFs measurement is summarized
in [4] and updated in [5].
1.3.1. Transversity PDF h1.
The azimuthal modulations of hadrons‘ production measured in the SIDIS process l+p (d)
→l+h+X on polarized protons and deuterons have been observed by the HERMES and
COMPASS collaborations. The proton data are shown in Fig. 1.9. The COMPASS deuteron data
on asymmetries are compatible with zero due to cancelations between the u and d quarks
contributions. The Collins FF has been measured recently by the BELLE collaboration at KEK.
The global analysis of the HERMES, COMPASS and BELLE data allowed obtaining the
transversity distributions for u and d quarks (Fig. 1.9, right) although still with rather large
uncertainties.

Fig. 1.9: Left: Collins asymmetry from COMPASS & HERMES. Right: transversity PDFs
extracted from the global analysis.
1.3.2. Sivers PDF f┴1T.
The Sivers correlation between the transverse nucleon spin and transverse momentum of its
partons was originally proposed to explain large single-spin asymmetries observed in the hadron
productions at Protvino and Fermilab. Later on, possibility of the Sivers effect existence has
been confirmed for the Wilson-line TMD PDFs to enforce gauge invariance of QCD. The final
state interactions in SIDIS (or initial state interactions in DY) allowed for the non-zero T-odd
Sivers PDFs but they must have opposite signs in SIDIS and DY.
Sivers asymmetries have been measured by the HERMES, COMPASS and JLAB
collaborations on proton, deuteron, and 3He targets, respectively. Definite signals are observed
for protons (Fig. 1.10). Because of cancelations between u and d quark contributions, Sivers
asymmetries for the isoscalar targets are compatible with zero. From the global analysis of the
HERMES and COMPASS data, the Sivers TMD PDFs for u and d quarks are determined
(Fig. 1.10, right).
1.3.3. Boer-Mulders (h1┴), worm-gear-T (g┴1T) and worm-gear-L (h┴1L) PDFs.
The Boer-Mulders TMD PDF, like the Sivers one, is T-odd and must have opposite signs
once measured in SIDIS or DY. It can be observed (in convolution with the Collins FF) from
11

the cos (2) azimuthal modulation of hadrons produced in the non-polarized SIDIS. Signals of
this modulation have been seen by HERMES and COMPASS.
The worm-gear-T PDF characterizing correlation between longitudinally polarized quarks
inside a transversely polarized nucleon is very interesting. It is chiral-even and can be observed
in SIDIS convoluted with non-polarized FF studying cos ( h – S) modulation in hadron
production by longitudinally polarized leptons on the transversely polarized target. Preliminary
results were obtained by COMPASS and HERMES (Fig. 1.11).
Attempts to see the worm-gear-L PDF were made by COMPASS. No signal is observed
within the available statistical accuracy.

Fig. 1.10: Left: Sivers asymmetry from COMPASS and HERMES. Right: Sivers PDFs for the u
and d quarks determined from the global analysis.

Fig. 1.11: Preliminary data on modulations characterizing the worm-gear-T TMD PDF.
Left: COMPASS, right: HERMES.
1.3.4. Pretzelosity PDF h┴1T.
Pretzelosity has been looked for by COMPASS. The sin (3 h – S) asymmetry modulations
in hadrons‘ production are found to be compatible with zero within the available statistical
accuracy. So, no signal of pretzelosity is observed yet.
Concluding the Section 1.3, one can summarize that the collinear and TMD PDFs are
necessary for complete description of the nucleon structure at the level of twist-2
approximation. Its precision measurement at NICA can be the main subject of the NICA
SPD spin program.
1.4. Other actual problems of high energy physics.
There are actual problems in high energy physics which are partially solved or not solved at
all. Among them one can mention the high-pT behavior of elastic cross sections (Fig. 1.12), the
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high-pT behavior of the asymmetry An in elastic pp scattering and inclusive hyperons polarization
(Fig. 1.13), the deuteron wave function behavior as a function of k, (Fig. 1.14), and some others.

Fig. 1.12: The famous pp elastic scattering data at large pT .

Fig. 1.13: Right - the Λ hyperons polarization in inclusive pp reactions; left- asymmetry An in pp
elastic scattering at high pT.

Fig. 1.14: World data on the deuteron wave function.
2. Physics motivations.
2.1. Nucleon structure studies using the Drell-Yan mechanism.
2.1.1. The PDFs studies via asymmetry of cross sections.
The Drell-Yan (DY) process of the di-lepton production in high-energy hadron-hadron
collisions (Fig. 2.1) is playing an important role in the hadron structure studies:
(2.1.1)
where Pa (Pb) and Sa (Sb) are the momentum and spin of the hadron Ha (Hb), respectively,
while l (l’) and λ (λ’) are the momentum and spin of the lepton, respectively.
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Fig. 2.1: The parton model diagrams of the di-lepton production in collisions of hadrons
Ha (Pa ,Sa) with hadrons Hb (Pb ,Sb) . The constituent quark (anti-quark) of the hadron Ha
annihilates with constituent anti-quark (quark) of the hadron Hb producing the virtual photon
which decays into a pair of leptons l± (electron-positron or µ±). The hadron spectator systems Xa
and Xb are usually not detected. Both diagrams have to be taken into account.
The kinematics of the Drell-Yan process can be most conveniently considered in the CollinsSoper (CS) reference frame [1-4], Fig. 2.2. The transition from the hadrons-center-of-mass frame
(cm-frame) to the CS-frame is described in [1]. The CS-frame includes three intersecting planes.
The first one is the Lepton plane containing vectors of the lepton momenta, l, l’ (in the lepton
rest frame), and the unit vector in the z-direction, eˆz ,CS ,








eˆz ,CS  ( Pa ,CS | Pa,CS |  Pb,CS | Pa,CS |) / 2cos  , ( eˆx,CS   ( Pa ,CS | Pa ,CS |  Pb,CS | Pa,CS |) / 2sin  ),
where tg =qT/q, qT (q = l+l’, q ≡ Q) is the transverse momentum (momentum) of the virtual
photon in the cm-frame. The second plane, the Hadron or Collins-Soper plane, contains the
momentum of colliding hadrons, Pa, Pb , and vector ĥ – is the unit vector in the direction of the

photon transverse momentum, hˆ  qT qT , and the third plane – Polarization plane – contains the
polarization vector S ≡ ST (SaT, SbT) and the unit vector eˆz ,CS . The  is the azimuthal angle
between the Lepton and Hadron planes; S (i.e. Sa or Sb) is the angle between the Lepton and
Polarization planes and θ is the polar angle of l in the CS-frame.
The most complete theoretical analysis of this process, for cases when both hadrons Ha and Hb,
in our case protons or deuterons, are polarized or non-polarized, was performed in [5] which we
will follow below. Let us consider the regime where qT << q. In this region the TMD PDFs enter
the description of the DY process in a natural way. Our treatment is restricted to the leading
twist, i.e. to the leading order of TMDs expansion in powers of 1/q. Because of the potential
problems of the sub-leading-twist -TMD PDFs- factorization pointed out in Refs. [6, 7], we
refrain from including in considerations the twist-3 case. Moreover, we neither take into account
higher order hard scattering corrections nor effects associated with soft gluon radiation.
Collins-Soper plane
Polarization plane

z
Lepton plane
Fig. 2.2: Kinematics of the Drell-Yan process in the Collins-Soper reference frame.
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In this approximation the Eq. (57) of Ref. [5] for the differential cross section of the DY pair‘s
production in the quark-parton model via PDFs is rewritten by us in the more convenient
variables with a change of notations of the azimuthal angle polarizations corresponding to
Fig. 2.2:

d
2


dxa dxb d 2 qT d  4Q 2
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2
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1
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(2.1.2)
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i
where F j are the Structure Functions (SFs) connected to the corresponding PDFs. The SFs
depend on four variables Pa ·q, Pb ·q, qT and q2 or on qT , q2 and the Bjorken variables of
colliding hadrons, xa , xb ,
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(2.1.3)

The SFs F ji introduced here give more detailed information on the nucleon structure than usual
structure functions depending on two variables xBj and Q2. Equation (2.1.2) includes 24 leading
twist SFs. Each of them is expressed through a weighted convolution, C , of corresponding
leading twist TMD PDF in the transverse momentum space,
 



 
 
1
C  w(kaT , kbT ) f1 f 2  
eq2  d 2 kaT d 2 kbT  2 (qT kaT  kbT ) w(kaT , kbT ) 

Nc q




 f1q ( xa , kaT2 ) f 2 q ( xb , kbT2 )  f1q ( xa , kaT2 ) f 2 q ( xb , kbT2 )  ,
(2.1.4)


where kaT (kbT) is the transverse momentum of quark in the hadron Ha (Hb) and f1 (f2) is a TMD
PDF of the corresponding hadron. The particular SF can include a linear combination of several
PDFs. Eventually; one can find expressions for all leading twist SFs of quarks and antiquarks
entering Eq. (2.1.2). For the non-polarized hadrons they are:
 
 
 
 2(h  kaT )(h  kbT )  kaT  kbT   
1
cos 2
(2.1.5)
FUU  C  f1 f1  , FUU  C 
h1 h1  ,
M aMb


for the single polarized hadrons (protons or deuterons):
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(2.1.6)
for the both polarized hadrons:
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(2.1.7)

Note that the exchange Ha ↔ Hb in these expressions leads to the reversal of the z-direction
which, in particular, implies exchanges:

S ↔ −Sb,  → −, θ → π − θ.

