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Abstract

We propose to perform measurements of asymmetries of the DY pair’s production in
collisions of non-polarized, longitudinally and transversally polarized protons and deuterons
which provide an access to all leading twist collinear and TMD PDFs of quarks and anti-
quarks in nucleons. The measurements of asymmetries in production of J/¥ 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 quark-parton model
of nucleons at the QCD twist-two level with minimal systematic errors.

1 Introduction

This conference proceedings based on the Letter of Intent (Lol) [1] related to the studies of
the nucleon structure on the NICA facility. 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) = (0.7440.24) -10~3cm. 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 structureless constituents of all
hadrons. Three families of quarks, each containing two quarks and anti-quarks, are now the
basic elements of the Standard Model (SM) of elementary particle structure. All six quarks are
discovered.

The naive quark-parton model (QPM ) of nucleons has been born. According to this model,
the protons (neutron) consist of three spin-1/2 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
absolute value of the electron charge. Quarks interact between themselves by gluon exchange.
Gluons are also the nucleon constituents. Gluons can produce a sea of any type (flavor)
quark-anti-quark pairs. Partons share between themselves fractions, x, of the total nucleon
momentum. Parton Distribution Functions (PDF's) 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 Q?, four-momentum transfer (see below). Partons can
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have an internal momentum, k, with possible transverse component, k7. A number of PDFs
depends on the order of the QCD approximations. Measurements of the collinear (integrated
over kr) and Transverse Momentum Dependent (TMD) PDFs, the most of which are not well
measured or not discovered yet, are proposed in this Lol. Main ideas of this document have
been discussed at the specialized International Workshops [2].

2 Basic (twist-2) PDF's of the nucleon.

There are three collinear PDFs characterizing the nucleon structure at the leading QCD order
(twist-2). These PDF's are: the distribution of the parton Number in non-polarized (U) nucleon
(Density), fi(z,Q?); the distribution of longitudinal polarization of quarks in longitudinally
polarized (L) nucleon (Helicity), g1(z,Q?) =g1r(z,Q?%); and the distribution of transverse
polarization of quarks in transversely polarized (T') nucleon ( Transversity), hi(x,Q?). They
are shown as diagonal terms in Fig.1 with the nucleon polarization (U, L, T') along the vertical
direction and the quark polarization along the horizontal direction. The PDF hq(x,Q?) 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, kp, there will be
five additional Transverse Momentum Dependent (TMD) PDFs which are functions of three
variables: z, k7, Q?. These TMD PDFs are: correlation between the transverse polarization
of nucleon (transverse spin) and the transverse momentum of non-polarized quarks (Sivers),
f f‘T; correlation between the transverse spin and the longitudinal quark polarization ( Worm-
gear-T), ng; distribution of the quark transverse momentum in the non-polarized nucleon
(Boer-Mulders), hi; correlation between the longitudinal polarization of the nucleon (longi-
tudinal spin) and the transverse momentum of quarks (Worm-gear-L), hi;; distribution of
the transverse momentum of quarks in the transversely polarized nucleon (Pretzelosity), hf‘T.
All new PDFs, except f ILT,are chiral-odd. The Sivers and Boer-Mulders PDF's 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 yet.
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Figure 1: The twist-2 PDFs characterizing the nucleon structure. The nucleon polarization
(U, L, T) is shown along the vertical direction and the quark polarization is shown along the
horizontal direction

The new TMD PDFs are chiral odd and can be measured only in the Semi-inclusive DIS
(SIDIS) or Drell-Yan (DY) processes. 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 7p interactions are to be measured at COMPASS-II [3]. There is a real



opportunity and challenge to study TMD PDFs at NICA in polarized pp- and pd- collisions. 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. The PDFs f; and gjare
measured rather well. The hy has been measured recently but is still poorly investigated. All
TMD PDFs are currently underthe study. The status of these PDFs measurement is summarized
in [4] and updated in [5]. The collinear and TMD PDF's 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.

3 Physics motivations.

3.1 The Drell-Yan mechanismas a tool for the nucleon structure studies.

The Drell-Yan process of the di-lepton production in high-energy hadron-hadron collisions (Fig.
2) is playing an important role in the hadron structure studies.

(a)

Figure 2: The parton model diagrams of the di-lepton production in collisions of hadrons
H,(P,,S,) with hadrons Hy(Py, Sy) . The constituent quark (anti-quark) of the hadron H,
annihilates with constituent anti-quark (quark) of the hadron Hj, producing the virtual photon
which decays into a pair of leptons [* (e* or p%). The hadron spectator systems X, and X,
are usually not detected. Both diagrams have to be taken into account.

