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1. Introduction

Main parts of this Letter of Intent (Lol) 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 <ry>=(0.74+0.24) 10 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 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, i.e. of the proton and neutron, has been
born. According to this model, the proton (neutron) consisted of three spinl/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 Q?, 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 Lol.
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, kr,
characterizing the nucleon structure at the leading QCD order (twist-2). These PDFs are: the
distribution of parton density in non-polarized (U) nucleon, f; (x, Q%); the distribution of
longitudinal polarization of quarks in longitudinally polarized (L) nucleon (helicity), g; (x, Q%);
and the distribution of transverse polarization of quarks in transversely polarized (T) nucleon
(transversity), hy (x, Q%). 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 h; (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, kr, there will be five additional Transverse Momentum Dependent (TMD)
PDFs which are functions of three variables: x, kr, Q2. These TMD PDFs are: correlation
between the transverse polarization of nucleon (transverse spin) and the transverse momentum of
non-polarized quarks (Sivers), fr 17 correlation between the transverse spin and the longitudinal
quark polarization (worm-gear-T), g 17; distribution of the quark transverse momentum in the
non-polarized nucleon (Boer-Mulders), h™ 1; correlation between the longitudinal polariza}ion of
the nucleon (longitudinal spin) and the transverse momentum of quarks (worm-gear-L), h™y.;
distribution of trle transverse momentum of quarks in the transversely polarized nucleon
(pretzelosity), h™11. All new PDFs, except fllT , 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
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f1 and g; are measured rather well (Section 1.2). The h; has been measured recently but is still
poorly investigated. All TMD PDFs are currently studied (Section 1.3).
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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 f; and g;.

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 (1), polarized or non-polarized, and scattered
lepton (/) are known (measured): | + N2/’ +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: | + N2/’ + 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

2 =S,Sy 2 '
5one—photon = d ° = 4a4 E ' L v 'W#V .
dQde' | 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 hadron 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:

_ pSIM | .y ASIM
L,=L, +iL ",

wo MV 777 MV
W =Wy + W s -

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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Wen = AY(a,0) - W, (Q%,v) + Al¥(a,q ) -W, (Q?%, V),

W:s\]l\/l = B]!:lv(q!q) 'G1(Q21V) + B;V(qi q) 'Gz (QZ’V),
where A, A,, B; and B, are known kinematic expressions, Wi (Q?, v) and W, (Q?v) are spin
independent and G; (Q%v) and G, (Q? ) are spin dependent structure functions representing the
nucleon structure. In general, these structure functions should be functions of two independent
variables - either (Q? v); or (Q?, x); or (X, y), etc. Bjorken has assumed that in the DIS (scaling)
limit (Q?, v—, X fixed), , the structure functions became the functions of the only one (Bjorken)
scaling variable x:

M -W,(Q?,v) = F,(X),

vW,(Q%,v) - F, (),

W -G, (Q%v) = 0,(x),

v:M -G, (Q%,v) > g, ().

But at the Q7 of current experiments, this hypothesis is true only in the limited range of x.
| L I
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Fig.1.2: Feynman diagrams of DIS in one-photon exchange approximation:
(a) IDIS. The virtual photon transfers a four momentum squared, Q and energy, v, from the

incident lepton to the nucleon. Variables: —q* =Q? = —(k —k')> =4EE'sin*(6/2);

P-Q 5
v=7=E—E'; x=Q" /2My, y=Vv/E
(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
dZ&SESN ~ dZO_unp . dZO_pal
dQdE'  dQdE' "¢ dQdE'
where ¢*™ (") is the non-polarized (polarized) part of the cross section and Sy= + 1 is the
orientation (helicity) of the nucleon spin. In the most commonly used notations the spin-
independent part of the cross section, "™, is expressed via two spin-independent structure

3
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functions F; and F:
d’c" 4o’ (1 2m’
dxdQ*  O°x 0’
Here me is the lepton mass and y =2 Mx//Q° =+/Q° / v. There is a theoretical relationship

between the structure functions F; and F, known under the name of Callan-Gross:
F2 (x, Q%) = 2xFy1 (x, Q).
The "™ is often expressed via Fa(x, Q%) and R(x, Q2) = o1/t Where oy (o7) is the nucleon
absorption cross section of the virtual photon with longitudinal (transverse) polarization:
2 _unp 2 2.2 2 2
zd62=4ﬁxfxma{ku~y7 2020 }
dxdQ O'x 4 2(1+ R(x,07))
The structure functions R(x,Q2) and F»(x,Q?) have been measured by the well-known
collaborations SLAC-MIT, EMC, BCDMS, NMC, ZEUS, H; and others.

By definition, the structure functions F; and F, 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! QZ) = qu ezq [Q(X, Qz) + anti-Q(X, Qz)]’ q:U, d! S,
where gq is the charge of the quark. From the global QCD analysis of all DIS data one can find
PDFs f* 1 (the superscript a is usually omitted) in the non-polarized nucleon for each parton
(Fig.1.3).

ﬂﬂngﬁ+a—y—7j’wxngﬁ]

unp

_: (X .

’ m— LELIS-0) (prel) S4-(H - - el
uncorrelated error Q =10 Gey
correlialed error
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4 K IS )

(%]

2 %5 (= LS)

X
Fig.1.3: parton (density) distributions in non-polarized nucleons at Q=10 GeV? vs. x.

The spin-dependent part of the cross section, o™, 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, Aoy, for two opposite longitudinal
target polarizations is given by the expression:

Ao, =A //2 = 3 l-=- g~ 82 |
dxdQ 0 2 4 2

The polarized part of the cross section, 6™, is small compared to "™ and its contribution to the
experimental counting rate is further reduced by incomplete beam and target polarizations. So, to
separate o™, instead of measurements of differences between the cross sections, experiments

6
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measure asymmetries. The longitudinal asymmetry, A, is defined as

= —=

A, = Aoy, _o ~-o

20" o7 +0”

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 A; and A,:

Ay=D (A1+ 77A2) ~ DA;.

=

Here
D yQ2-y)A+y’y/2)
A+yHDA-2m; 1 Q*)+2(1-y - 7°y* I 91+ R)/(1+77)]
A=y (91 +02)/F1.
The A; is estimated to be small. So, using the above mentioned expressions for " and "™, in
the first approximation one can obtain a relation connecting A, and gs:
Ay /D = A1~ (91— g2)IF1~ g1 /F1, term y% g is small.
The F1 is expressed in terms of structure functions F(x, Q) and R(x, Q?):
2
JoRLL A
2x(1+R)
In QPM, IDIS is represented by the diagram in Fig.1.2 (b, ¢): 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 A;:

Col-ol, 2eld -g' )]

Cohtol, Yl g )]
In this expression oy, and o, are absorption cross sections of the virtual photon (y) by the

nucleon with the total photon-nucleon angular momentum along the vy~ axis equal to 1/2 or 3/2,
respectively. The denominator of this expression by definition is equal to the non-polarized

structure function " (x) . So, the numerator is associated with the structure function g;:
0 "
g0 =2 eq/ (0-g ()],

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, Q%) and g“1(x, Q) for protons and deuterons have been
determined from inclusive asymmetries A; measured by various collaborations at SLAC, CERN,
DESY, JLAB. The summary of present g; 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 Ag, Fig.1.5, right by using the following
expression:

A7

Zq eﬁﬂq-::x.Q:]D:[z,Q:jl
Z.. e;q(x,Q°)D;(z,Q°)
in which parameterizations of non-polarized quark distributions q(x, Q%) and quark
fragmentation functions (FF) Dhq (z, Q%) 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 xAS, 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

AV % 2,Q%) =



287  spin is equal to % in units of the Max Plank constant. In QPM it is defined as a sum of

288  contributions of quarks, gluons and their orbital momenta:

289 Sn="2= Y% (AY +AG + L%, + LY).

290  The present value of the quark contributions determined from the helicity distributions amounts
291  to about 33% of the Sy.This result confirms with high precision the original EMC observation
292  that the quarks contribute little to the total nucleon spin (spin crisis). The COMPASS

293  collaboration in the separate measurements, Fig.1.6, has shown that the gluons contribute to the
294  nucleon spin even smaller than that of quarks, almost zero. This is confirmed by the RHIC

295  experiments. At the present knowledge, the nucleon spin crisis can be solved by future

296  measurements of Generalized Parton Distributions (GPD) accounting also for orbital momenta of
297  nucleon constituents.