(2.1.8)
The cross section (2.1.2) cannot be measured directly because there is no single beam
containing particles with the U, L and T polarization. To measure SFs entering this equation one
can use the following procedure: first, integrate Eq. (2.1.2) over the azimuthal angle , second,
following the SIDIS practice, to measure azimuthal asymmetries of the DY pair‘s production
cross sections.
The integration over the azimuthal angle gives:
d
 2
1
1
 int 
 2  1  cos 2   FUU
 SaL SbL FLL
2
dxa dxb d qT d cos  2q
 
cos(  )
cos(  )
 SaT SbT cos(Sb  Sa ) FTT Sb Sa  D cos(Sa  Sb ) FTT Sa Sb
(2.1.9)
a

[



]

The azimuthal asymmetries can be calculated as ratios of cross sections differences to the sum
of the integrated over cross sections. The numerator of the ratio is calculated as a difference of
the DY pair‘s production cross sections in the collision of hadrons Ha and Hb with different
polarizations. The difference is considered as a function of the azimuthal angle and qTfirst in
the whole region of xa and xb, and then in bins of xa, xb. The denominator of the ratio is
calculated as a sum of σint ‗s calculated for the same hadron polarizations and same xa, xb regions
as in numerator.
The azimuthal distribution of DY pair‘s production in non-polarized collisions, AUU, and
azimuthal asymmetries of the cross sections in polarized collisions given by expressions (2.1.10)
can be measured. In these expressions D  sin 2  (1  cos2  ) is the depolarization factor and
1
with the SFs defined in Eqs. (2.1.5-7). The superscripts of the σpq mean:
Aijk  Fjki FUU

 (  ) – for positive (negative) longitudinal beam polarization in the direction of Pa cm;
 (  ) – for transverse beam polarization with the azimuthal angle Sa or Sb (Sa+ or Sb+
0 – for the non-polarized hadron Ha or Hb. Applying the Fourier analysis to the measured
1
asymmetries, one can separate each of all ratios Aijk  Fjki FUU
entering Eq. (2.1.10). This will
be the ultimate task of the proposed experiments. Extraction of different TMD PDFs from these
ratios is a task of the global theoretical analysis (a challenge for the theoretical community) since
each of the SFs Fjki is a result of convolutions of different TMD PDFs in the quark transverse
momentum space. For this purpose one needs either to assume a factorization of the transverse
momentum dependence for each TMD PDFs, having definite (usually Gaussian) form with some
fitting parameters [8], or to transfer Fjki to impact parameter representation and to use the Bessel
weighted TMD PDFs [9].
A number of conclusions can be drawn comparing some asymmetries to be measured. Let us
compare the measured asymmetries ALU and AUL and assume that during these measurements the
beam polarizations are equal, i.e. |SaL|=|SbL| and hadrons a,b are identical. Then one can
intuitively expect that the integrated over xa and xb asymmetries ALU = AUL. Similarly, comparing
the asymmetries ATU and AUT or ATL and ALT one can expect that A1TU = A1UT and A1 TL =A1LT .
Tests of these expectations would be a good check of the parton model approximations.
We close this section with following comments.
1. The Structure Functions F ji depend on the variables (xa, xb, qT , q2). Instead of qT one may also
work with the transverse momentum of one of the hadrons in the CS-frame.
2. Eqs. (2.1.5 - 2.1.7) define 24 SFs out of the 48 [5]. This means that in the considered
kinematic region qT << q there is exactly half of the total leading twist SFs.
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3. The Structure Functions in Eq. (2.1.2) are understood in the CS-frame. Exactly the same
expressions for SFs can be obtained in the Gottfried-Jackson frame, because difference between
them is of the order of O (qT /q).
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(2.1.10)

4. In the qT -dependent cross section, all the chiral-odd parton distributions disappear after
integrating over the azimuthal angle . On the other hand, all the chiral-even effects survive this
integration.
5. The large number of independent SFs to be determined from the polarized DY processes at
NICA (24 for identical hadrons in the initial state) is sufficient to map out all eight leading twist
TMD PDFs for quarks and anti-quarks. This fact indicates the high potential of the polarized DY
process for studying new PDFs. This process has also a certain advantage over SIDIS [10, 11]
which also capable of mapping out the leading twist TMD PDFs but requires knowledge of
fragmentation functions.
1
1
6. The transverse single spin asymmetries depending on the Structure Functions FUT
or FTU
are
of the particular interests. The both SFs contain the Sivers PDF which was predicted to have the
opposite sign in DY as compared to SIDIS [12, 13, 14]. As the sign reversal is at the core of our
present understanding of transverse single spin asymmetries in hard scattering processes, the
experimental check of this prediction is of the utmost importance.
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7. The expected sign reversal of T-odd TMDs can also be investigated through the structure
sin(2 a )
functions FTU
or FUTsin(2 b ) in which the Boer-Mulders PDF enters (see [15, 16, 17]).
8. It is very important to measure those new TMD PDFs which are still not measured or
measured with large uncertainties. These are worm-gear-T, L and pretzelosity PDFs. The last
one would give new information on possible role of the constituent‘s orbital momenta in
resolution of the nucleon spin crisis.
9. For the complete success of the nucleon structure study program it is mandatory that NICA
provides beams of all above mentioned configurations (see also Section 3). The expected effects
are of the order of a few percent. So the high luminosity, ≥ 1032, is necessary to guaranty a
corresponding statistical accuracy of measurements.
10. As usual, the new facility, i.e. NICA and SPD, prior to measurements of something
unknown, should show its potentials measuring already known quantities. So, the program of the
nucleon structure study at NICA should start with measurements of non-polarized SFs.
Measuring σ00int (Eq. 2.1.9) we could obtain the structure function F1UU which is proportional to
the PDF f1 (Eq.2.1.5) – quite well measured in SIDIS experiments. Additionally from
measurements of AUU (Eq. 2.1.10) we obtain Fcos2UUwhich is proportional to the Boer-Mulders
PDF and still poor measured.
11. Next step in the program should be measurements of the ALL asymmetry which provide the
access to the SFs F1LL and Fcos2 .The first one is proportional to the helicity PDF, well measured
in SIDIS, while the second one is proportional to the still unknown worm-gear-L PDF.

2.1.2. Studies of PDFs via integrated asymmetries.
The set of asymmetries (2.1.10) gives the access to all eight leading twist TMD PDFs.
However, sometimes one can work with integrated asymmetries. Integrated asymmetries are
useful for the express analysis of data and checks of expected relations between asymmetries
mentioned in Section 2.1. They are also useful for model estimations and determination of
required statistics (see Section 6.2). Let us consider several examples starting from the case
when only one of colliding hadrons (for instance, hadron ―b‖) is transversely polarized. In this
case the DY cross section Eq. (2.1.2) with SFs given by Eq. (2.1.6) is reduced to the expression
(2.1.11) which, being integrated over Sb, allows to construct the weighted asymmetries given by
Eqs. (2.1.12) where Sb  S (the weight function is shown in the superscript of the asymmetry).
They provide access to the Boer-Mulders, Sivers, and pretzelosity TMD PDFs. The integrated
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given by

Eqs. (2.1.13-14) provide access to the first moments of the Boer-Mulders, h1q ( x, kT2 ) , and
Sivers, f q1T(1) ( x, kT2 ) , PDFs given by Eqs. (2.1.15).
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For the pp collisions there are two limiting cases when one can neglect contributions to the
asymmetries from sea part of PDFs either of polarized or non-polarized protons. The first case
corresponds to the region of xBj values where xunpol  xpol while the second one-- to the region
xunpol << xpol . In these cases one can obtain the approximate expressions for asymmetries
(2.1.13-14) which are given by Eqs. (2.1.16-17)
So far we have considered the pp collisions. At NICA we are planning to study the pd and dd
collisions as well. As is known from COMPASS experiment, the SIDIS asymmetries on
polarized deuterons are consisted with zero. At NICA we can expect that asymmetries
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MN 

UT
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w sin( S ) T 
MN 

UT
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, A

also will be consistent with zero (subject of tests).

pD

DD

But asymmetries in Dp↑ collisions are expected to be non-zero. In the limiting cases
xD  x p and xD  x p these asymmetries (accessible only at NICA ) are given by expressions
(2.1.18).
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(2.1.14)
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[h1u(1) ( xD )  h1d(1) ( xD )][4h1u ( x p )  h1d ( x p )]
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.

In case of double transversely polarized hadrons, instead of complicated analysis of the ATT
asymmetry given by Eq. (2.1.10), the direct access to the transversity PDF h1 one can have via
the weighted asymmetry, Aw[cos(Sb +Sa) qT /M] , integrated over the angles Sb and Sa :
e2 h ( x1 )h1q ( x2 )  ( x1  x2 ) 

q q  1q
int
w[cos( + ) q /M]
(2.1.19)
ATT
≡ ATT 
.
Sb
Sa T
 q eq2  f1q ( x1 ) f1q ( x2 )  ( x1  x2 ) 
The method of integrated asymmetries requires calculations of corresponding cross sections
prior to their integration. It means that the detector acceptance and luminosity should be under
control.
2.2. New nucleon PDFs and J/Ψ production mechanisms.
The J/Ψ-meson, a bound state of charm and anti-charm quarks, was discovered in 1974 at
BNL [18] and SLAC [19]. The production and binding mechanisms of these two quarks are still
not completely known. It is important to note that many of J/Ψ mesons observed so far are not
directly produced from collisions but are the result of decays of other charmonium states.
Recently it has been estimated that 30 ± 10 % of J/Ψ mesons come from χc decays, and 59 ±10 %
of them are produced directly [20]. The J/Ψ production mechanism, included in the PYTHIA
21

simulation code and intended for collider applications, considers two approaches: ―colour
singlet‖ and ―colour octet‖ ones. The ―colour singlet‖ approach considers gg fusion processes,
while ―colour octet‖ considers gg, gq, q q and g q processes. According to PYTHIA [21], the
cross section of the J/Ψ production in pp collisions at √s=24 GeV via gg processes (singlet and
octet) and gq plus qq processes are about equal (~53 and ~50 nb, respectively). The g q and q q
processes precede via various charmonium states subsequently decaying into J/Ψ. So, these
processes could be sensitive to the TMD PDFs. It is interesting to note that the g q processes
have the largest cross sections (see the Table 1 in Appendix 1).
The production of J/Ψ with it subsequent decay into a lepton pair, proceeding via the q q
processes, Ha + Hb → J/Ψ + X →l+ + l- + X, is analogous to the DY production mechanism, see
( Eq. 2. 1. 1), if the J/Ψ interactions with quarks and leptons are of the vector type. This analogy
is known under the name ―duality model‖ [22, 23]. In the case of the TMD PDFs studies, the
1
―duality model‖ can predict [24] a similar behavior of asymmetries Aijk  Fjki FUU
in the lepton
pair‘s production calculated via DY (Eq. 2.1.10) and via J/Ψ events. This similarity follows from
the duality model idea to replace the coupling eq2 in the convolutions for Fjki (Eq.2.1.4) by J/Ψ
vector coupling with q q (gqV)2. The vector couplings are expected to be the same for u and d
1
quarks [22] and cancel in the ratios Aijk  Fjki FUU
for large xa or xb. For instance, we can


q 
w sin( S ) T 
MN 

UT

compare the Sivers asymmetry A

given in the DY case by Eq. (2.1.14) with the same

asymmetry given in J/Ψ case by Eq. (2.1.14) with omitted quark charges. At NICA such a
comparison can be performed at various colliding beam energies.
2.3. Direct photons.
Direct photon productions in the non-polarized and polarized pp (pd) reactions provide
information on the gluon distributions in nucleons (Fig. 2.3). There are two main hard processes
where direct photons can be produced: gluon Compton scattering, g+q→γ + X, and quarkantiquark annihilation, q+ q →γ + X. As it has been pointed out in [25], ―the direct photon
production in non polarized pp collisions can provide a clear test of short-distance dynamics as
predicted by the perturbative QCD, because the photon originates in the hard scattering subprocess and does not fragment. This immediately means that Collins effect is not present. The
process is very sensitive to the non polarized gluon structure function, since it is dominated by
quark-gluon Compton sub process in a large photon transverse momentum range‖.

