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Proposed studies. NICA
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PDFs proposed to measure are:

- correlation between the transverse polarization of nucleon (transverse spin) and the
transverse momentum of non-polarized quarks (Sivers) ;

-correlation between the transverse spin and the longitudinal quark polarization
(Worm-gear-T) ;

-distribution of the quark transverse momentum in the non-polarized nucleon

(BoerMulders) ;
- correlation between the longitudinal polarization of the nucleon (longitudinal spin) and

the transverse momentum of quarks (Worm-gear-L) ;
-distribution of the transverse momentum of quarks in the transversely polarized

nucleon (Pretzelosity).

All new PDFs, except f-;+ , are chiral-odd. The Sivers and Boer-Mulders PDFs are
T-odd ones. At the sub-leading twist (twist-3).
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Two approaches (methods) are proposed to be used for DY studies
(see section 2 of SPD LoI).

The PDFs studies via Fourier analysis to the measured asymmetries.
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Drell-Yan studies via Fourier analysis ( NTC A
of measures asymmetries.
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information on the
nucleon structure than
+8,, 8, [ (1+cos® @) F, +sin® Ocos 26F | (2.12) usual structure functions
depending on two

B} \ | variables xp; and Q2.
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- leading twist SFs.
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where F are the Structure Functions (SFs) connected to the corresponding PDFs, The SFs

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

X, = 2;;1 a =J%c’, X, = 21;1 4 - ch y is the CM rapidity and
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Drell-Yan studies via Fourier analysis ( NTC A
of measures asymmetries.

Each of them is expressed through a weighted convolution ,C, of corresponding leading twist TMD PDFs :

3 = = 1 . 5 % . e " PR
C I:w(kuT ’ ka )ﬁ f2 :I = N Z et; J.dzkaszkaé‘- (qT _kaT - khT )W(kuT ’ khT ) X
c 4

|:ﬁt/ (xa 4 ]E.L;ZT )‘7.2(/ (xb ’ Esz ) + ﬁq (xa i 12(127‘ )f2q ('xb 4 Esz )]

where w is a weight, k,r (K,1) is the transverse momentum of quark (anti-quark) in the hadron Ha (Hb) and
fi (f,) is a TMD PDF of the corresponding hadron. The particular SF can include a linear combination of
several PDFs. Eventually; one can find expressions for all leading twist SFs of quarks and anti-quarks
entering above relation. When both hadrons are non-polarized, they are:

— — —
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Drell-Yan studies via Fourier analysis ( NTC A
of measures asymmetries.

when only one hadron is polarized (proton or deuteron):
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Drell-Yan studies via Fourier analysis ( NTC A
of measures asymmetries.

The DY cross section 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, fo integrate cross section 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:

B do o’
Ot = 2 = 2
dx dx,d"q,dcos@ 2q

cos(@s,, =¥, ) cos(gs, +9s, )
(cos(¢sb —@s V" 7+ Deos(@s + @ Y )]

X (1 +cos” ‘9)[FI}U + S(,LSbLFLIL

—_—

SaT

—

+ SbT

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 pairs
production cross sections in the collision of hadrons H,and H, with different polarizations. The azimuthal
distribution of DY pairs produced in non-polarized hadron collisions, A j, , and azimuthal asymmetries of
the cross sections in polarized hadron collisions, A
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Drell-Yan studies via Fourier analysis ( NTC A
of measures asymmetries.

In these expressions
D =sin” 8/(1+cos” 6)
is the depolarization factor and

ratio ,. R
Ajk = ij/FUU

of the SFs defined above. The
superscripts of the o7 mean:
—( « ) - positive (negative)
longitudinal beam polarization in
the direction of P, ., :

1( ]) - transverse beam
polarization with the azimuthal

angle ¢, or @y,

(9sq +mOr @sp +T)
O - non-polarized hadron H, or H,



Applying the Fourier analysis to the measured
asymmetries, one can separate each of all ratios
entering previous slide. This will be the ultimate task
of the experiments proposed for SPD.

The extraction of different TMD PDFs from those
ratios is a task of the global theoretical analysis since
each of the SFs 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
mathematic form (usually Gaussian) with some
parameters to be fitted , or to transfer F;'to impact
parameter representation space and to use the Bessel
weighted TMD PDFs..