298 Similarly to the non-polarized PDF, the latest QCD analysis [3] of the gP1(x, Q%) and g% (x, Q?)
299  data produce the helicity distribution PDF g% (Fig.1.7).
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301 Fig.1.4: summary of the world data on the structure functions g°1(x, Q%) and g% (x, Q?).
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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 mtp
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 Section2.1).
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s A
7 . o = P {7
= sIDIS fo Amsat z (DA® T* " ®(FF) tk @
q

o
Jefferfon Lab
P X

|~ e*e: B-factories as powerful fragmentation laboratories

+a- ee—hhX Gq—>ee i ey [ EE = <2
ee o =), 0" T OFE®FE)
” Tt

“ DY: challenging for experiments (only unpolarized so far)

pY o7 = E\Df/@)of@ o™ Zrermilab
a ==
DY i L
, polarized np COMPASS
¥
DY, polarized pp, pd === NICA

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:

- ain (g re | :
e Transversity: A nHES) o By & Hi-

e Sivers: AGpER oS oo pls = Dy
e Pretzelosity: AJE5" 95 oc bl = HE

e Boer-Mulders: A7 oc hi @ H:

r in([2ehp ) - o2 (g —os5) =
» Worm-Cears: Ay =" oc hiy @ Hit; AT =29 o gis @ Dy
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The first and second subscript labeling azimuthal modulations indicate beam and target

polarizations; ¢4 and ¢s are the azimuthal angles of produced hadron and initial nucleon spln
defined with respect to the direction of the virtual photon in the lepton scattering plane; H'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 kr 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 h;.

The azimuthal modulations of hadrons’ production measured in the SIDIS process I+p (d)
—I|+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.

COMPASS 2010 prodon doa
L

12 prelorm oy
22001 preliors srmry

F
. (41 S oo b & I .
oSk [=] HERNES =" FLE &85 (2000} poscaled by 1=y | -y}

X Ap u(x)

FET et | TRV E LT

-0.05F- I °% ]

_:.l-l Liiul L auul il ||||_ I L I L r

e ?i L 1 L o +{ "
2 5%‘.;4'* "i;h‘ tr +{ } 'ﬂ%ﬂ H I T _.
I {|— . :
—oo i :I:n mogutive hadmos o008 ML ® W ..--' -":_;_:-'{;
o 1w ¥ = g = l,-:'f [E-u;‘:'::} T wm e e B oz o4 w02
' x k, (GeV)

Fig.1.9: Left: Collins asymmetry from COMPASS & HERMES. Right: transversity PDFs
extracted from the global analysis.

1.3.2. Sivers PDF 1.

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 *He 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 hll, worm-gear-T (gllT) and worm-gear-L (hllL) 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
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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 (¢n— ¢) 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.

. CoRTS T COLPASS 2010 proton darg 010 X ,I’IJ.TJ X
-"05 a uxs.-::"} J": 1005 (2w {% c-I . 5 QI [
=T & B i § [~ % ] ) [
Wl Tagg? ] gy 0.05 down
2 COMIASS mogaty ::I:-nn.l:-" i .':—_’l:|:un T I I I 0.00 I
= 0.3 : IJT}:‘I :m.l:l I_I:‘.uc:l.-:::: QU] prefraimary - L
0%~ - - + 0 I}ﬂ:
aed |kt b 1 [ S A SR ¥ Ry S up
7 3 P A Q=1 GeV
w il N 2= ‘_. o5 lﬁn:,:G:{'j__.:l 1':' 2 1':] £ 1[:'

X

Fig.1.10: left: Sivers asymmetry from COMPASS and HERMES. Right: Sivers PDFs for the u
and d quarks determined from the global analysis.
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Fig.1.11: preliminary data on modulations characterizing the worm-gear-T TMD PDF.
Left: COMPASS, right: HERMES.

1.3.4. Pretzelosity PDF hllT.

Pretzelosity has been looked for by COMPASS. The sin (3¢@n— ¢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-py behavior of elastic cross sections (Fig.1.12), the
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399  high-pt behavior of the asymmetry A, in elastic pp scattering and inclusive hyperons polarization
400 (Fig.1.13), the deuteron wave function behavior as a function of k, (Fig.1.14), and some others.
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Questions by Profs. Welsskop! & Bethe: 107 ‘; : D oD cair 1SR ‘ E 2GS 1978 /
High P; or 90, Identical Particles? £ e “_ " ’\ ;5 3 )é
] 5% | 3B [ \ ; .
2NN\ i L 4
w? ‘ 3 -, O bo F \‘ /7 f E
IO‘ZE ; ki = W # :‘: e—‘épfé i E 0-..".'"'»6'—12?’; i
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B 1 3 R
401 o E’zp:-}’ﬁ’qu}til oanfl R_ (GeV/c)2
402  Fig.1.12: the famous pp elastic scattering data at large pr .
403
INCLUSIVE HYPERON POLARIZATION
Devlin, Pondrum, Bunce, Heller et al. 1976-80 PL (GeVvic)
Fermilab 400 GeV p+p -> Lambda — O cy2 4 6 250 t2 S8
_ — Plot by Heller ~1980 ‘\\‘ 400 GeV
PERTURBATIE 0D 2 L3 5 S T g
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i 15| P~1520% ) ammas { :
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PROBLEM with PQCD? 1 J ] QCD saysP~0 3 126ey KEN Y s
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e, | iy P
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404 B "2[" 2000 Gev L4 -
405  Fig.1.13: right- the 4 hyperons polarization in inclusive pp reactions.
406
e 0.5 i— ;;:lr_:ljk:lll
=
407 ) N
408 Fig.1.14: world data on the deuteron wave function.
409
410
411
412 2. Physics motivations. (UPDATING)
413
414 2.1. Nucleon structure studies using the Drell-Yan mechanism.
415
416 2.1.1. The PDFs studies via asymmetry of cross sections.
417 The Drell-Yan (DY) process of the di-lepton production in high-energy hadron-hadron
418  collisions (Fig. 2.1) is playing an important role in the hadron structure studies:
419
420 H,(P,,S.) + Hy(Py, Sy) — 1= (LA + 17N+ X, (211

421
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where P, (Pp) and S, (Sp) are the momentum and spin of the hadron H, (Hp), respectively,
while | () and 4 (4°) are the momentum and spin of the lepton, respectively.