Fig. 2.3: Diagram of the direct photon production. Vertex H corresponds to
q+ q → γ + g or g + q → γ + q hard processes.
The non- polarized cross section for production of a photon with the transverse momentum pT
and rapidity y in the reaction p + p→ γ + X is written [25] as follows:
22

where kTa ( kTb ) is the transverse momentum of the interacting quark (gluon), xa (xb) is the
fraction of the proton momentum carried by them and qi(x, kT ) , [G(x, kT )] is the quark (gluon)
distribution function with the specified kT [25]. The total cross section of the direct photon
production in the pp-collision at √s=24 GeV via the first process (according to PYTHIA 6.4) is
equal to1100 nb, while the cross section of the second process is about 200 nb. So, the gluon
Compton scattering is the main mechanism of the direct photon production. One can show [25],
that the above expression can be used also for extraction of the polarized gluon distribution
(Sivers gluon function) from measurement of the transverse single spin asymmetry AN defined as
follows:
Here σ↑ and σ↓ are the cross sections of the direct photon production for the opposite transverse
polarizations of one of the colliding protons. In [26] it has been pointed out that the asymmetry
AN at large positive xF is dominated by quark-gluon correlations while at large negative xF [27] it
is dominated by pure gluon-gluon correlations. The further development of the corresponding
formalism can be found in [28], [29].
Predictions for the value of AN at √s = 30 GeV, pT = 4 GeV/c can be found in [28] for
negative xF (Fig. 2.4 (left)) and in [26] for positive xF (Fig. 2.4 (right)). In both cases the AN
values remain sizable.
The first attempt to measure AN at √s=19.4 GeV was performed in the fixed target
experiment E704 at Fermilab [30] in the kinematic range -0.15<xF<0.15 and 2.5<pT<3.1 GeV/c.
Results are consistent with zero within large statistical and systematic uncertainties (Fig. 2.5).
The single spin asymmetries in the direct photon production will be measured also by
PHENIX [31] and STAR [32] at RHIC.
Production of direct photons at large transverse momentum with longitudinally polarized
proton beams is a very promising method to measure gluon polarization Δg [33]. Longitudinal
double spin asymmetry ALL, defined as:

where σ±± are cross sections for all four helicity combinations, can be written (assuming
dominance of the Compton process) as [34]:
where the second factor is known as A1p asymmetry (Section 1.1) from polarized SIDIS and
aLL(gq → γq) is spin asymmetry for sub-process gq → γq.
Measurement of ALL at √s>100 GeV is included in the long range program of RHIC [34].

Fig. 2.4: Predictions for AN at √s=30 GeV, pT=4 GeV/c: from [28](left), from [26] (right).
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Fig. 2.5: The single transverse spin asymmetry AN measured in the E704 experiment. Curves are
predictions of [26].
2.5. Spin-dependent effects in elastic pp, dp and dd scattering.
There are several spin dependent effects in elastic and quasi-elastic scattering reactions
which could be further studied at NICA.
2.5.1. The charge-exchange dp →
n reaction.
For the dp spin correlation experiments discussed in Sections 2.5.1-3 we adopt the
kinematics shown in Fig. 2.6. In this figure the Z axis is directed along the deuteron beam
momentum k; k' is the momentum of scattered d or (pp)s ; the Y axis is along the vector n normal
to the scattering plane, n=[ k x k']; and the X axis is such as to form a right-handed coordinate
system; θ is the scattering angle. For the so called collinear kinematics, θ = 0.

Fig. 2.6: Kinematics of the dp reactions. The proton beam momentum (dotted line) assumed to be
opposite to the deuteron beam momentum.
We use standard notations
for spin correlation coefficients, where the first subscript index
refers to the deuteron and the second one to the proton beam. The vector analyzing power is
denoted as Ay and the tensor analyzing powers are denoted as
(
. In this notations
index z corresponds to the longitudinal (L); x, y – to transverse (T) beam polarization and xz
denotes the mixed (LT) alignment of the deuteron. The differential cross section 𝞼 for the
reaction dp →
n with polarized initial deuterons and protons, in units of the non-polarized
differential cross section σUU is given by Eq. (6.8) in [54]. For our purpose this formula in the
collinear kinematics can be reduced to:
,

(2.5.1)

where
and
are transverse (vector) polarizations of the deuteron and proton, respectively,
and
and
are the transverse (tensor) polarizations (alignments) of the deuteron.
So, to study the spin-dependent effects in elastic or quasi-elastic dp scattering and to test
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Eq. (2.5.1) one needs to perform measurements with the non-polarized d & p beams (UU), with
the transversally (tensor) polarized d and non-polarized p beams (TU) and with transversally
(vector) polarized d & p beams (TT).
The reaction dp →
n at low momentum transfer from the incident deuteron to the final
di-proton
allows to measure a spin-flip part of the nucleon-nucleon charge-exchange
amplitudes [44, 45]. Selecting two final protons with low excitation energy, typically
< 3MeV, we will have the emerging di-proton
dominantly in the
state. The
reaction then involves a transition from the initial spin triplet state of the deuteron to the spin
singlet state of di-proton. The transition amplitude in impulse approximation is proportional to
that for the np → pn, times a form factor reflecting overlap of the initial deuteron and final diproton wave functions. This approach assumes measurements of the differential cross section,
tensor and vector analyzing powers and spin correlation coefficients in dp→
n reaction
provided the contamination of P- and higher partial waves in the final pp system is taken into
account [46]. A systematic study of this reaction has been started by ANKE@COSY in both
single [46] and double polarized [47] experiments. Such kind measurements at NICA would
allow studying the elementary spin amplitudes of the np pn transitions at higher energies. In
collinear kinematics (defined above) the non-polarized cross section σUU and spin observables
(asymmetries) Cy,y , Ayy and Cxz,y (Eq.2.5.1) measured with transversally polarized protons and
deuterons (vector & tensor) constitute a complete polarization experiment.
2.5.2. Forward elastic pd-scattering and pN → pN amplitudes.
As was shown recently [48, 49], the modified Glauber theory of multistep scattering,
accounting the full spin dependence of the elementary pN-elastic scattering amplitudes and the
deuteron spin structure, allows to explain quantitatively the non-polarized differential cross
section, vector and tensor analyzing powers and spin correlation parameters of the elastic pd
scattering in the forward hemisphere in the GeV- region. In this approach, the elementary pN
scattering amplitudes are used as input from the SAID data base [50] available for pp scattering
up to 3 GeV and for pn scattering up to 1.3 GeV.
At higher energies the Glauber theory of the diffraction scattering is a solid theoretical basis
for description of the hadron-nuclei scattering data. Therefore, elastic pd scattering with
longitudinally and transversally polarized proton and/or deuteron can be used at NICA energies
as a test for spin amplitudes of the elastic pN scattering, at least in the region where the single pN
scattering mechanism dominates and, therefore, inelastic shadowing corrections are negligible.
2.5.3. Backward elastic pd-scattering and the hard deuteron breakup pd →
n.
The reaction pd →
n with formation of the
-di-proton ( = 0 - 3 MeV) in the
backward elastic scattering
was studied at COSY in the GeV region [51]. Due to
different quantum numbers of the deuteron (J = 1, I = 0) and di-proton (J = 0, I = 1), the
dynamics of the reaction in these two channels is essentially different, providing suppression of
the isovector meson exchange in the di-proton channel as compared to the deuteron channel. A
combined analysis of these measurements provide a definite conclusion with respect to
properties of the short-range NN interaction and deuteron wave function at large internal
momenta [52], k = 0. 5 - 0. 6 GeV/c. According to expectations [53], measurement of tensor
analyzing power in the breakup reaction pd →
n would shed light on the old
puzzle
observed in the inclusive deuteron breakup and in the
. Measurements of the cross
sections and spin observables of these reactions at NICA can be extended to higher internal
momenta k 1-2 GeV/c, i.e. to very short distances inside the deuteron and di-proton, where
quark-gluon degrees of freedom are expected to be a natural language for the deuteron structure.
This study would be complementary to the program of experiments planned at Jefferson
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Laboratory (Virginia, USA) with electron-deuteron scattering.
Sections 2.4 – 2.6 to be updated.
2.6. Spin-dependent reactions in heavy ion collisions.
2.6.1. Proposal for the birefringence phenomenon investigation at NICA facility.
One of the most interesting quasi-optical effects – the birefringence phenomenon for
deuterons (or other particles with spin S ≥ 1) passing through matter – has recently become the
area of research [35]. Birefringence occurs when spin S ≥ 1 particles pass through isotropic nonpolarized matter and is due to the inherent anisotropy of particles with spin S ≥ 1 (as distinct
from spin ½ particles). The birefringence effect leads to the rotation of the beam polarization
vector when a non-polarized deuteron beam passes through a non-polarized target. Moreover, the
appearing spin dichroism effect (the different absorption of deuterons in states with m = ±1 and
0) gives rise to a tensor polarization of the initially non-polarized deuteron beam that has passed
through the non-polarized target [35]. It is noteworthy that the rotation angle of the polarization
vector and the spin dichroism are determined by the real and imaginary parts of the amplitude of
zero-angle coherent elastic scattering, respectively. For this reason it is possible to measure these
amplitudes in experiments.
The experimental investigation of the birefringence effect began with the observation of
the spin dichroism effect for low- and high-energy deuterons. The experiments with 5 - 20 MeV
deuterons were performed at the electrostatic accelerator of Cologne University (Germany) [36].
Tensor polarization acquired by the beam was obtained by varying the thickness of carbon
targets and the initial energy of the beam.
The experiments using carbon targets and deuterons with a momentum of 5 GeV/c were
performed at Nuclotron-M accelerator. The measured values of tensor polarization acquired by
the beam passing through a set of variable-thickness targets are given in Fig. 2.7 [37].