M. Anselmino et al., arXiv:1304.7691 [hep-ph]),
Daniel Boer, Leonard Gamberg, Bernhard Musch,
Alexei  Prokudin, JHEP 1110 (2011) 021,
[arXiv:1107.5294]

Drell-Yan studies via Fourier analysis NTCA
of measures asymmetries.

- The Structure Functions Fj, ' depend on the variables
(X, Xb, 91, G%). Instead of grone may also work with the
transverse momentum of one of the hadrons in the CS-
frame.

- In the g; -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.

- 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 which
also capable of mapping out the leading twist TMD PDFs
but requires knowledge of fragmentation functions.

- The expected sign reversal of T-odd TMDs can also be
investigated through the structure in which the Boer-
Mulders PDF enters .

- 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. o
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Integrated/weighted asymmetries.

An original method for direct extraction of transversity and Boer-Mulders PDFs in the proton
from the data on Drell-Yan processes: A.Sissakian, et al., Phys.Part.Nucl. 41 (2010) 64-100

Let us begin the consideration of DY process H, H;r — [T X,

Taking into account only dominant electromagnetic contributions and neglecting the contribution
of higher harmonics containing the 3¢ dependence, we can obtain the following simplified formulas
for the cross sections of unpolarized and singly polarized processes:

do O (HH, > II'X) o doV(H,H) > 11X) o
dQdx,dx,d’q;  120°% dQdég dx,dx,d’q, 120’4

ej{(l + cos’0) ej{u + cos’0)

X F[fig:f1q] + sin29005(2¢) X Flfigf1q] + sin’0cos(26¢)
o - N hght,
X Gf|:(2h -Ky7h-Kyr =Ky 7 kzr)j:}q;];}} g JP[(Zh Kugh - Kar=Kir- kZT)Mle]
142
" 2 A 1 rlg
Here, h=dqyz/|as,h,(x,k7) is the kr-dependent + (1 + cos’0)sin(d — o5 )F|h- lefl 17
transeversity distizy, (x, k}) while 17, k7) and 3 M,

are the kr-dependent T-odd (naive) Boer-Mulders
and Sivers functions, respectively. The convolution ) A e h,
products of k;-dependent distributions included are — sin"Osin(¢ + ¢s2)97[h ‘Kir ;[ q}

determined as - ) ) 2 1
O'j;[quq] = jd K, 7d' Ky 70" (K 7+ Kyr —q7)

x [f, (1K p)fa (%2, K57) + (1 4 2)]

10
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Drell-Yan studies via integrated/weighted NICA
asymmetries.

Unpolarized Drell-Yan Processes.

To extract Boer-Mulders function from the data
the procedure of integration/weighting with
respect to the transverse momentum of the
lepton pair g + was applied . In order to use the
advantages of this procedure, it was proposed to
extract from unpolarized Drell-Yan processes the
specially weighted and integrated with respect to
g rratio of cross sections of the form:

. [daillad’/ M M;][do"/d0]
i [¢a:0"

parameterized as

R = —(y(l + cos 9) + kcosZ(bsm 6)

which should be compared with the parameterization

R = i(1 +Acos’0 + Lsin20 coso
167

+(v/2)cos2dsin®) (v=2x,A=1,pu=0)

Due to the appropriately chosen weighting
function |q+[2/M;M, the integration with respect
to g results in the following simple formula for

-
>, ey (hiy (x)hyy (%) + (g <> 7))
8
Zq eq(flq(xl)flq(xz) +(q 9))

k =

f;"(x) = jdky{ ]f( K7)

Thus, it can be seen that the numerator of
the expression for k ~ is factorized into
the simple product of the first moments of
the Boer-Mulders. This factorization allows
us to exctract the free-model the first
moment of Boer-Mulders PDF from k~
which can be measured in unpolarized Drell-
Yan processes.
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asymmetries.
Single polarized Drell-Yan Processes.