(a)

Fig. 2.1: the parton model diagrams of the di-lepton production in collisions of hadrons

Ha (Pa,Sa) with hadrons Hy, (Py,Sp) . The constituent quark (anti-quark) of the hadron H,
annihilates with constituent anti-quark (quark) of the hadron Hy producing the virtual photon
which decays into a pair of leptons I” (electron-positron or u™). 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 in the Collins-
Soper (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, Z, I’ (in the lepton
rest frame), and the unit vector in the z-direction, € .,

@,cs = (|3a,CS /l |3a,cs |_|§fa,cs /| Isa,cs |)/2003a’ (é;,cs :_(Isa,cs /| Isa,cs |+ ISb,cs /| |5a,cs; |)/25ina),
where tga =q1/q, gt (q = /+1’, g = 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, P,, Py, and vector § — is the unit vector in the direction of the
photon transverse momentum, ﬁqu/qT, and the third plane — Polarization plane — contains the

polarization vector S =St (Sar, Spr) and the unit vector € .. The @is the azimuthal angle

between the Lepton and Hadron planes; ¢ (i.e. ¢sa Or ¢sp) is the angle between the Lepton and

Polarization planes and @ is the polar angle of | in the CS-frame.

The most complete theoretical analysis of this process, for cases when both hadrons H, and Hp,
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 gr << g. 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

\Polarizatioplane N\
N [ e P
\\ 1 P L 3

DR
' !

" 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:

do 3 a?

dx.dxd’g dQ  4Q7

{((1+ cos” §)F;, +sin® @ cos 2¢FU°852¢)+ S.. sin? @sin 20F"% + S, sin? gsin 20F3"%

+|Sar [sin(¢—¢sa)(1+cos 0)Fr ™ +sin’ O(sin(3g— g5 )Py ™ +sin(g + %)Hﬂ"ws“)}
+\st\[sm(¢ ¢, )(1+cos? @) R +sin29(sin(3¢—¢3b)FJiT“‘3¢’“’Sb’+sin(¢+¢sb)pg;”<¢+¢sb>ﬂ
+S, Sy, [(l+cos 0)F;, +sin’ 9c052¢Ff352¢] (2.1.2)

+S,, §bT‘[cos(¢—¢Sb)(l+ cos’ 0) R 7 %) L sin 0(cos(3¢ 3 YFT ™) cos(p+ g )R )}

+[S,7 (S0 [COS(¢—¢SS)(1+COSZ 9) FC04s) | oiny? 9(C05(3¢_¢53)FTC|_05(3¢_¢S&) +COS(¢+¢Sa)FTc:)s(¢+¢sa)):|
o[8[ (1 cos? 0) (cost2g—g, — )T < cos(g, gy JFT )]

M. cos(gs, +ds, ) cos(4¢—ds,—ds, )
[ [ sin” 0 cost, 4 )% costdg—g, — ) )]

*[Sar [|Sor || SIN 9(c03(2¢5 G, + s VPt ) 1 c0s(2g+ gy — g Yyt ) )}}

where Fj are the Structure Functions (SFs) connected to the corresponding PDFs. The SFs

depend on four variables P, -q, Py -q, gt and g° or on g, g° and the Bjorken variables of
colliding hadrons, X, , Xp ,
2

2 2 >
%= zé.q - q?ey’ % = 22 9 Jqs e”, yis the cm rapidity. (2.1.3)

The SFs Fji introduced here give more detailed information on the nucleon structure than usual

structure functions depending on two variables xgjand Q% 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,

IO — 1 . . L
Clwlker ki) 6T, = D [ K0 670 Ky —KrJWKer Kir)
c q

|: flq(xa1 lza12T)f_2q (Xb ! lzb2'l') + f_lq (Xa’ aT) f2q (Xb1 ka ):| (214)

where ka1 (Ko7) IS the transverse momentum of quark in the hadron H, (Hp) and f; (f2) isa 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:

Fy =C[ 1] o= {Z(h Kar )0 - Kor) — e bThlhl} (2.1.5)

M_M,

for the single polarized hadrons (protons or deuterons):
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207K )(R-Kyp) Koy

sin 2(h -k, )(h -k, K., sin
FLU2¢ [ ( T)( bT) bT Lth }’ FUL2¢ [

MM, M.M,
PR _ { HM%T ( ﬁ#} FE68) _ o { th:T £l fl} ,
FIOs) C{Z(h K J[2(N - kaTxhz:;T )M Kar ~kor 1=K (1K) 2 s }
sas-ss) :_C{Z(h ke )[2(h - aT)(hZIli/Ib-;i\/ls i o 1=K (1K) h' th},
Fona) _c{h e } R =—C {%hﬁ}
for the both polarized hadrons:
Fi=-Clo.du] FRI™ =C{Z(h )(EAEIE;:_E&T -
F68) _ ¢ [ HI;/E)T 0., Osr } Fr) = ¢ { HM%T e GlL: :
Rt ) —C {"MA hlﬁlt}  RT=C {% tﬁ} ,
———— 2(h -k )[2(R Ky )(ﬁz.:”;Ta ?\A—sﬁﬂ K] (hKer) o ﬁ;: |
oo, :C:Z(H-RaT)[Z(ﬁ"ZaT)(ﬁz':f;;)Mb K 1=K (- Kyr) thﬁlt_,
Fosei ) {Z(h kaT)(thtl;\T/l )b Ker Ko (f1T fr -0y %)},
Rt i) - {%(m fif + 0y gﬂ)} P =C[hh,],

2 —
FTCTOS( P+ds, =05, )

cos(2¢— +Sb) Z(h ka) a
FTT 2¢ ¢Sa #: :C 21M2 T #hl

:C{Z(H.RN)Z_RZ

e

Ky ]

AMZM

E o) _ o {4(5 Kar ) K 1200 - K )R - Kp) Ky
<

+ EaZTIZbZT _ZR:T (ﬁ ) EbT)Z — ZEsz (ﬁ ) lzaT)2
AMZM?
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Note that the exchange H, <> Hy, in these expressions leads to the reversal of the z-direction
which, in particular, implies exchanges:

Gs. o ~so, > 4,0 > 1= 0. (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:

do o , .
Oim = = x(1+cos’@)|F}, +S,, S, F
™ dx dx,d?g,d cos® 29 ( )[ bu T Oaon ML
+ §aT §bT ‘ (COS(¢Sb - ¢Sa ) FT?S(%b 7¢Sa) =+ D COS(¢SE + ¢Sb ) FT?:S(%Q +¢sn ) )] (2.1.9)

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 H, and Hy with different
polarizations. The difference is considered as a function of the azimuthal angle ¢ and qr, firstin
the whole region of x; and Xp, and then in bins of X,, Xp. The denominator of the ratio is
calculated as a sum of oy ‘s calculated for the same hadron polarizations and same Xa, X, regions
as in numerator.