Fig. 2.7: Tensor polarization value acquired by deuterons of 5 GeV/c crossing the carbon
target of various thicknesses.
Basing on the performed theoretical and experimental studies, we can highlight the
following directions for future research in fixed target and collider experiments of the NICA
complex:
1. The study of birefringence (spin rotation, spin dichroism) in few-nucleon systems
involving protons and deuterons.
2. The study of birefringence appearing through the interaction of protons or deuterons
with heavy nuclei.
3. The study of birefringence for heavy nuclei with spin S ≥ 1.
4. The study of the birefringence effect in the nuclear matter of vector particles produced
in inelastic collisions.
26

2.6.2. Inclusive particle polarizations in heavy-ion collisions.
It is well known that the hyperon and other particle polarization observed in proton-nuclear
(p+A) reactions and in heavy ions (A1+A2) collisions have significant size in a wide range of
energies. Examples of the data on the hyperon transverse polarization at medium energy [55] and
the data obtained at the higher collider energies on the so called ―global polarization‖, i.e.
measured along the normal to the reaction plane [50-58], are shown below. From a theoretical
point of view the origin of sizable hyperon polarization in p+A and A1+A2 collisions represents a
significant problem since in the perturbative QCD it is expected to be small [59]. Several
phenomenological models have been proposed to explain observed polarizations [60-64].
Recently the more common model, so called Chromo-Magnetic Polarization of Quarks (CMPQ),
has been developed. It explains the origin of single-spin asymmetry, hyperon and vector meson
polarization at the phenomenological level [65-69]. The mechanism of the CMPQ model is
based on the Standard Model but requires a number of additional assumptions. The model
assumes that:
a) an effective transverse circular chromo-magnetic field is created during the interaction
process;
b) the spin-dependent Stern-Gerlach type forces, appearing due to the interaction of chromomagnetic moments of the probe quarks (which fragments into the observed hadrons) with
the inhomogeneous effective color magnetic field, are acted on these quarks;
c) the spin of the probe quark precess in the effective color field, resulting in oscillations of
hyperon (anti-hyperon) polarization as a function of Feynman xF and other variables;
d) the strength of the effective color field is a linear function of the number of spectator
quarks and antiquarks with weights determined by the color factors for qq and q q
interactions.
These assumptions are characterized by free parameters which can be determined from the
experimental data. The CMPQ model permits also to make predictions for new data.
Comparison of the transverse polarization, PN , of Λ produced in the reaction Au+Au→ Λ↑ +X
with corresponding expectations from CMPQ model is shown in Fig. 2.7. A resonance like
behavior of PN vs.√s is seen. In CMPQ model it is expected due to strong interaction of color
charges of the spectator quarks and the probe s-quark in the Λ hyperon. The oscillation of PN vs.
xF is a consequence of the s-quark spin precession in a color field [67].

Fig. 2.7: Transverse polarization PN vs. xF of Λ from the reaction Au+Au→ Λ↑ +X at
√s=4.86 GeV [1] in comparison with the CMPQ model expectations (dashed curve) [66]
(left panel); PN vs. √s for two values of xF (central panel) and PN vs. xF (right panel) [67].
The global polarization in the reaction Au+Au→ Λ↑ +X at √s = 62 and 200 GeV is shown in
Fig. 2.8 [50] as a function of the Λ transverse momentum pT. It is sizable (unfortunately with
large errors) only for pT above 2.7 GeV/c. The oscillation of PN (pT) seen in this Figure is due to
s-quark spin precession in a color field [69]. It would be interesting to compare the global and
transverse hyperon polarizations within the same experiment.
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Fig. 2.8: Global polarization PN as a function of pT in the reaction Au+Au→ Λ↑ +X at √s=62
and 200 GeV [50] compared with the CMPQ model expectations [69].
Predictions for PN vs. the pseudo rapidity η (η = -lntan (θ/2)) for the reaction A1+A2→ Λ↑ +X
are shown in Fig. 2.9 for the energies √s = 7 and 9 GeV [52]. The oscillations of PN (η) are
expected due to the s-quark spin precession in the color field. The frequency of PN (η) oscillation
increases with the atomic weight A of colliding ions. This is due to higher number of spectator
quarks creating the color field of heavier ions. The spin precession frequency is also a rising
function of A, because the effective chromo-magnetic field strength is increased with the atomic
weight. These predictions are also valid for heavier hyperons and other inclusive particles
(K̃ *(892), φ(1020), ρ,ω,J/ψ).

Fig. 2.9: Predictions of the CMPQ model for PN (η) of Λ from the reaction Au+Au→ Λ↑ +X (left
panel), from the reaction Cu+Cu→ Λ↑ +X (central panel) and from the reaction S+S→ Λ↑ +X
(right panel). The value of pT for Λ is 2.35 GeV/c.
Concluding this subsection it is worthwhile to note that systematic studies of inclusive transverse
and global polarizations of hyperons, anti-hyperons and vector mesons vs. kinematic variables
and as function of the energy and atomic weight of colliding ions can be subjects of systematic
studies at SPD.
2.7. Future DY experiments on nucleon structure in the world.
The measurements of DY processes using various beams and targets have started in 1970
with the non-polarized proton beam of AGS accelerator in Brookhaven. Since that time series of
DY experiments were performed at FNAL and CERN but only two of them directly connected
with studies of the nucleon structure. These are experiments NA51 [38] and E866 [39]. Both of
them have measured the ratio of the anti-d and anti-u quarks in the nucleons.
Present list of the DY experiment in the world (Table below) includes fixed target and collider
experiments aimed to study spin-dependent and spin-independent processes in a wide range of
energies. Physics goals of the experiments include studies of one or several TMD PDFs.
The first fixed target polarized DY measurements will be performed at CERN by the
COMPASS-II experiment [40]. It will start the data taking in 2014 with 160 GeV
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(or √s ~ 18 GeV) π- beam and polarized hydrogen target. The FNAL E-906 [41] non-polarized
experiment has started already. Recently FNAL has initiated the workshops on polarized DY
experiments. The PANDA [42]at FAIR will start somewhat later.
Future collider DY experiments are included in the long range programs of the PHENIX and
STAR at RHIC [43]. They are planning to carry out DY measurements with 500 GeV
longitudinally polarized as well as with 200 GeV transversely polarized protons.
The Spin Physics Detector (SPD) experiments, proposed at the second intersection point of the
NICA collider, will have a number of advantages for DY measurements related to nucleon
structure studies. These advantages include:
- operations with pp, pd and dd beams,
- scan of effects on beam energies,
- measurements of effects via muon and electron-positron pairs simultaneously,
- operations with non-polarized, transverse and longitudinally polarized beams or their
combinations. Such possibilities permit for the first time to perform comprehensive studies of
all leading twist PDFs of nucleons in a single experiment with minimum systematic errors.
Experiment

CERN,

FAIR,

COMPASS-II

PANDA

mode
Beam/target
Polarization:b/t
Luminosity
√s , GeV
x1(beam) range
qT, GeV
Lepton pairs,
Data taking

fixed target
π- , p
0; 0.8
2·1033
14
0.1-0.9
0.5 -4.0
μ-μ+
2014

fixed target
anti-p, p
0;
0
32
2·10
6
0.1-0.6
0.5 -1.5
μ-μ+
>2018

Transversity
Boer-Mulders
Sivers
Pretzelosity
Worm Gear
J/Ψ

NO
YES
YES
YES (?)
YES (?)
YES

Flavour separ
Direct γ

FNAL,

RHIC,

RHIC-

NICA,

STAR

PHENIX

SPD

fixed target
π- , p
0; 0
3.5·1035
16
0.1-0.5
0.5 -3.0
μ-μ+
2013

collider
pp
0.5
5·1032
200, 500
0.03-1.0
1.0 -10.0
μ-μ+
>2016

collider
pp
0.5
5·1032
200, 500
0.03-1.0
1.0 -10.0
μ-μ+
>2016

collider
pp, pd,dd
0.9
1032
10-26
0.1-0.8
0.5 -6.0
μ-μ+, e+e>2018

NO
YES
YES
NO
NO
YES

NO
YES
YES
NO
NO
NO

YES
YES
YES
NO
NO
NO

YES
YES
YES
YES
NO
NO

YES
YES
YES
YES
YES
YES

NO

NO

YES

NO

NO

YES

NO

NO

NO

YES

YES

YES

E-906

3. Requirements to the NUCLOTRON-NICA complex
The research program outlined in Section 2 requires definite characteristics of beams and
technical infrastructure.
Beams. The following beams will be needed, polarized and non-polarized:
pp, pd, dd, pp, pd , pp, pd , dd.
Beam polarizations both at MPD and SPD: longitudinal and transversal. Absolute values of
polarizations during the data taking should be 90-50%.The life time of the beam polarization
should be long enough, ≥24h. Measurements of Single Spin and Double Spin asymmetries in DY
require running in different beam polarization modes: UU, LU, UL,TU, UT,LL ,LT and TL (spin
flipping for every bunch or group of bunches should be considered).
Beam energies: pp(spp ) = 12 ’ ≥ 27 GeV (5 ’ ≥12.6 GeV kinetic energy),
dd(sNN) = 4 ’ ≥13.8 GeV (2 ’ ≥5.9 GeV/u ion kinetic energy).
Asymmetric beam energies should be considered also.
29