The kinematics of the Drell-Yan process can be most conveniently considered (Fig.3) in the
Collins-Soper (CS) reference frame [6],[7],[8],[9]. The transition from the hadrons-center-of-mass
frame (CM-frame) to the CS-frame is described in [6]. The CS-frame includes three intersecting
planes. The first one is the Lepton plane containing vectors of the lepton momenta, I, I’ (in
the lepton rest frame), and the unit vector in the z-direction, where tga =q1/q, qr (¢ = I+1’,
¢ = @) 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,
P,, Py, and vector is the unit vector in the direction of the photon transverse momentum, and
the third plane — Polarization plane — contains the polarization vector S= St (S.r, Spr) and
the unit vector. The ¢ is the azimuthal angle between the Lepton and Hadron planes; ¢g(i.e.
$sq O ¢gp)is the angle between the Lepton and Polarization planes and 6 is the polar angle of
l in the CS-frame.
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Figure 3: Kinematics of the Drell-Yan process in the Collins-Soper reference frame.

The most complete theoretical analysis of the DY process, for cases when both hadrons H,
and Hjp, in our case protons or deuterons, are polarized or non-polarized, was performed in [18].



The differential cross section of the DY pair’s production in the quark-parton model via PDFs
[6] is rewritten (Fig.4) in Lol in the more convenient variables with a change of notations of the

azimuthal angle polarization vectors as in Fig.3.
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Figure 4: The cross section of the DY pair’s production in the QPM via LO PDFs, where F;k
are the Structure Functions (SFs) connected to the corresponding PDFs. The SFs F ;k give
more detailed information on the nucleon structure than usual structure functions depending
on two variables xp; and Q2.

The azimuthal distribution of DY pair’s produced in non-polarized hadron collisions, Ay,
and azimuthal asymmetries of the cross sections in polarized hadron collisions, A;i, are shown
in Fig.5:

A number of conclusions can be drawn comparing some asymmetries to be measured. The
measured asymmetries Ary and Ay and assume that during these measurements the beam
polarizations are equal, i.e. |S,r| = |Spr| , and hadrons a,b are identical. Then one can
intuitively expect that the integrated over x, and x;, asymmetries Ay = Ayr. Similarly,
comparing the asymmetries Argyand Ayror Arrand Apr one can expect that A%FU = A%]T and
A%FL = giT. The tests of these expectations will be a good check of the parton model
approximations.

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.

The transverse single-spin asymmetries depending on the Structure Functions or 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. The expected sign reversal of T-odd TMDs can also be investigated through the
structure functions in which the Boer-Mulders PDF enters [15].[16],[17].

It is very important to measure those new TMD PDFs which are still not mea-
sured or measured with large uncertainties. These are Worm-gear-T, L and Pretzelosity
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Figure 5: Fight asymmetries to be measured: ALU, AUL, ATU , AUT, ALL, ATL, ALT, ATT.

PDFs. The last one would give new information (at least within some models) on the possible
role of constituent’s orbital momenta in the resolution of the nucleon spin crisis.

3.2 Direct photons.

Direct photon productions in the non-polarized and polarized pp(pd) reactions provide infor-
mation on the gluon distributions in nucleons. There are two main hard processes where direct
photons can be produced: gluon Compton scattering, g + ¢ — v + X, and quark-anti-quark
annihilation, ¢ + ¢ — v + X. As it has been pointed out in [19], “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 sub-process 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 subprocess in a large photon transverse momentum range”. The total cross section
of the direct photon production in the pp-collision at \/s=24 GeV via the Compton scattering
(according to PYTHIA 6.4) is equal to 1100 nb, while the cross section of the annihilation is
about 200 nb. So, the gluon Compton scattering is the main mechanism of the direct photon
production. The extraction of the polarized gluon distribution (Sivers gluon function) can be
done [19] from measurement of the transverse single spin asymmetry Ay defined as follows:
Any = ﬁ ol where o1 and o] are the cross sections of the direct photon production for the
opposite transverse polarizations of one of the colliding protons. In [21] it has been pointed
out that the asymmetry Ay at large positive xp is dominated by quark-gluon correlations




while at large negative xp [22] it is dominated by pure gluon-gluon correlations. The further
development of the corresponding formalism can be found in [23], [24].

The first attempt to measure Ay at 1/s=19.4 GeV was performed in the fixed target exper-
iment E704 at Fermilab [20] in the kinematic range -0.15< xp <0.15 and 2.5< pr <3.1 GeV/c.
Results are consistent with zero within large statistical and systematic uncertainties.