The azimuthal distribution of DY pair’s production in non-polarized collisions, Ayy, and
azimuthal asymmetries of the cross sections in polarized collisions given by expressions (2.1.10)
can be measured. In these expressions D =sin? 8/(1+ cos? #) is the depolarization factor and
A, = F, /F,, with the SFs defined in Egs. (2.1.5-7). The superscripts of the 6™ mean:

— («) — for positive (negative) longitudinal beam polarization in the direction of P, ¢m;

T (4 ) — for transverse beam polarization with the azimuthal angle ¢sa or dsp (dsatm OF dsp+7);
0 — for the non-polarized hadron H, or Hy. Applying the Fourier analysis to the measured
asymmetries, one can separate each of all ratios Aj =F; /F), 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 F, 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 F, 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 Ay and Ay, and assume that during these measurements the
beam polarizations are equal, i.e. [Sa.|=|Sp| and hadrons a,b are identical. Then one can
intuitively expect that the integrated over x, and x, asymmetries Ay = Ay. Similarly, comparing
the asymmetries Aryand Ayt or Ar_and At one can expect that Alry = Alyrand Al = Alyr.
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 Fji depend on the variables (Xa, Xo, o7, g°). Instead of gr one may also

work with the transverse momentum of one of the hadrons in the CS-frame.
2. Egs. (2.1.5-2.1.7) define 24 SFs out of the 48 [5]. This means that in the considered
kinematic region gr << g 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 (qr /q).

(@2
Ap=—F= —(1+ D cos 2¢Aj;"
Jint T
0 «0
AL EO-_) -0 —|SaL|DS|n2¢ sin2¢
v c)l+o.’  2rx
0—>
A
= Dsin2¢ A7
AJL O-lnt + Glnt 272. ¢

10 0 |§aT |

Ay = Ty = AR singg - g )+ D( AT sin(3p g )+ AT sin(g 44, )|

O-lnt + Glnt 27[
_ O'OT -0 o4 | §bT | Sin(g—ds, ) i sin(3¢-¢s, ) sm(¢+¢sb
&T—aw+0 S| A sin(p—gs,) + D( AT sin—gs) + sin(g+s,))
int int
T+ -0 -0 | SaLSbL |
= + DA™% cos 2
ALL |nt + Glnt + O-mt + O-lnt (ALL AL ¢)
- cos(3¢ ¢s )
A - 6" +0" =0 0" S 1S, | peostooa) cos(f—¢. )+ D cos(34 - ¢s,)
=3 7 7 Te L %
O-Int_) + o-ln:_ + O-Int_) + O-In:_ 27[ COS(¢+¢S ) COS(¢ + ¢S )

{
+o o + o 27 ) cos(g+ #s,)

II"II int int

o tot —gt ot S COS(3¢ "
) S cos(3¢ — ¢ )
ALT HT 10 o 0'FT _ aL | bT ||: cos(p— ¢Sb COS(¢ ¢S )+ [ N

o +o - - |S, ”SbT |[ cos(24s,

L S TR

O-Int + O-Im + Glm + Glm

) cos(29— g, — ¢ )+ A cos(gy, — )

05(ds, +6s, )
+D( A5 cos(g, + g, )+Af$”¢¢’s " cos(4g— ¢~y

N c$5(2¢—¢sa+¢sb Cos(2p— g+, )+ cos(2¢+¢s ~#s,) coS(2¢ + fs, — ¢, ))] (2.1.10)

4. In the gr -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.

6. The transverse single spin asymmetries depending on the Structure Functions Fj; or F, 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
functions F®"%) or F3"*~%)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, > 10%, 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 6% (Eq. 2.1.9) we could obtain the structure function F'yy which is proportional to
the PDF f; (EQ.2.1.5) — quite well measured in SIDIS experiments. Additionally from
measurements of Auy (Eq. 2.1.10) we obtain F**?%,, which is proportional to the Boer-Mulders
PDF and still poor measured.

11. Next step in the program should be measurements of the A, asymmetry which provide the
access to the SFs F'., and F®2% 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 ¢sp, allows to construct the weighted asymmetries given by
Egs. (2.1.12) where ¢ = g (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

w{sin(¢>+¢S )STT} w[sin(¢)—¢>S )JL
N N

and additionally g, -weighted asymmetries A and Aj; } given by Egs. (2.1.13-
14) provide access to the first moments of the Boer-Mulders, hi(x,k7), and Sivers, 9 (x,k;)

, PDFs given by Eqgs. (2.1.15).

do a?
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597 For the pp collisions there are two limiting cases when one can neglect contributions to the
598  asymmetries from sea part of PDFs either of polarized or non-polarized protons. The first case
599  corresponds to the region of xg; values where Xynpol >> Xpo While the second one-- to the region
600  Xunpol << Xpol . In these cases one can obtain the approximate expressions for asymmetries

601  (2.1.13-14) which are given by Egs. (2.1.16-17)

602 So far we have considered the pp collisions. At NICA we are planning to study the pd and dd
603  collisions as well. As is known from COMPASS experiment, the SIDIS asymmetries on

604  polarized deuterons are consisted with zero. At NICA we can expect that asymmetries

W{Sin(¢i¢s )q—T}

W[sin(¢i¢s )I\;IL}
N N
' T

605 A also will be consisted with zero (subject of tests).

pD' pp’
606  Butasymmetries in Dp? collisions are expected to be non-zero. In the limiting cases
607  xp,>> X1 and X << X1 these asymmetries (accessible only at NICA ) are given by expressions

608 (2.1.18).
609
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In case of double transversely polarized hadrons, instead of complicated analysis of the Art
asymmetry given by Eq. (2.1.10), the direct access to the transversity PDF h, one can have via

the weighted asymmetry, A", * 409 M “integrated over the angles ¢, and ¢k,

Ay MOSE + 6 ) M= e _ 25 (t}q(xl)hlq(x2)+(x1 X)) | (2.1.19)
> (F () fig () + (% %))
The method of integrated asymmetries requires calculations of corresponding cross sections
prior their integration. It means that the detector acceptance and luminosity should be under
control.

2.2. New nucleon PDFs and J/¥ production mechanisms. (TO BE UPDATED)

The J/% 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/% 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/¥ mesons come from . decays, and 59 £10 %
of them are produced directly [20]. The J/¥ production mechanism, included in the PYTHIA

20



647
648
649
650
651
652
653
654
655

656

657
658
659

660
661

662
663

664

665
666

667
668
669
670
671
672
673
674
675
676
677
678
679

680
681

682
683
684
685
686

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 and qq processes. According to PYTHIA [21], in pp
collisions at Vs=24 GeV the cross section of the J/% production in gg processes (singlet and
octet) and in gq plus qq processes are about equal (~53 and ~50 nb, respectively). The gg and qq
processes proceed via various charmonium states subsequently decaying into J/%. So, these
processes could be sensitive to the TMD PDFs. It is interesting to note that the gg-bar processes
have the largest cross sections (see the Table 1 in Appendix 1).

The production of J/% with it subsequent decay into a lepton pair, proceeding via the qQ - or
gq processes, Hy + H, — J/¥ + X —I" + I + X, , is analogous to the DY production mechanism
( Eq. 2.1.1) if the J/¥ interaction with quarks and leptons is of the vector type. This analogy is
known under the name “duality model” [22, 23]. In the case of the TMD PDFs studies, the
“duality model” can predict [24] a similar behavior of asymmetries A} =F, /F;, in the lepton

pair’s production calculated via DY (Eq. 2.1.10) and via J/¥ events. This similarity follows from
the duality model idea to replace the coupling eq2 in the convolutions for F; (Eq.2.1.4) by J/¥

vector coupling with q @ (gq")°. The vector couplings are expected to be the same for u and d
quarks [22] and cancel in the ratios A, =F; /K, for large x, or x,. For instance, we can

w{sin(qﬁ—yﬁs )'\%T
N

compare the Sivers asymmetry A ; } given in the DY case by Eq. (2.1.14) with the same

asymmetry given in J/¥ 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+g—y+X, and quark-
antiquark annihilation, g+ gbar —y+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 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 sub process in a large photon transverse momentum range”.