Beam luminosities: in the pp mode: Laverage  1·1032 cm-2s-1 (at spp = 27 GeV),
in the dd mode: Laverage  1·1030 cm-2s-1 (at sNN = 14 GeV).
For estimations of the expected statistics of events, we assume that total efficiency of the NICA
complex will be ≥ 80%.
Infrastructure. The infrastructure of the Nuclotron-NICA complex should include:
- a source(s) of polarized (non-polarized) protons and deuterons,
- a system of the beams polarization control and absolute measurements (3-5%),
- a system of luminosity control and absolute measurements, including a space inside the NICA
ring for the beam polarimeters,
- a system(s) for transferring data on the beam(s) polarization and luminosity to the experiments.
The infrastructure tasks should be subjects of the separate project(s).
Local SPD polarization and luminosity monitors are discussed in Section 5.4.
Beams intersection area. The area of ± 3m along and across of the beams second intersection
point, where the detector for the spin physics experiment will be situated, must be free of any
collider elements and equipment. The beam pipe diameter in this region should be minimal, 10
cm or less, to guaranty the angular detector acceptance close to 4π. The walls of the beam pipe in
the region ± 1m of the beams intersections should have a minimal thickness and made of the
low-Z material (e.g. beryllium).
4. Polarized beams at NICA.
The NICA complex at JINR has been approved in 2008 assuming two phases of the
construction. The first phase being realized now includes construction of facilities for heavy ion
physics program [1] while the second phase should include facilities for the program of spin
physics studies with polarized protons and deuterons. In this document we communicate briefly
the status of the NICA project in relation to research with polarized beams.
4.1. Layout of the complex.
The main elements of NICA complex are shown in Figure 4.1. They include: the heavy
ion source and source of polarized ions (proton and deuteron), SPI, with corresponding Linacs,
existing superconducting accelerator Nuclotron upgraded to Nuclotron M, new superconducting
Booster synchrotron , new collider NICA with two detectors – MPD (Multi-Purpose Detector)
for heavy ion studies and SPD (Spin Physics Detector), as well as experimental hall for fixed
target experiments with beams extracted from Nuclotron M.
The functional scheme of facility approved for the first phase of construction scenario is
presented in Fig. 4.2. The chain of beams injection to the collider rings in the case of polarized
protons and deuterons includes: SPI, the modernized injection Linac LU-20 equipped with the
new pre-injector (PI), Booster, Nuclotron and NICA. The main goals of the Booster in polarized
case are the following: 1) formation of the required beam emittance with electron cooling and 2)
fast extraction of the accelerated beam. The chain bypassing Booster is also considered [2].
Feasibilities to fulfill requirements to the NICA complex formulated in previous Section are
considered below moving along the chain: SPI – LU-20 – Nuclotron (Booster) – NICA.
4.2. Source of polarized ions and injector.
The new polarized ion source is being commissioned now. It was designed and constructed as
a universal pulsing high intensity source of polarized deuterons and protons based on a chargeexchange plasma ionizer. The output ↑D+ (↑H+) current of the source is expected to be at a level
of 10 mA. The expected polarization is about 90% in the vector (±1) for ↑D+ and ↑H+ and tensor
(+1,−2) for ↑D+ modes. The project is carried out in cooperation with INR of RAS (Moscow).
The equipment available from the CIPIOS ion source (IUCF, Bloomington, USA) is partially
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used for SPI. The source will deliver the 10 mks pulsed polarized proton or deuteron beam with
intensity up to ~2∙1011 per pulse and repetition rate of 1 Hz [3].

Fig. 4.1: The NICA complex of JINR.

Fig. 4.2: The functional scheme of NICA complex.
Briefly, the SPI consists of several sections. The atomic beam section uses the permanent (B =
1.4 T) and conventional electromagnet sextupoles (B = 0.9 T) for beam focusing. The cryocooler
section is used for cooling the atomic beam. In the radio-frequency transition section the atoms
are polarized before they are focused into the ionizer. The resonant charge-exchange ionizer [4]
produces pulses of positive ion plasma inside the solenoid. Nearly resonant charge-exchange
reactions:
D+ + H0↑ → H+↑ + D0 ,
(1)
H+ + D0↑ → D+↑ +H0 ,
(2)
are used to produce polarized protons or deuterons. Spin orientation of ↑D+ (↑H+) at the exit of
SPI is vertical. The polarized particles are focused through the extraction section into the
injection Linac.
The Alvarez-type Linac LU-20 used as the Nuclotron injector was put into operation in 1974.
It was originally designed as proton accelerator from 600 KeV to 20 MeV. Later it was modified
to accelerate ions with charge-to-mass ratio q/A > 0.33 to 5 MeV/u at 2βλ mode. The voltage
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transformer up to 700 kV is now used to feed the accelerating tube of the LU-20 pre-injector.
The new pre-injector will be based on the RFQ section [5].
4.3. Acceleration of polarized protons and deuterons.
4.3.1. Polarized deuterons.
Acceleration of polarized deuterons at the Synchrophasotron was achived for the first time
in 1984 [6] and at Nuclotron in 2002 [7]. There are no dengerous spin resonances wich could
occure during the polarized deuterons acceleration in Nuclotron up to the energy of 5.6 GeV/u.
This limit is practically very close to the maximum design energy of the Nuclotron (6 GeV/u for
q/A = ½). There are no doubts about the realization of the project in this case. The only problem
in case of deuterons is changing the polarization direction from longitudinal to transversalal or
backward.
4.3.2. Polarized protons.
According to the initial NICA project, Nuclotron as the strong focusing synchrotron should
accelerate polarized protons from the injection energy (20 MeV) up to the maximum design
value of 12.6 GeV. The scheme considered below permits to accelerate polarized protons in
Nuclotron up to 6 GeV and accelerate further at NICA up to required energy.
Let us estimate first the expected proton beam intensity at the Nuclotron exit. The limitations
and particle losses could come due to different reasons. Taking the SPI design current (10 mA)
and estimated particle loss coefficient between the source and Nuclotron (0.5), RF capture (0.8),
extraction efficiency (0.86) and other factors in the synchrotron (0.9), one can expect the output
intensity up to 1.6∙1011 polarized protons per pulse.
For the successful crossing of numerous spin resonances in Nuclotron, the inserted devices
like ―siberian snakes‖ will be designed and installed into the accelerator lattice. Spin resonanses,
occuring during the acceleration cycle at different combinations of the betatron (νx , νy) and spin
(ν) oscillation frequencies, were analyzed in [8].Three cases were considered: ν = k , ν = k ± νy ,
ν = k ± νx , where k = 0, 1, 2,.. . Dependence of the spin resonance frequency, wk (normalized to
the value wd  7.3 104 corresponding to complete beam depolarization) on the proton energy for
each of these cases is shown in Fig. 4.3. The ―dangerous‖ resonances marked with black dots
occure when the values of log(wk / wd) approch zero or -1. As one can see, there are four
resonanses in the first case and two resonanses in the second and third cases.
To preserve polarization, we consider the siberian snake with solenoid magnetic field as an
inserted device. The snake containing transverse magnetic field will cause very big closed orbit
distortions especially at low energies. Possible solution was found in the limited energy range up
to 5-6 GeV indicated in Fig. 4.3 by vertical dashed lines.The maximum magnetic field integral of
the snake depends on the particle momentum and approximately equals 21 T∙m at the Lorenz
factor γ=6. It is not necessary to use a full snake to suppress the influence of spin resonances.
One can use a partial snake as well. That reduces the longitudinal magnetic field integral by a
factor 2. If the longitudinal magnetic field is introduced in the synchrotron straight section, the
dependence of spin frequency ν on particle energy and spin angle  z in the solenoid is defined

by the relation: cos   cos  G  cos z . Thus, even with a small longitudinal magnetic
2
field,  z 2  wk , one can completely ―exclude‖ the set of integer resonances, whereas suppressing of
the intrinsic resonances is occurred if  z 2  wk . The maximum longitudinal magnetic field integral
at   6 is reaching a value of 8.5 Tm, i.e. about twice as less than in the case of the full
snake,  z    .
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Fig. 4.3: Values of log (wk / wd), caracterizing proton spin resonances in the Nuclotron, vs.
the proton energy in GeV,calculated for: ν = k (left), ν = k ± νy (center) , ν = k ± νx (right).
The proton spin dynamics along the Nuclotron ring is shown in Fig. 4.4 [9] assuming the snake
(full or partial), operating synchronously with Nuclotron accelerating cycle, is placed in the
second (after injection) straight section.

Fig. 4.4: Proton spin dynamics in the Nuclotron ring in the case of a full or partial snake.
The snake structure – two solenoids and two pair of quadrupoles (G1,G2) – and parameters of the
insertion are shown in Fig. 4.5.

Fig. 4.5: Snake structure and parameters of insertion.
It has been suggested [8] to design universal snakes suitable for any strong focusing magnetic
structure of synchrotron or collider, for example to use snakes consisting of solenoids only. In
this case the betatron tunes coupling caused by the snake solenoid fringe fields can be
compensated by fine tuning of the betatron frequencies. The corresponding case for Nuclotron is
shown in Fig. 4.6.
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Fig. 4.6: Snake consisting of the solenoids only. The snake magnetic field and betatron tune
numbers are shown assuming the solenoid length is of 1.5 m.
4.4. NICA in the polarized proton and deuteron modes.
The novel scheme of the polarization control at NICA, suitable for protons and deuterons, is
based on the idea of manipulating polarized beams in the vicinity of the zero spin tune. This
approach is actively developed at JLAB for the 8-shaped ring accelerator project. The zero spin
tune is a natural regime for the mentioned case.
To provide zero spin tune regime at the collider of the racetrack symmetry, it is necessary to
install two identical siberian snakes in the opposite straight sections (Fig. 4.7). In this scheme
any direction of the polarization is reproduced at any azimuth point after every turn. However, if
one fixes the longitudinal (or vertical) polarization at SPD, the polarization vector at MPD will
be rotated by some angle with respect to the direction of the particle velocity vector. This angle
depends on the beam energy. If the direction of the polarization is fixed at MPD, some arbitrary
polarization angle will occur at SPD. The control insertions can correct this angle. Solenoid
magnetic field integral in a single rotator at maximum energy is about 25 T·m and 80 T·m for
protons and deuterons, respectively.