The single spin asymmetries in the direct photon production will be measured also by
PHENIX [25] and STAR [26] at RHIC. Production of direct photons at large transverse mo-
mentum with longitudinally polarized proton beams is a very promising method to measure
gluon polarization Ag [27].

3.3 Spin-dependent effects in elastic pp, dp, dd scattering and spin-dependent
reactions in heavy ion collisions.

There are several spin-dependent effects in elastic and quasi-elastic scattering reactions which
could be further studied at NICA.

e The charge-exchange dp — (pp)sn reaction.

Forward elastic pd-scattering and pN — pN amplitudes.

Backward elastic pd-scattering and the hard deuteron breakup pd — (pp)sn.

Investigation of the birefringence phenomenon at NICA facility.

Inclusive particle polarizations in heavy-ion collisions.

4 The NUCLOTRON-NICA complex.
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Figure 6: Layout of the NUCLOTRON-NICA complex.

The NICA complex at JINR has been approved in 2008 assuming two phases of the con-
struction. The first phase, is being realized now, includes construction of facilities for heavy ion
physics program [28] while the second phase should include facilities for the program of spin
physics studies with accelerated polarized protons and deuterons.

The main elements of NICA complex are shown in Fig.6. 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
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Figure 7: NICA pp luminosity in units 1030 (left scale, solid line) and number of particle per
bunch in units 10*em =25~ (right scale, dotted line) vs. the proton kinetic energy.

synchrotron , new collider NICA with two detectors — MPD (Multi-Purpose Detector) for heavy
ion interaction studies and SPD (Spin Physics Detector), as well as experimental hall for fixed
target experiments with beams extracted from Nuclotron M.

The research program requires definite characteristics of beams polarized and non-polarized:
pp, pd, dd, pp", pd", pTpt, pTd", d'd". 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. 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: prT\/% =12 + >27 GeV (5 + >12.6 GeV kinetic energy),
d'd"\/syy =4 + >13.8 GeV (2 + >5.9 GeV/u ion kinetic energy). Asymmetric beam energies
should be considered also.

Beam luminosities: in the pp mode (Fig.7): Laverage > 1-1032 ecm 257! (at V3p = 27 GeV)
and in the dd mode: Lgyerage > 1-10% em~2s7! (at \/syn = 14 GeV).

For estimations of the expected statistics of events, we assume that total efficiency of the
NICA complex will be > 80%.

4.1 Requirements to the spin physics detector (SPD).

Requirements for SPD are motivated by physics and, first of all, by a topology of events and
particles to be detected. 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 interac-
tions is almost constant, about 40 mb, and expected event rates at the luminosity103?cm=2s~*
will be 4-10%per second. The average particle multiplicities estimated with PYTHIA at /s =
24 GeV are the following: charged particles —13.5, neutral particles — 22.5. The clean DY events

can be detected in region of invariant mass 4 — 9 GeV.



4.2 Possible layout of SPD.

Preliminary considerations of the event topologies required SPD to be equipped with the fol-
lowing sub-detectors covering ~4m angular region around the beam intersection point: vertex
detectors, tracking detectors, electromagnetic calorimeters, hadron and muon detectors. Some
of them must be in the magnetic field for which there are two options: either toroid or solenoid

type.
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Figure 8: Possible layout of SPD with the solenoid magnet.

Possible SPD layout with the solenoid magnet is shown in Fig.8. The magnet part of SPD,
usually called “barrel”, contains inside a vertex detector, tracking detectors and electromagnetic
calorimeters (ECAL). Outside of the barrel one needs to have muon and hadron detectors. The
end-cap part of SPD could contain a tracking, ECAL, 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 option 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 47 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 Proposed measurements with SPD.

We propose to perform measurements of asymmetries of the DY pair’s production in collisions
of polarized protons and deuterons 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/¥
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 quark-parton model of
nucleons at the twist-two level with minimal systematic errors.

5.1 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 [29]
for the differential and total cross sections of the pp interactions. The Table 5.1 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.

Lower cut on M;.; , GeV 2.0 ‘ 3.0 3.5 4.0
Vs=24 GeV (L =1.0-10" cm™s™)

opy total, nb 1.15 {020 [ 0.12 | 0.06
events per 7000h, 10° 1800 | 313 179 | 92
Vs=26 GeV (L =1.2-10" cm™s™)

opy total. nb 1.30 {024 1 0.14 | 0.07
events per 7000h, 10’ 2490 | 460 | 269 | 142

Table 5.1 Estimations of the DY production rates and precisions of asymmetry measure-
ments.

To estimate the precision of asymmetry measurements, the set of original software packages
for MC simulations, including generators for Sivers, Boer-Mulders and Transversity PDF's, were
developed [30]. With these packages a sample of 100K DY events was generated in the region
of @? >11 GeV? for comparison with expected asymmetries.