Fig.2.3: diagram of the direct photon production. Vertex H corresponds to
g + gbar —y+g or g+g—y+q hard processes.
The non- polarized cross section for production of a photon with the transverse momentum
pr and rapidity y in the reaction p+p— y+Xis written [25] as follows:
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where kra ( ktp) is the transverse momentum of the interacting quark (gluon), X, (xp) is the
fraction of the proton momentum carried by them and gi(x, k) , [G(X, kt )] is the quark (gluon)
distribution function with the specified kr [25]. The total cross section of the direct photon
production in the pp-collision at Vs=24 GeV via the first process (according to PYTHIA 6.4) is
equal t01100 nbn, while the cross section of the second process is about 200 nbn. 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 Ay defined as
follows:

UT — O'J’

gl + ot

Here o1 and o 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
Ay at large positive xg is dominated by quark-gluon correlations while at large negative xg [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 Ay at Vs=30 GeV, pr=4 GeV/c can be found in [28] for negative
Xr (Fig. 2.4 (left)) and in [26] for positive xg (Fig. 2.4 (right)). In both cases the Ay values remain
sizable.

The first attempt to measure Ay at Vs=19.4 GeV was performed in the fixed target
experiment E704 at Fermilab [30] in the kinematic range -0.15<x¢<0.15 and 2.5<pr<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 4g [33]. Longitudinal
double spin asymmetry A, defined as:

App — (o4+ +o-)— (04— +o0—4)
(o4++o__)+(o4—+o_4)

Ay =

where o++ are cross sections for all four helicity combinations, can be written (assuming

dominance of the Compton process) as [34]:

A, ~ Ag(z1) | 224 e2 [Aq(z2) + Ag(x2)]
g(x1) Zq e2 [q(x2) + q(w2)]

where the second factor is known as A;” asymmetry (Section 1.1) from polarized SIDIS and

aLL(gg—yq) 1s spin asymmetry for sub-process gg—ygq.

Measurement of A, at Vs>100 GeV is included in the long range program of RHIC [34].

04 [

~arr(9q — vq) + (1 < 2),

-
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Fig. 2.4: predictions for Ay ar \s=30 GeV, pr=4 GeV/c: from [28](left), from [26] (right).
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Fig.2.5: the single transverse spin asymmetry Ay measured in the E704 experiment. Curves are
predictions of [26].

Sections 2.4 - 2.6 to be updated.
2.6. Spin-dependent reactions in heavy ion collisions. (to be updated)

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 non-
polarized matter and is due to the inherent anisotropy of particles with spin S > 1 (as distinct
from spin % 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 on the electrostatic accelerator at 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 5GeV/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.2.6 [37].

Paz
0.3
0.2
0.1
O
:zzn Fat for 6 points
—0.1 — Calculation
o March 2007
& June 2008
_0.2 — 1 1 | 1 | 1 1

0O 20 40 o0 B0 100 120 140
Thickness, :_;,"-::m2

Fig.2.6: tensor polarization value acquired by deuterons of 5 GeV/c crossing the carbon
target of various thickness.
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Based 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.

2.7. Future experiments on nucleon structure in the world. (to be updated)

The measurements of DY processes using various beams and targets have started in 1970
with the unpolarized 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 (or Vs ~
18GeV) n” 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 somewnhat 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 interaction 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,

- measurement of effects via muon and electron-positron pairs simultaneously,

- operations with non-polarized, transversely 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 minimal systematic errors.

Experiment CERN, FAIR, FNAL, RHIC, RHIC- NICA,
COMPASS | PANDA E-906 STAR PHENIX | SPD
mode fixed target | fixed target | fixed target | collider collider collider
Beam/target n-, p anti-p, p n-, p pp pp pp, pd,dd
Polarization:b/t | 0; 0.8 0; 0 0 0 0.5 0.5 0.5
Luminosity 10* 10* 10% 10* 10* 10*
Vs, GeV 17 6 16 200, 500 | 200, 500 10-26
X1beam) range 0.1-1.0 0.1-1.0 0.1-1.0 0.1-0.9 0.1-0.9 0.1-0.8
g, GeV 0.5-4.0 0.5-1.5 0.5-3.0 1.0-10.0 1.0-10.0 | 0.5-6.0
Lepton pairs, H-p+ U-u+ H-u+ U-p+ U-p+ u-u+, e+e-
Data taking 2014 >2016 2013 >2016 >2016 >2017
Transversity | YES NO NO YES YES YES
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Boer-Mulders | YES YES YES YES YES YES
Sivers YES YES YES YES YES YES
Pretzelosity YES NO NO NO YES YES
Worm Gear YES NO NO NO NO YES
J¥Y YES YES NO NO NO YES
Flavour separ | NO NO YES NO NO YES

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, pp7,pd7, p/ 7 p7d7, d7d 7.
Beam polarizations both at MPD and SPD: longitudinal and transversal. Absolute values of
polarizations should be > 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: p 7p {6pp) = 12 +>27 GeV (5 + >12.6 GeV kinetic energy),
d 7d (v6un) = 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: Layerage = 1:10%2 cm™s™ (at 14, = 27 GeV),
in the dd mode: Laverage > 1:10% cm™s™ (at vy = 14 GeV).

For estimations of the expected statistics of events, we assume that total efficiency of the NICA
complex will be > 80%, i.e. total working hours per year will be > 7000 hours.
Infrastructure. The infrastructure of the Nuclotron-NICA complex should include:
- a source(s) of polarized (non-polarized) protons and deuterons,
- a system of polarization control and absolute measurements (3-5%),
- a system of luminosity control and absolute measurements,
- a system(s) of data distribution on 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 5.6.
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 4w. 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 (Be?).

4. Polarized beams at NICA. (TO BE UPDATED)

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.
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4.1. Scheme 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,

BMN

" Spin Physics |
Detector (SPD)

MPD

Booster
ql/A =0.16,

SPI - polarized ‘550 MeV/u
p-and d- source ]
and linac ‘ Nuclotron

'0,6-4,5 GeV/u|

Fig. 4.1: The NICA complex of JINR.

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 , 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].

new heavy ion injector

HICAC injection to

nuclorton fixed target area

IKR'ON.'BT the booster transfer from build 205
heavy ions / booster MPT
LU-20, / MN
T /
SPI
phd building 1
modernized injection chain
booster (211 m)
Nuclotron —
(250m)
extraction

from booster NICA

collider/storage rings
(500m)

P

Fig. 4.2: The functional scheme of NICA complex.

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.
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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 pulsed high intensity source of polarized deuterons and protons based on a charge-
exchange plasma ionizer. The output 1D* (1H") 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 1D and tH" and tensor
(+1,—2) for 1D" modes. The project is carried out in cooperation with INR of RAS (Moscow).
The equipment available from the CIPI1OS ion source (IUCF, Bloomington, USA) is partially
used for SPI. The source will deliver the 10 mks pulsed polarized proton or deuteron beam with
intensity up to ~2-10™ per pulse and repetition rate of 1 Hz [3].

Briefly, the SPI consists of several sections. The atomic section uses the permanent (B =1.4T)
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*+H% - H"+D°, (1)

H* + D% — D"t +H°, (2)
are used to produce polarized protons or deuterons. Spin orientation of 1D* (1H") 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 g/A > 0.33 to 5 MeV/u at 2BA mode. The pulse
transformer voltage 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 at Nuclotron.

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
g/A = '%). 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 vertical to horizontal and back.