Fig. 4.7: Possible NICA structure for polarized proton and deuteron beams.
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4.4.1. NICA luminosity.
The NICA luminosity in the polarized proton mode is estimated for the proton kinetic energy
region from 1 to 12.7 GeV [11], Fig. 4.8. The last value corresponds to the total collision energy
s = 27 GeV and equivalent to the fixed target beam kinetic energy Ekin_equi = 388 GeV.

Fig. 4.8: NICA pp luminosity in units 1030 (left scale, solid line) and the number of particles
per bunch in units 1011(right scale, dotted line) vs. the proton kinetic energy.
The luminosity and total number of the stored particles has been calculated taking into account
the beam space charge limits and other parameters listed below.
Parameters of NICA:
circumference
- 503 m,
number of intersection points (IP) - 2,
beta function βmin in the IP
- 0.35 m,
number of protons per bunch
- ~1∙1012,
number of bunches
- 22,
RMS bunch length
- 0.5 m,
incoherent tune shift, Lasslett
- 0.027,
beam-beam parameter, 
- 0.067,
beam emittance nrm (normalized)
at 12.5 GeV,  mm mrad
- 0.15.
The number of particles reaches a value about 2.2∙1013 in each ring and the peak luminosity
Lpeack = 2∙1032 cm-2s-1 at 12.7 GeV. One can estimate also an average luminosity. Assuming the
cooling time Tcool = 1500 s, the luminosity life time TLlf = 20000 s and the machine reliability
coefficient kr = 0.95, the average luminosity will be Laver = Lpeack∙ 0.86 or 1.7∙1032 cm -2 s-1 [12].

So, feasible schemes of manipulations with polarized protons and deuterons are
suggested [10, 13]. The final scheme of the polarized proton acceleration up to
required energy and beam manipulations at NICA will be approved at the later
stages of the NICA project.
4.5. Polarimetry at Linac, Nuclotron and NICA.
Requirements to the polarization monitoring and measurements at NICA are the following:
- polarimeters should be installed at several key points of the NICA complex, namely: after
Linac, inside the Nuclotron ring, at the beam transportation line to the collider and in both rings
of the collider;
- evaluation of the polarization should be at the standard level for deuterons and protons;
- absolute calibration of the beam polarization should be possible;
- the optimal use of the same experimental equipment at different places is desirable;
- permanent monitoring of the beam polarization is necessary.
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4.5.1. Deuteron and proton beam polarimetry in the energy range 200-2000 MeV.
The dp elastic scattering at large angles (cm > 60º) is often used for the deuteron beam
polarization measurements in the energy range 200-2000 MeV. Analyzing powers of this
reaction have large values and measured with high accuracy. The system of such measurements
is designed at the LHEP (Fig. 4.9) in the framework of the project DSS (Deuteron Spin
Structure). The polarimeter will use the Internal Target Station at Nuclotron. The setup is ready
for operation. It will be tested further at the Nuclotron polarized deuteron beam first and then
modified for measurements of the proton beam polarization in the energy range up to 5 GeV.

Fig. 4.9: The set-up to study dp-elastic scattering for the Nuclotron ring.
4.5.2. Proton beam polarimetry in the energy range above 2000 MeV.
The proton beam polarization measurement in the energy range of NICA can be done using
pC and CNI (Coulomb-Nuclear Interference) polarimeters. Since the hadronic spin-flip part of
the amplitude at NICA energies is not negligible, CNI polarimeter is not an absolute one. To
improve the systematic errors and to calibrate it, the polarimeter based on polarized pp elastic
scattering will be designed. The place for polarized jet target is reserved at the collider.

Conceptual design of the NICA-SPIN polarization measurements is in progress.
5. Requirements to the spin physics detector (SPD).
Requirements for SPD are motivated by physics outlined in Section 2 and, first of all, by a
topology of events and particles to be recorded. SPD should operate at the highest possible
luminosity. So, all the SPD sub detectors should have high rate capabilities and preserve high
efficiency during a long time. It is useful to remember that in the energy range of NICA the total
cross section of pp interactions is almost constant, about 40 mb, (Fig. 5.1), and expected event
rates at the luminosity1032 sm-2 s-1 will be 4·106 per second. The average particle multiplicities
estimated with PYTHIA at s = 24 GeV are following: charged particles 13.5; neutral particles
22.5; π mesons (+, -, 0) 4.6, 3.9, 4.8; K mesons (+, -, 0) 0.4, 0.3, 0.7.
The typical invariant mass plot for di-lepton production is given in Fig. 5.2. The clean DY
events can be detected in region of invariant mass 4 – 9 GeV, above J/ resonances.

Fig. 5.1: Cross sections of pp interactions versus s.
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Fig. 5.2: The typical di-lepton invariant mass plot.
5.1. Event topologies.
5.1.1. Topology of DY events.
The Feynman diagram of the DY process and configuration of relevant vectors are given in
Section 2. For physics purpose lepton pairs must be fully reconstructed using the sub detectors of
SPD. To determine a set and characteristics of the SPD sub detectors, the DY (-,+) pairs to be
recorded were generated by MC method using the PYTHIA 6.4 code. The center of coordinates
system was put at the beam intersection point (Z=0, the Z axis is along the beam).
The generated reaction is pp (-,+) +X at √s =24 GeV, which includes the leading order
2-2 quark level hard scattering sub-processes q * (-,+). The initial-state radiation (ISR)
and final-state radiation (FSR) was switched on. The GRV 94L parameterization [1] of parton
distributions was used.
The di-muon invariant mass distribution is presented in Fig. 5.3. The cut Mµµ >2 GeV/c2 was
applied for other distributions.

Fig. 5.3: Invariant mass distributions of di-muons.
Momentum distributions of the single muon from the DY pair with the invariant mass Mµµ >2
GeV/c2 for different angular intervals looking from the beam intersection point are shown
below (Fig. 5.4). The corresponding average momentum is equal to 2.5 GeV /c for all, 1.95
GeV/c for the barrel and 3.5 GeV/c for the end cap muons. So, the momentum of particles to be
measured in SPD is in the range ~ 0.5 - 12 GeV/c. The particle identification system should be
able to identify electrons, muons and hadrons in the same momentum range. This is quite simple
task for present detectors. For the muon identification the energy-range correlations should be
considered.
The distributions of the single muon polar angle measured from Z= 0 and the angle between
muons in the Drell-Yan pair are shown in Fig. 5.5. Most of the single muons are within the barrel
part of the volume. A small part of them passing through the beam pipe will be lost. The minimal
and maximal angles between muons are 20º and 180º, respectively. The maximal angles will be
also limited by the beam pipe diameter the size of which should be minimal. These types of
angular distributions require almost 4π geometry for the SPD.
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Fig. 5.4: Distributions of single muon momentum from the DY events for different angular
intervals. Upper: left- all angles; right - 350÷1450. Bottom: left- 30÷350, right - 00÷30 .

Fig. 5.5: Left – distribution of events as a function of the single muon polar angle. Right: the
opening angle between two muons.
It has been checked, that generated e +e- -pairs have almost the same momentum and angular
distributions as di-muon pairs.
The distributions of the muon transverse momentum are shown in Fig. 5.6.

Fig. 5.6: Distributions of the muon transverse momentum from the DY events for different
angular intervals. Upper: left- all angles; right - 350÷1450. Bottom: left - 30÷350; right - 00÷30.
Taking into account the distributions shown above, the SPD, for the effective registration of the
DY pairs, should have:
• almost 4 geometry;
• precise vertex detector;
• precise tracking system;
• precise momentum measurement;
• hadron, muon and electron identification systems in the energy range ~0.1-10 GeV.
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5.1.2. Topology of J/Ψ events
The J/Ψ events produced in pp collisions at √s =24 GeV and decayed into the charged lepton
pairs have been simulated by MC with the PYTHIA 6.4 generator for the direct production
mechanism. This mechanism includes the J/Ψ production via the processes of the gluon-gluon,
gluon-quark and quark-quark fusions with production of intermediate states and its subsequent
decays into the J/Ψ. The CTEQ 5L, LO parameterization [2] is used for the PDFs.
The momentum distributions of leptons from J/Ψ decays and of the opening angle of lepton
pairs are shown in Fig. 5.7. The correlation between lepton polar angles is shown in Fig. 5.8.
Most of the lepton pairs (61%) are within the 350÷1450 angular interval; in 35% of pairs one
lepton could be found in the 350÷1450 angular interval whereas the other – in the 30÷350 interval.
About 3% of leptons could be registered in the forward and backward 30÷350 angular intervals.
A small part of the pairs will be lost due to the beam pipe. These types of angular distributions
require almost 4π geometry for SPD.

Fig. 5.7: Left - momentum distribution of leptons from J/Ψ decays; right – distribution of the
lepton opening angles in the pair.
The Feynman variable, xF, and the transverse momentum, pT, of directly produced J/Ψ
mesons are shown in Fig. 5.9.

Fig. 5.8: Correlation between lepton polar angles in J/Ψ decays.

Fig. 5.9: Distributions of directly produced J/Ψ vs. xF (left) and vs. pT (right).
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5.1.3. Topology of the direct photon production.
A sample of direct photons produced in pp collisions at √s=24 GeV has been generated by the
MC method using the PYTHIA 6.4.2 code. The five hard processes with direct photons in the
final state were used: q+g→q+γ, q+ q →g+γ, g+g→g+γ, q+ q →γ+γ and g+g→γ+γ. Relative
probabilities of the first two processes are ~ 85% and 15%, respectively, while the contribution
of all others is less than ~ 0.2%. CTEQ 5L is used for the set of PDFs. No special kinematic cuts
are applied. The pT vs. xF distribution for direct photons is shown in Fig. 5.10.
The photon energy, Eγ, is plotted vs. the photon scattering angle, θ, in Fig. 5.11 (left). The
right part of this Figure shows the corresponding plot for minimum bias photons (mainly from π0
decay). The MC simulations show that for pT > 4 GeV signal-to-background ratio is about 5%
that is in good agreement with the data of the UA6 experiment for non-polarized protons at
√s=24.3 GeV [3].

Fig. 5.10: The plot pT vs. xF for direct photons.