The estimated g7- weighted integrated asymmetry Sivers as a function of z;, — x4 is shown
in the Fig.9.
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Figure 9: Estimated Sivers asymmetry at /5s=26 GeV with Q?= 15 GeV?. Numbers I, II,
IIT denote differrent fits. Points with the expected statistical errors correspond to 100K of
generated events

As one can see from this Fig.9, the expected integrated Sivers asymmetries depend on the
PDF parameterization and vary in the whole region of x;,, — z,+ from about 1 to 12%. Statistics
of 100K is marginally enough to distinguish between the fits.

The estimated g7- weighted integrated asymmetry Boer-Mulders as a function of z, — ¢
is shown in the Fig.10.

5.2 Estimations of the J/VU production rates and precisions of asymmetry
measurements.

Statistics of the J/¥ and DY events (with cut on M;_;. = 4 GeV) expected to be recorded (“per
year”) in 7000 hours of data taking with 100% efficiency of SPD are given in Table 5.2.
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Figure 10: Estimations of Boer-Mulders asymmetry at /s =26 GeV and Q?= 15 GeV?2. The
solid and dotted curves correspond to the first and second versions of the evolution model,
respectively. Points with bars show the expected statistical errors obtained with 100K of events

%, GeV 24 26 V5, GeV 24 26
Oy - BeJre— ’ nb 12 16 Opy , nb 0.06 0.07
Events “per year” | 18:10° | 23-10° | Events “per year” | 92:10° | 142-10°

Table 5.2: Comparison of the J/U and DY statistics

5.3 Estimations of direct photon production rates.

Estimation of the direct photon production rates based on PYTHIA6 Monte-Carlo simulation is
presented in Table5.3 for two values of colliding proton energies. Event rates are given for all and
for leading processes of direct photon production considered in PYTHIA assuming 7000 hours of
operation at maximal luminosity. Statistical accuracies of Ay and Ar; measurements at NICA
have been estimated assuming the beam polarizations (both transversal and longitudinal) equal
to P = 4+ 0.8 and overall detector efficiency (acceptance, efficiency of event reconstruction and
selection criteria) of about 50%. Under such assumption, after 7000 hours of data taking the
Ay and Ay, could be measured with statistical accuracy of ~0.11% and ~0.18%, respectively,
in each of 18 zp bins (-0.9< zp < 0.9). Large statistics of events provide opportunities to
measure the asymmetries as a function of zp and ppr. To minimize systematic uncertainties,
precision of luminosity and beam polarization should be under control, as well as accuracy of
79, n and other background rejection.
Table 5.3: Estimated rates of the direct photon production.
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V=24 GeV Otaty | OPy>4 Gevye, | Events/year, Events/year,
L=1.0x10* em 15! | nbarn nbarn 10° 10% (Pr > 4 GeV/c)
All processes 1290 42 3260 105
qg9 — gy 1080 33 2730 84
qq — g7 210 9 530 21
V5=26 GeV | Owts | Oppoa Gevies | Events/year, Events,/year,
L=12x10*2, em~'s! | nbarn nbarn 10° 10% (Pr > 4 GeV/c)
All processes 1440 48 4340 144
q9 — gy 1220 38 3680 116
qq —+ gy 240 10 660 28

6 Possible data taking scenario.

At the first step of the project it is reasonable to start measurements with non-polarized protons
(pp) and with non-polarized deuterons (dd), (pd). These data would provide a cross checks of
our results with very precise world data on f; PDFs. At the same time new data on the
Boer-Mulders PDF will be obtained.

At the second step the measurements should be performed with longitudinally polarized
protons and deuterons in pp, pd and dd collisions with the beam polarizations UL, LU, LL
to obtain asymmetries Ay, Ayr and App in each case. These data will be cross checked by
existing data on g; PDF and provide new information on the Worm-gear-L. PDF in proton and
neutron (u & d quarks).

At the third step (the most important) measurements should be performed with transverse
beam polarization in pp, pd and dd collisions (UT, TU and T'T) to obtain asymmetries Ay,
A7y and Apr in each case. These data will be cross checked by existing data on Transversity
PDF and provide new information on the Sivers, Worm-gear-T and Pretzelosity PDF's in proton
and neutron (u & d quarks).

Finally, at the fourth step (the most difficult) measurements should be performed with pp,
pd and dd beams when one beam polarized longitudinally while other — transversally in order
to measure asymmetries Appr and Apy in each case. These data will provide new information
and cross checks of our results on Transversity, Worm-gear-L, Pretzelosity and Worm-gear-T
PDFs.
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