4.3.2. Polarized protons.

According to the 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. Let us estimate first the expected proton beam intensity at the Nuclotron
output. 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 1.6-10™ 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 (v, vy) and spin
(v) oscillation frequencies, were analyzed in [8].Three cases were considered: v=Kk,v=k+ vy,
v=k+vy,wherek =0, 1, 2,... Dependence of the spin resonance frequency, wy (normalized to

the value w, = 7.3-10~* corresponding to complete beam depolarization) on the proton energy for
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each of these cases is shown in Fig.4.3. The “dangerous” resonances marked with black dots
occure when the values of Ig(wy / wg) approch zero or -1. As one can see, there are four
resonanses in the first case and two resonanses in the second and therd 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. The maximum magnetic field integral of the snake
depends on the particle momentum and approximately equal to 21 T-m at the Lorenz factor y=6.
It is not necessary to use a full snake to suppress the influence of spin resonances. One can use a
partial snake with small longitudinal magnetic field integral.

12(“]\/“({) v=k 12(“.’/“({) v=kxv, lg(wy/wy): v=k+v,
2_‘IHII 15“ l S S T
1 | |||I .|| |I : I
. ||||||||||||||| ; HH\ “HHEHM by ||\||H| |l||
0o 2 4 6 8 10 12 0 4 6 8 10 12 0O 2 4 o6 8 10 12

Fig.4.3: values of Ig(wy / wy), caracterlzmg proton spin resonances in the Nuclotron, vs. the
proton energy in GeV,calculated for: v=k, v=k+vy, v=k+ .

If the longitudinal magnetic field is introduced in the synchrotron straight section, the
dependence of spin frequency v on particle energy and spin angle ¢, in the solenoid is defined

by a relation: cos(zv )=cos(z y G)cos 2z > . Thus, even with a small longitudinal magnetic

field, o, / 27> |Wk| , one can completely “exclude” the set of integer resonances, whereas
suppressing of the intrinsic resonances is occurred if ¢, /27 >|w,|. The maximum longitudinal

magnetic field integral aty = 6 is reached a value of 8.5 T-m, i.e. about twice as less than in the
case of the full snake, (p, = 7).

The proton spin dynamics along the Nuclotron ring is shown in Fig. 4.4 [9] assuming the snake
(full or partial) is placed in the second (after injection) straight section.

Full Siberian Snake Partial Siberian Snake
Total longitudinal field integral: Total longitudinal field integral:
(B\L),.x=21 T-m E, =6 GeV  (BL),, =105T-m (v~6.8)

@, is angle between polarization and vertical axis

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 (G;1,G;) — and parameters of the
insertion are shown in Fig. 4.5.
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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.

BBy m

. I Bmaxs KF12 Kd2 " "
2 b4 Y
S S T m m
IQI 36 |[0.746 | 0.753 | 6.94 | 6.86

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 (Sol 7/2) 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 (Sol n/2)-rotator at maximum energy is about 25 T-m
and 80 T-m for protons and deuterons, respectively.

So, feasible schemes of manipulations with polarized protons and deuterons are
suggested [10]. The final scheme will be approved at the later stages of the project.
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Fig. 4.7: position of the polarization control elements in the NICA structure.

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]. The last value corresponds to the total collision energy s = 27
GeV and equivalent to the fixed target beam kinetic energy Exin equi = 388 GeV, Fig. 4.8.

il 1 3 b G &

11

10K
N

3

]'-ZI
Fig. 4.8: NICA pp luminosity in units 10%° (left scale, solid line) and number of particle per

bunch in units 10™(right scale, dotted line).

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

number of collision points (IP)
beta function B, in the IP
number of protons per bunch

number of bunches
RMS bunch length

incoherent tune shift, A assiett

beam-beam parameter, &

-503 m,
-2,
-0.35m,
-~1-10%,
-22,
-05m,
-0.027,

- 0.067,

beam emittance &nm (Normalized)

at 12.5 GeV, = mm mrad

- 0.15.

The number of particles reaches a value about 2.2:10* in each ring and the peak luminosity
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Lpeack = 2:10% cm™?s™ at 12.7 GeV. One can estimate also an average luminosity. Assuming the
cooling time T = 1500 s, the luminosity life time T ;= 20000 s and the machine reliability
coefficient k, = 0.95, the average luminosity will be Laver = Lpeack: 0.86 or 1.7-10%cm s [12].

4.5. Polarimetry at SPI, Nuclotron and NICA. (to be written)

5. Requirements to the spin physics detector (SPD). (UPDATING)

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 work 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 luminosity about 10*? sm?s™ will be about 4-10° per second.

102

Cross section (mb)

[ = ‘_ T b
"t PP

0 %ngm o

il

0™ 1 10

10° 10° 10°

s GeV

10° 10° 107 10°

Fig. 5.1: cross sections of pp interactions versus 14.

The average particle multiplicities estimated with PYTHIA at v = 24 GeV are following:
charged particles 13.5; neutral particles 22.5; = 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, below J/\¥ resonances.

IHJIw

;|llf

Counts/0.1 GeV/c?

. '

8 0 12 14
Mass (GeV/c?)

Fig.5.2: the typical di-lepton invariant mass plot.

5.1. Event topology.

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 (z/,1") pairs to be
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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— (u,4) +X, which includes the leading order 2-2 quark level
hard scattering sub-processes qg —y* —(u/,4"). The initial-state radiation (ISR) and final-state
radiation (FSR) was switched on. The GRV 94L parameterization [1] of parton distributions was
used. The distributions of the di-muon events relevant to this section are shown below.

The di-muon invariant mass distribution is presented in Fig.5.3. The cut M,,, >2 GeV/c? was
applied for other distributions.

Invariant mass distribution

Entries 1000000
Mean 2.344
RMS 1.708

10°

S S S TS S BN SO S
4 6 8 10 12
MML

Fig. 5.3: invariant mass distributions of di-muons.

Momentum distributions of the single muon from the DY pair with the invariant mass M, >2
GeV/c? 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 from 0 up to 12 GeV. 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 20° and 180°, respectively. The maximal angles will be
also limited by the beam pipe diameter of which should be minimal. These types of angular
distributions require almost 4n geometry for the SPD.

D-¥ 1 momentum at M_ =2 GeVie® Eranes TIEiOL | O-¥ u momentum (Barrel) al M2 GeVrg? | [SM=2 459772
s masn  zsoz s masn 1357
[ s 1 F mus  vom

15000

10000

L L L L L L n L
Fl r B B 10 12 2 4 3 8 0 12
P. GeV P. GeV

O-¥ p momentum (Endcap) al M =2 GeVic® fEranes zsasos | D-¥ o momentum (FW/Bw) al M_ =2 GeVie® Enanes 2830
s nasan as s moon ssan
4000— s 2188 SOF s +.885

L I \ | |
2 4 3 8 10

I L L |
z 4 B B 10

12 12
P, GeV P. GeV

Fig.5.4: distributions of single muon momentum from the DY events for different angular
intervals. Upper: left- all angles; right - 35°+745°. Bottom: left- 3°+35° , right - 0°+3° .
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Fig.5.5: left - single muon polar angle distribution. Right: angle between muons in the pair.

As it has been checked, generated e "¢ -pairs have almost the same momentum and angular
distributions as di-muon pairs.