Fig. 5.11: Distribution of energy Eγ as a function of scattering angle θ: left - direct photons,
right - minimum bias photons. Red lines correspond to the cut pT > 4 GeV.
For the effective registration and identification of direct photons, SPD should have:
• an electromagnetic calorimeter (ECAL)
• a tracking system capable to distinguish between clusters from neutral and charged particles in
ECAL. It also should be capable to reconstruct the beam intersection point;
• a trigger system based on ECAL. Since for AN measurements quite energetic photons are
needed only, for the main trigger one can require an energy of above 2-3 GeV deposited in any
cell of ECAL;
• a DAQ system with a bandwidth up to 100 kHz;
• a luminosity monitor.
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5.2. Possible layout of SPD.
5.2.1. Magnet: toroid vs. solenoid.
Preliminary considerations of the event topologies (Sections 5.1.1 – 5.1.3) require SPD to be
equipped with the following sub-detectors covering ~4π angular region around the beam
intersection point: vertex detectors, tracking detectors, electromagnetic calorimeters, hadron
detectors and muon detectors. Some of them must be in the magnetic field for which there are
two options: toroid or solenoid.
A toroid magnet provides a field free region around the intersection point and does not disturb
the beam trajectories and polarizations. It can consist of 8 superconducting coils symmetrically
placed around the beam axis (see Fig. 5.12). A support ring upstream (downstream) of the coils
hosts the supply lines for electric power and for liquid helium. At the downstream end, a
hexagonal plate compensates the magnetic forces to hold the coils in place. The field lines of
ideal toroid magnet are always perpendicular to the particles originating from the beam
intersection point. Since the field intensity increases inversely proportional to the radial distance:
greater bending power is available for particles scattering at smaller angles and having higher
momenta. These properties help to design a compact spectrometer that keeps the investment
costs for the detector tolerable. The production of such a magnet requires insertion of the coils
into the tracking volume occupying a part of the azimuthal acceptance. Preliminary studies show
that the use of superconducting coils, made by the Nb3Sn-Copper core surrounded by a winding
of aluminium for support and cooling, allows one to reach an azimuthal detector acceptance of
about 85%.

Fig. 5.12: Possible layout of SPD with the toroid magnet.
RANGE SYSTEM: HADRON
& MUON DETECRORS

ECAL

VERTEX
DETECTOR
TRACKIG
Fig. 5.13: Possible layout of SPD with the solenoid magnet.
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Possible SPD layout with the solenoid magnet is shown in Fig. 5.13. The magnet part of SPD,
usually called ―barrel‖, contains a vertex detector, tracking detectors and electromagnetic
calorimeters (ECAL). Outside of the barrel one needs to have muon and hadron detectors (Range
System). The end cup part of SPD could contain a tracking, ECAL, muon and range systems.
The solenoid SPD version could have almost 100% azimuthal acceptance, which is important for
example for detection of some exclusive reactions. Disadvantage of the solenoid is a presence of
the magnetic field in the beam pipe region. This field can disturb beam particle trajectories and
their polarization. Screening of this field should be studied.
The dimension of the SPD volume is still an open question. It should be optimized basing on
compromise between the precisions and costs. The ―almost 4π geometry‖ requested by DY and
direct photons can be realized in the solenoid version of SPD if it has overall length and diameter
of about 6 m.
5.2.2. Vertex detector.
The most obvious version of the vertex detector (VD) is a silicon one. Several layers of
double sided silicon strips can provide a precise vertex reconstruction and tracking of the
particles before they reach the general SPD tracking system. The design should use a small
number of silicon layers to minimize the radiation length of the material. With a pitch of 50-100
µm it is possible to reach a spatial resolution of 20-30 µm. Such a spatial resolution would
provide 50-80 µm for precision of the vertex reconstruction—well for rejection the secondary
decay vertexes.
The elements of the SPD vertex detector can be of the same design as for MPD [5] (see
Fig. 5.13a). To minimize a background in the DY di-muon sample from π- µ decays, the first
detection plane of VD should be as close to the beam as possible. The simulations should define
parameters needed for the VD design of SPD: single hit and tracking resolutions, tracking
efficiency, beam and secondary vertex resolutions, momentum resolution and minimum of the
material budget.

Fig. 5.13a: Computer model of the MPD Silicon Tracking System (left) and front view of
tracking layers (right).
5.2.3. Tracking.
There are several candidates for a tracking system: multiwire proportional chambers (MWPC),
conventional drift chambers (DC) and their modification – thin wall drift tubes (straw chambers).
The DCs are the good candidates for tracking detectors in the end cup parts of SPD, while straw
chambers are the best for the barrel part.
Two groups have developed the technology of straw chamber production at JINR [6] with
two-coordinate reed out. The radial coordinate determination is organized via the electron drift
time measurement while the measurement of the coordinate along the wire (z-coordinate) uses
the cathode surface of the straw. Both technologies provide a radial coordinate resolution of 150200 µm per plane. The chambers, assembled in modules consisting of several pairs of tracking
42

planes, can have the radial coordinate resolution of about 50 µm. This can provide the
momentum resolution at 0.5 T of the order of 10 % over the kinematic range of the NICA. Straw
tubes used by Baranov et al. are made of the 30 micron nylon tape and have the coordinate
resolution along the anode of about 1mm, while the Bazilev et al. tubes are made of double
layers kapton of 25 micron thick (minimum) and have resolution along the anode of about 1 cm.
5.2.4. Electromagnetic calorimeters.
The latest version of the electromagnetic calorimeter (ECAL) module, developed at JINR for
the COMPASS-II experiment at CERN, Fig. 5.14 [7], can be a good candidate for ECAL in the
barrel and end-cup parts of SPD. The module utilises new photon detector – Avalanche
Multichannel Photon Detector (AMPD). AMPD can work in the strong magnetic field. The
modules have rectangular shape but can be produced also in the projection geometry which is
better for SPD. The energy resolution of the module is about 10% at 1 GeV. The modules have a
fast readout and can be used in the SPD trigger system. The module has 109 plates of the
scintillator and absorber (Pb) of 12x12 cm in cross section and 0.8 and 1.5 mm thick,

Fig. 5.14: ECAL module structure.
respectively. The radiation length and Moliere radius is 1.64 and 3.5 cm, respectively. The light
collection is performed with optical fibers dividing the module in nine logical sections (towers).
5.2.5. Hadron (muon) detectors
A system of mini-drift chambers interleaved with layers of iron and called the Range System
(RS) is developed at JINR for FAIR/PANDA [8] (see Fig. 5.15). It can be used in the barrel part
of SPD as a hadron and (or) muon detector for the Particle IDentification system (PID). RS can
provide clean (> 99%) muon identification for muon energies greater than 1 GeV. The
combination of responses from ECAL, RS and momentum reconstruction can be used for the
identification of electrons, hadrons and muons in the energy range of the NICA SPD.
The hadron and muon detectors in the end-cap parts of SPD are to be identified. As
candidates for these detectors the COMPASS muon wall [9] can be considered. It consists of two
layers of mini-drift chambers with a block of absorber between them.

Fig. 5.15: Scheme of the RS. Dimension and thickness are subjects of optimization.
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The more elegant system for hadron and muon detectors of SPD can be constructed using
calorimeters suggested for the future linear collider [11] (see Fig. 5.15a).
The prototype of the calorimeter module is under the tests. The module includes an
electromagnetic and hadron parts. The hadron part consists of the 38 layers of iron (20 mm) and
scintillator (5 mm) plates. The scintillator plate includes 216 tiles of 3·3, 6·6 and 12·12 cm. The
light collection is performed with WLS fibers to the silicon PM with 1156 pixels and gain of
~105. This type calorimeters can be used both in the barrel and end cup parts of SPD, as well as
in trigger system and as internal monitors of the beam polarization.

Fig. 5.15a: The calorimeter modules for future linear collider (left) and structure of the hadron
part of the calorimeter.
5.3. Trigger system. (To be updated)
The main task of the trigger system is to provide separation of a particular reaction from all
reactions occurred in collisions. Each of them will be pre-scaled with:
- two muons in the final state;
- electrons/positron pair in the final state;
- direct photons (decays of 0, ω, η…);
- various types of charged hadrons in final states ( π+/-, K, p, …);
- other reactions.
Hodoscopes of scintillating counters and resistive plate chambers (RPC, Fig. 5.16 [10]) are
proposed as option detectors for the SPD trigger system. The hodoscopes can be located before
and after RS (or mounted in the last layers of RS) and before ECAL. The ECAL modules will
also be used in the trigger system.
The trigger system must accept an event rate of about 4 MHz, expected at the highest energy
and luminosity, and reduce it to the DAQ level of about 100 KHz. For that it should consist of
several layers.

Fig. 5.16: Scheme of the RPC unit.
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5.4. Local polarimeters and luminosity monitors (to be updated)

5.4.1. Local polarimeters
Local polarimeters should provide information on the beam(s) polarization(s) at the beam
intersection point. It means they should be incorporated in the SPD sub-detector system.
Reaction, which can be used for this purpose, is an inclusive production of π0 and π± mesons:
pp (pd, dd) → π + X. The single spin asymmetry, AN, as a measure of the beam polarization, is
rather large (see Fig. 5.16a) and energy independent in the region of proposed experiments. The
mesons could be detected with the ECAL and HCAL modules of the end-cup parts of SPD, as
mentioned in Section 5.2.5. For studies of elastic (quasi-elastic) pp, dp, dd scattering reactions,
SPD should be upgraded with a kind of specialized forward detector (FD) possessing tracking
capabilities. The MicroMegas detectors will be good candidates for this purpose.