The distributions of the muon transverse momenta are shown in Fig.5.6.
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Fig.5.6: distributions of the muon transverse momenta from the DY events for different angular
intervals. Upper: left- all angles; right - 35°+745°. Bottom: left - 3°+357%; right - 0%+3°.

Taking into account above distributions, for the effective registration of the DY pairs SPD

should have

» almost 41 geometry;

* precision vertex detector;
« precision tracking system ;
* precision momentum measurement;

* muon and ¢€lectron identification systems.

5.1.2. Topology of J/¥ events
The J/¥ 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/% 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/%. The CTEQ 5L, LO parameterization [2] is used for the PDFs.

The momentum distributions of leptons from J/¥ decays and of the angle between
leptons 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 35%+745° angular interval; in 35% of pairs one lepton could be found in the
35%+745% angular interval whiles the other — in the 3%+35° interval. About 3% of leptons could be
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registered in the forward and backward 3°+35° angular intervals. A small part of the pairs will be
lost due to beam pipe. These types of angular distributions require almost 47 geometry for SPD.
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Fig. 5.7: left - momentum distribution of leptons from J/¥ decays; right - angle between leptons

in the pair.

The Feynman variable, xg, and the transverse momentum, pr, of directly produced J/¥

meson distributions are shown in Fig. 5.9.
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Fig. 5.8: correlation between lepton polar angles in J/¥ decays.
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Fig. 5.9: distributions of directly produced J/¥ vs

transverse momentum pr (right).

Jhy production in pp
\s =24 GeV

/ mlu‘ T
; “ U+
107 | e

8 10 12
p (), [GeVie]
the Feynman variable xg (left) and vs. the

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: gq+g—q+y, g+gbar—g+y, g+g—g+y, g+gbar—y+y and g+g—y+y.
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 pr vs. xg distribution for direct photons is shown in Fig.5.10.
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The photon energy, E,, is plotted vs. the photon scattering angle, 6, in Fig. 5.11 (left). The
right part of this Figure shows the corresponding plot for minimum bias photons (mainly from z°
decay). The MC simulations show that for pr> 4 GeV signal-to-background ratio is about 5%
that is in good agreement with the data of the UA6 experiment for unpolarized protons at
\s=24.3 GeV [4].
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Fig. 5.10: the plot pr vs. xg for direct photons:.
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Fig.5.11: distribution of energy E, as a function of scattering angle &: left - direct photons, right -
minimum bias photons. Red lines correspond to the cut pr> 4 GeV.

For effective registration and identification of direct photons, SPD should have:
+ an electromagnetic calorimeter (ECAL) with a geometry close to 4z and with a granularity
optimized to the expected occupancy;
« atracking system capable to distinguish between clusters from neutral and charged particles in
ECAL. It also should be capable to reconstruct the beam interaction point;
« atrigger system based on ECAL. Since for Ay 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.

5.1.4. Topology of high-pr reactions. (To be written)
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 ~4n 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.
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A toroid magnet provides a field free region around the interaction 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.5.2.1). 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 NbzSn-Copper core surrounded by a winding
of aluminium for support and cooling, allows one to reach an azimuthal detector acceptance of

about 85%.
~N
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Fig.5.12: possible view of SPD with the toroid magnet.
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Fig. 5.13: possible view of SPD with the solenoid magnet.

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 presence of
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the magnetic field in the beam pipe region. This field can disturb beam particle trajectories and
their polarization

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 4ngeometry” 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 vertex detector 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 pum it is possible to reach a
spatial resolution of 20-30 um. Such a spatial resolution would provide 50-80 um for precision
of the vertex reconstruction. This permits to reject the secondary decay vertexes.

The elements of the SPD vertex detector can be of the same design as for MPD [5].

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 150-
200 um per plane. The chambers, assembled in modules consisting of several pairs of tracking
planes, can have the radial coordinate resolution of about 50 um. This can provide the
momentum resolution 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 1GeV. The modules have a

fast readout and can be used in the SPD trigger system.
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Fig.5.14: ECAL module structure.
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The module has 109 plates of the scintillator and absorber (Pb) of 12x12 c¢cm in cross section and
0.8 and 1.5 mm thick, 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 is called the Range System
(RS) 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 caps part 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.

_____ Fe (40nm )
/////////////////7//////,/////7//////

Fig. 5.15: scheme of the RS. Dimension and thickness are subjects of optimization.

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 (7°, @, 1...);

- various types of hadrons in final states ( n+/-, K, p, ...);
other reactions.

Hodoscopes of scintillating counters and resistive plate chambers (RPC, Fig.5.16 [10]) are
proposed as 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 should consist of several layers.

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.
Reactions, which can be used for this purpose, are inclusive production of n° and " mesons.
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Fig.5.16: scheme of the RPC unit

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]. The design of ZDCs 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
construction documents (see draw. 3185-063K-AP-AP, sheet 3), is shown in Fig.5.16.

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 128/2. This room is a
garage position for SPD with all systems between the working sessions of the complex.
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Fig.5.16: plan view of the SPD experimental area.

Dimension of the room (along/across the beams) is: for 128/1 — 22.5 m x 25 m= 562.5 m?, for
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128/2 — 24 m x 42 m = 1008 m%. 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 2t/m?in the room 128/1
and 16t/m? 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 600 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 15 meters. The crane service zone is
22 m long in transverse direction. The crane has additional hook with lifting capacity of 10 tons.

5.6. DAQ (to be written)

5.7. SPD reconstruction software (to be written)

5.8. Monte Carlo simulation software (to be written)
5.9. Slow control (to be written)

6. Proposed measurements with SPD. (UPDATING)

We propose to perform measurements of asymmetries of the DY pairs production in collisions
of polarized protons and deuterons (Egs.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/¥ 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.

6.1. Estimations of DY and J/¥ 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:
d*c 1 4ma?

20¢( 2\ F(r 2
T = w0 907 2o U@ @) (@2, QM lesmgr o
£.f

- .1 2
max d o
Tror = / (1@2 dxq
Q

dQdel ’

where Q is the invariant mass of lepton pair, M+, X1 (X2)= Xa (Xp) 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 year (7000 hours of NICA and 100%
acceptance of SPD) at two energies.

Table 1: estimation of the cross-section and number of DY events for SPD-NICA per year.

2
man Tmin

Lower cut on My, GeV (20 [30 |35 [40
\s=24 GeV (L~ 1.0 10* cm?s™)

opy total, nb 1.15 [ 0.20 [ 0.12 |0.06
events per year, 10° 1800 | 313 [ 179 |92
\s=26 GeV (L~ 1.2 10% cm?s™)

opy total, nb 1.30 [ 0.24 [0.14 |0.07
events per year, 10° 2490 | 460 | 269 | 142
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The dependence of the total cross section and of number of DY events per year versus the cut on
the minimal M.+ is shown in Fig.6.1.

\'s=26 GeV
\$=24 GeV 2000
\s=22 GeV

\s=20 GeV

B \$=26 GeV (L=1.2<10% cm?s")
08—
E \s=24 GeV (L=1.0x10" cm? s)
0.6[—
\s=22 GeV (L=0.7x10" cm? )
04— G

r \$=20 GeV (L=0.5x10" cm? ™)

0.2~

C 1 1 1 L 1
L) 25 3 35

’ 4 2 25 3 35 3
M., 0w GV M., on GEV

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 Q® > 11 GeV? for comparison with expected asymmetries.