Fig. 5.16a: Left: the single spin asymmetry for π mesons as a function of xF. Right: the ZDC
prototype developed at JINR
5.4.2. Local luminosity monitors.
The luminosity monitoring at SPD can be performed with the Zero Degree Calorimeters
(ZDC) similar to those used at RHIC [10], or with ECAL modules of the SPD, or with ZDC
similar to one developing for MPD at JINR. The last one is the "shashlyk"-type calorimeter
consisting of electromagnetic (2 mm of Pb + 4 mm of scintillator, 40 layers) and hadron (16 mm
of Pb + 4 mm of scintillator) parts. The total thickness of the calorimeter is 130 X0 or 8.3 λI (see
Fig. 5.16a, right). The design of local luminosity monitors will be proposed after finalizing the
design of SPD.
5.5. Engineering infrastructure (to be updated)
5.5.1. Experimental area.
The plan view of the experimental area for SPD, extracted from the official NICA project
documents (see preliminary drawing 318Б-063К-AР-AР, sheet 3), is shown in Fig. 5.17.
SPD and technological equipment necessary for assembly and commissioning will be
accommodated in a pavilion to be constructed around the second intersection point of the
Collider. The detector itself in the working position will be located in the room 128/1.
Assembling and maintenance of the detector can be performed in the room 128/1. The room
128/2 is a garage position for SPD between the working sessions of the complex.
Dimensions of the rooms (along/across the beams) are: for 128/1 – 22.5 m x 25 m= 562.5 m2, for
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128/2 – 24 m x 42 m = 1008 m2. Both rooms have a height 19.85 m from the floor level to the
roof. The floor is reinforced to keep the uniformly distributed weight 2 t/m2 in the room 128/1
and 16 t/m2 in 128/2. The whole area (128/1 and 128/2) is located in a hollow, depth 3.49 m
below the median plane of the Collider (1.99 m below clean floor level of the Collider).
SPD, assembled on a rolling cart platform in the room 128/2, will be transported to 128/1 by
rails. The total weight of assembled SPD should be less than 1200 tons.
The assembly room 128/2 is equipped with a bridge crane of 50 tons lifting capacity. Crane
provides the movement of the SPD components from the unloading space to the assembly space.
The height from the floor to the bottom of the crane hook is 18.5 meters. The crane service zone
is 22 m long in transverse direction. The crane has additional hook with lifting capacity of 10 t .

Fig. 5.17: Views of the SPD experimental area.
5.6. Data acquisition (DAQ) and data base (DB) systems. (to be updated)
DAQ and DB will be designed and constructed by the experts of the LHEP.
5.6.1. SPD data acquisition system.
As an example of possible SPD DAQ, one can consider the modernizing DAQ of the
COMPASS experiment [12].
5.6.2. Data base of SPD.
The data base of the experiment is a backbone of its software system. DB should contain
information on the experiment configuration, data on sub-detectors, information on physics data,
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software logistics, user‘s information, etc. The SPD DB design can be similar to some of the
high energy physics experiment [13].
5.7. SPD reconstruction software (to be written at the Proposal stage of the project)
5.8. Monte Carlo simulation software (to be written at the Proposal stage of the project)
5.9. Slow control (to be written at the Proposal stage of the project)
5.10. Data accumulation, storing and distribution.
Project, similar to the case of MPD, will be prepared by LHEP & LIT at the SPD
Proposal stage.
6. Proposed measurements with SPD.
We propose to perform measurements of asymmetries of the DY pair‘s production in
collisions of polarized protons and deuterons (Eqs. 2.1.0) which provide an access to all collinear
and TMD PDFs of quarks and anti-quarks in nucleons. The measurements of asymmetries in
production of J/Ψ and direct photons will be performed simultaneously with DY using dedicated
triggers. The set of these measurements will supply complete information for tests of the quarkparton model of nucleons at the twist-two level with minimal systematic errors.
6.1. Estimations of DY and J/Ψ production rates.
6.1.1. Estimations of the DY production rates and precisions of asymmetry measurements.
Estimation of the DY pair‘s production rate at SPD was performed using the expression [1]
for the differential and total cross sections of the pp interactions:

where Q is the invariant mass of the lepton pair, Ml-l+, x1 (x2)≡ xa (xb) is the Bjorken variable of
colliding hadron, s is the pp center of mass energy squared. The Table 1 shows values of the
cross-sections and expected statistics for DY events per 7000 hours of data taking and 100%
acceptance of SPD at two energies.
Table 1: Estimation of the cross-section and number of DY events for SPD.
Lower cut on Ml+l- , GeV
√s=24 GeV (L ≈ 1.0 1032 cm-2 s-1)
σDY total, nb
events per 7000h, 103
√s=26 GeV (L ≈ 1.2 1032 cm-2 s-1)
σDY total, nb
events per 7000h, 103

2.0

3.0

3.5

4.0

1.15 0.20
1800 313

0.12
179

0.06
92

1.30 0.24
2490 460

0.14
269

0.07
142

The dependence of the total cross section and of number of DY events per year versus the cut on
the minimal Ml-l+ is shown in Fig. 6.1.
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Fig. 6.1: Cross section (left) and number of DY events (right) versus the minimal invariant mass
of lepton pair for various proton beam energies.
To estimate the precision of measurements, the set of original software packages for MC
simulations, including generators for Sivers, Boer-Mulders and transversity PDFs, were
developed [2]. With these packages we have generated a sample of 100K DY events in the
region Q2 > 11 GeV2 for comparison with expected asymmetries.
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Let us first estimate the qT - weighted integrated asymmetry (Sivers) A

pp l  l  X

given by Eq. (2.1.12). For this purpose we have used three different fits for the Sivers function:
(1)
(1)
Fit I: xf1uT
  xf1dT(1)  0.4 x(1  x)5 and Fit II: xf1uT
  xf1dT(1)  0.1x0.3 (1  x)5 of Ref.[3] and
(1)
Fit III: xf1uT
  xf1dT(1)  (0.17...0.18) x0.66 (1  x)5 of Ref. [4]. For the first moment of the Sivers PDF

entering Eq. (2.1.12) we used the model (with the positive sign) proposed in Ref. [4]:
 (1)
f1qT
 (1)
1qT

f



f1u ( x)  f1d ( x)
.
f1u ( x)  f1d ( x)

(2.1.25)

The estimated asymmetry as a function of x p  x p is shown in Fig. 6.2.
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Fig. 6.2: Estimated Sivers asymmetry A
at s =26 GeV with Q2 = 15 GeV2.
Numbers I, II, III denote corresponding fits. Points with the expected errors correspond to 100K
of generated events.
As one can see from this Figure, the expected integrated Sivers asymmetries depend on the
Sivers PDF parameterization and vary in the whole region of x p  x p from about 1 to 12%.
Statistics of 100K is marginally enough to distinguish the fits.
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Let us now estimate the asymmetry A

given by Eq. (2.1.13). Since the Boerpp 

Mulders PDF and its first moment are still poorly known, we have used the Boer's model (Eq.
(50) in Ref.[5]) which provides the good fit for the NA10 [6] and E615 [7] data on the
anomalously large cos (2φ) dependence of DY cross sections. This model gives for the first
moment (2.1.15) entering Eq. (2.1.13) the value h1q(1) ( x)  0.163 f1 ( x) . For the first moment of the
Boer-Mulders sea part PDF, we assumed a relation
h1qT(1) ( x) f1q ( x)

.
h1T(1) q ( x) f1q ( x)
The transversity PDF h1 was extracted recently from the combined data of HERMES,
COMPASS and BELLE collaborations. However, due to large experimental uncertainties, in a
course of extraction a number of approximations were used. Particularly the zero sea transversity
PDF was assumed. But, in the case of pp collisions, the sea PDFs play the important role. That is
why two versions of the evolution model for the transversity are considered here. In the first
version of the model the transversity for quarks and anti-quarks

1
1
 q( x, Q02 )  q( x, Q02 )  , h1q ( x, Q02 )  q ( x, Q02 )  q ( x, Q02 ) 
2
2
are assumed to be equal to the helicity PDF ∆q ( h1q  q, h1q  q ) at the low initial
h1q ( x, Q02 ) 

Q02  0.23 GeV 2 , and then they are evolved with DGLAP equations. In the second model [8, 9]

the transversity PDFs are assumed to be equal to h1q  (q  q) / 2 and h1q  (q  q ) / 2 at the
same initial scale, and then h1q and h1q are again evolved with DGLAP. This model we consider
as more realistic one. The results of estimations for the NICA energy are presented in Fig. 6.3.
As one can see, in the both models the Boer-Mulders asymmetry is rather large at negative
values of x p  x p . At the positive values of x p  x p the asymmetry is model dependent. With
statistics of about 100K DY events one can distinguish between the models.


q 
w sin( S ) T 
MN 

UT

Fig. 6.3: Estimations of Boer-Mulders asymmetry A
at s =26 GeV and Q2 = 15
GeV2. The solid and dotted curves correspond to the first and second versions of the evolution
model, respectively. Points with bars show the expected errors obtained with 100K of events.
6.1.2. Estimations of the J/production rates and precisions of asymmetry measurements.
Statistics of the J/ and DY events (with cut on Ml-l+,= 4 GeV) expected to be recorded (―per
year‖) in 7000 hours of data taking with 100% efficiency of SPD is given in Table 2 below.
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Table 2: Comparison of the J/ and DY statistics

s , GeV
J/ · Be+e- , nb
Events “per year”

s , GeV
DY , nb

24

26

12
18·106

16
23·106 Events “per year”

24

26

0.06
0.07
3
92·10 142·103

6.2. Estimations of direct photon production rates.
Estimation of the direct photon production rates based on PYTHIA6 Monte-Carlo simulation
is presented in Table 3 for two values of colliding proton energies. Event rates are given for all
and for leading processes of direct photon production considered in PYTHIA (see Table in
Appendix 1) assuming 7000 hours of operation at maximal luminosity. The last column gives the
rates corresponding to the cut on transverse momentum of photons suggested in Section 5.1.3.
Statistical accuracies of AN and ALL measurements at NICA, suggested in Section 2.3, have
been estimated assuming the beam polarizations (both transversal and longitudinal) equal to
P=±0.8 and overall detector efficiency (acceptance, efficiency of event reconstruction and
selection criteria) of about 50%. Under such assumption, after 7000h of data taking the AN and
ALL could be measured with statistical accuracy of ~0.11% and ~0.18%, respectively, in each of
18 xF bins (-0.9< xF < +0.9). Large statistics of events provide opportunities to measure the
asymmetries as a function of xF and pT.
To minimize systematic uncertainties, precision of luminosity and beam polarization should be
under control, as well as accuracy of π0, η and other background rejection.
Table 3: Estimated rates of the direct photon production.

6.3 – 6.5. TO BE WRITTEN AT THE PROPOSAL STAGE OF THE PROJECT
7. Time lines of experiments.
The participants of the LoI are planning to submit the document for discussions at JINR and
outside during the year 2014. If it will be approved by the JINR Directorate in 2014, the
corresponding Proposal including the time lines of experiments could be prepared by the end of
2015.
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