W] sin(g—s )1
Let us first estimate the qr - weighted integrated asymmetry (Sivers) AJT{ MN}

ppT 117X
given by Eq. (2.1.12). For this purpose we have used three different fits for the Sivers function:
Fit I xf @ = —xf ;& = 0.4x(L—x)°and Fit 11: xf ;@ = —xf ;Y = 0.1x**(1-x)° of Ref.[3] and
Fit 111 xf ™ = —xf,; ¥ = (0.17...0.18)x°* (1- X)° 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]:

i B0+ T, (x)
f?  f,00+ f (%)

1qT
The estimated asymmetry as a function of x, — X is shown in Fig.6.2.

(2.1.25)

w[sin(d)-cbs )—M' ]
N
uT
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0.1
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Xp=X o1
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| N s o :
Fig.6.2: estimated Sivers asymmetry A vJat s =26 GeV with Q° = 15 GeV“. Numbers

I, 11, 111 denote corresponding fits. Points show the expected errors obtained with 100K of events.
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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, — X from about 1 to 12%.

Statistics of 100K is marginally enough to distinguish the fits.

w sin(g+gg )T
Let us now estimate the asymmetry AJT{ MJ given by Eq. (2.1.13). Since the Boer-

ppt
Mulders PDF and its first moment are still poorly known, we have used the Boer's model (Eg.
(50) in Ref.[5]) which provides the good fit for the NA10 [6] and E615 [7] data on the
anomalously large cos(2¢) dependence of DY cross sections. This model gives for the first

moment (2.1.15) entering Eqg. (2.1.13) the value hlt(l) (x) =0.163f,(x) . For the first moment of the
Boer-Mulders sea part PDF, we assumed a relation

ho" () _ (0

ha100)  fiy(%)
The transversity PDF h; was extracted recently from the combined data of HERMES,
COMPASS and BELLE collaborations. However, because of the rather big errors in the data, 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

(0 Q) =[x, QD)+ 40X, QD) ] y(x, Q) = 2[4, Q) + AT, ]
are assumed to be equal to the helicity PDF Ag (h,, = Aq, ﬁlq = AQ ) at the low initial

Q2 =0.23 GeV?, and then they are evolved with DGLAP equations. In the second model [8, 9]
the transversity PDFs are assumed to be equal to h,, =(Aq+q)/2and ﬁlq =(Aq+Q)/2 atthe

same initial scale, and then h,, and ﬁlq 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, —X . . At the positive values of x, —x , the asymmetry is model dependent. With
statistics of about 100K DY events one can distinguish the models.

wisin(o+6_eat]|
AUT N

0.02

0

-0.02

-0.04

-0.06

-0.1

-0.12

-0.14

--.';"“.f""f"'fj.f*.Tff*.*.H..H.. |

_ o w{sin(¢+¢s )hjli} .
Fig.6.3: estimations of Boer-Mulders asymmetry A ; vJ at /s =26 GeV with Q=15

GeV?. The solid and dotted curves correspond to the first and second versions of the evolution
model, respectively. Points show the expected errors obtained with 100K of events.
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6.1.2. Estimations of the J/w production rates and precisions of asymmetry measurements.

Statistics of the J/y and DY events (with cut on M. =4 GeV) expected to be recorded in
one year of NICA operation ( 7000 hours) with 100% efficiency of SPD is given in Table 2
below.

Table 2: comparison of the J/y and DY statistics

6, GeV 24 26 %, GeV 24 [26
Olly Be+e- » nb 12 16 opy , nb 0.06 0.07
Events per year | 18-10° | 23-10° | Events per year | 92-10° | 142-10°

Accessible ranges of the Bjorken variables for asymmetry measurements with the DY or
Jhy events are shown in Fig.6.4.

E x~0.45 0.3 x~0.28

Q? range: 10-20 GeV?

/ Q?range: 1-9 GeV?

///

5 0.05[

[ | e S MO T R o N 0 Wl B 2 B I AR O A Il P N E N I I P
10 12 14 16 18 20 22 24 26 10 12 14 16 18 20 22 24 26

\s, GeV \s, GeV

Fig.6.4: ranges of the Bjorken variable vs. vs for DY (left) and J/¥ (right) measurements.

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 that 1 year is equivalent to 7000 hours of operation at maximal
luminosity. The last column gives the rates with the cut on the transverse momentum of photons
suggested in Section 5.1.3.

To estimate statistical accuracy of Ay and A.. measurement at NICA suggested in Section 2.3
one can assume that the beam polarizations (both transversal and longitudinal) are equal to
P=+0.8 and overall detector efficiency (acceptance, efficiency of event reconstruction and
selection criteria) is about 50%. Under such assumption, after 1 year of data taking the Ay and
A, could be measured with statistical accuracy ~0.11% and ~0.18%, respectively, in each of 18
Xg bins (-0.9< xg < +0.9). Large statistics of events provide opportunities to measure the
asymmetries as a function of xg and pr.

To minimize systematic uncertainties, precision of luminosity and beam polarization should be
under control, as well as accuracy of n° , 1 and other background rejection.

Table 3: Estimated rates of the direct photon production.

Vv E=24 GeV Teaty | TR, =4 Gevie, | Lvents/year, Ewvents/year,
L =1.0x10%, cm—'s~! | nbarn nbarn 10° 109 (Pr >4 Gel/c)
All processes 1290 42 3260 105
qg9 — gy 1080 33 2730 84
qq —* gy 210 9 530 21
+/5=26 GeV Tpots | Opp=a Gevye | vents/year, Evwvents/vear,
L =12% 10", cm~'s~! | nbarn nbharn 10° 10% (P = 4 Gel/c)
All processes 1440 48 4340 144
qg9 — gy 1220 38 3680 116
qd — gy 240 10 660 28
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6.3—6.5. TOBE WRITTEN
7. Time lines of experiments.

The participants of the Lol are planning to submit the document for discussions at the JINR
and outside during the year 2014. If it will be approved at JINR by the end of 2014, the
corresponding Proposal including the time lines of experiments could be prepared by the end of
2015.
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APPENDIX 1.

Table 1: Cross sections of J/4 production in pp colisions at /s = 24 GeV

ISUB | process | cross section, [mb] | Comments
"eolour singlet’ approach
6 TERICT, 1420107
8T | g9 = Xoog — J/ iy 3.348 . 106
88 | g9 = vieg — J/ 3.954.10~7
89 | gg = yoeg — /i 2.736 - 10~°
106 gg — J /by 3.804 . 10~%
‘colour oetet’ mechanism
421 gg — c[*S{g 1.653 . 105
422 gg — ce[*S{" g 5.762- 107
123 | gg— ed['S™)g 1.742.107¢
424 | gg—caPPYg 3.600 . 10=°
425 g — qee[* 5] 1.510 - 10~¢
426 | gq— qee['SY] 1.817-107¢
427 | gq = qoe[PPY] 4154106
428 | g7 — gee*SY] 2.686 - 107
420 | g7 — gea['S4] 1.072.10~*
430 | g7 — geePPP) 7.200 . 1075
431 gq — ee[PE{Y 1,948 . 105 X0e
432 gg = ei[P P 2.300 - 10~° X1c
433 99 = eef[* Py 1.592 . 1073 X2e
434 g§ —+ gee[F PV 1.844 . 105 X0e
435 97 — qee[*PL] 4.802.10~% Xie
436 aq — gee* Py 1.836 . 10~° Xae
437 qi — geePELY 8.471-10-9 X0e
438 qq — gee P 4.703 - 1077 Xic
439 g3 — gee Py 35711077 X2e
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