Let us consider single polarized Drell-Yan processes and T + 71—
determine the following single spin asymmetries for them, H 1H 2 I*l X’

Ay = [dQddssin( £ ¢5)[d0(Sa7) - do(=Sy1)]

x ([dQdhs[do(S,7) + do(=S,1)])”

It can be easily seen that in the difference of the cross sections da(S ,r ) - do(-S ,+ ) only terms
containing sin(¢p - ¢ 5, ) and sin(p + ¢ 5, ) survive . Moreover, the properly chosenw eights sin(p +
@52 ) and sin(p - @, ) allow one to separate the contributions containing the Boer-Mulders and
Sivers functions; therefore, finally we obtain

Z e [h lehlthqj| lzqe [h k”fqu }

4 =1 _
4 Y eiFfiafi] T2 quﬁaf[fqulq]

4, =

fro(xe k) =~(M/2[k DA, (k)

12
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asymmetries. Single
polarized Drell-Yan Processes.

Let's to apply the procedure of g integration/weighting and consider the following asymmetry:
Jdecl)S _[d a7(|a7/ My )sin(¢ + ¢5)[do(S,7) - do(=S,7)]
[dQdos, [d°a;[do(S,1) + do(=S,7)]

Note that the asymmetry A7, is similar to the single spin weighted (with the angular weight sin(¢ - @5 )
and the same weight g /M) asymmetry

no-40h  [dQdgy, [ ar(|and/ My)sin(§ = §5)[d0(Sy7) — do(=S57)]

ém = =

For this asymmetry we again observe the factorization of the contributions:

. qr
sin(¢ - ¢5)— n
Ayr =24,

Y. eallig (i Yhg(x,) + (4> 9)]
PIAGHCIANEMES R

13
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asymmetries. Single
polarized and unpolarized Drell-Yan Processes.
i1y

En-=100 GeV («Q*=6.2 GeV?) SSA was combined with', from simulatfen and
0,041 was taken from evolution model:
oost Ay M. Anselmino at al., Phys.Lett. B594:97-104, 2004
g V. Barone et al., Phys.Rept.359:1-168,2002
A.V. Efremov et al., hep-ph/0412427
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0.1¢
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| G @) ()
-o.oei Kh h ™
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-0.08f

009 The direct access to transversity
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Integrated/weighted asymmetries.
Proton—Proton Collisions.

) +7—
pp — "X pp' — "I X,
sin(0-992
| Ayr =24,
PR > el ()hig(x,) + (g )]

Zq ez[hlq (x1)h1lq(1)(x2) +(ge )] —
Zﬂej[];lfI(xl)flq(xz) +(gq)]

= 8

Y @ ) + (@0 D]

sin(9 - $5) 12

Ayr
- szqT[|q742/_Mj][dc“”/dQ] ) 2qu§[f]q(xp)ff:‘r”"(xp¢)+(q<—>a)]
[a,0 ’ > el )i + (@ D]

R = %(y(l + cosze) + lAccos2(|) sin26).
T

15



Drell-Yan studies via
Integrated/weighted asymmetries.

)
NICA

Proton—Proton Collisions.

xp>x¢
D

neglecting the contributions containing a sea
parton’s distribution functions for large values
of x, (and correspondingly, valence ones for
small values of x;) and taking into account
quark charges and u-dominance at Iar'ge X we
obtain the approximate expressions for
asymmetries

sin(9 - ¢) 77
ur

_ S G )fiulsy)

B flu( pT)flu(xp)
-L(Du
N D)
flu( pT)
and
. ar h
e Gy
X, > X1 f]u(_xp)flu(xp‘r)

xp<x¢
D

sin(9 - )77
Ayr

x, <x¢

11 G 1(5,) + A7 (i) 10(,)
4110 1) +fi ,,r)fu(x,,)

and
sin( - 65) T
AUT Mxp<x1
4k )R () + By () hya(x)
4f114( )f]u(xpT) +f1d(xp).fld(xpT)
; q =
Asm(¢—¢s>A—; _ 2fl(1)u( T)flu(xp)
uT < -
% FruCof 1u(x,)
L(1)
— 17 u( pT)
flu( T)
and
in(d—o02T 7L(1)
As1n(¢ ¢S)M _ hlu ( )hlu(xpT)
uT < )
K <xpT flll( p)f]u(xpT)
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Drell-Yan studies via NICA

integrated/weighted asymmetries.
Numerical Estimates for pp Asymmetries.

NICA kinematics - 10-13 GeV proton beams.
The calculations are performed for Q? below and above the production threshold Q? = 9.5 GeV? of
the J/y¢ resonance. The three sets of fits for the Sivers function are used in calculations.

qar

Agr}(d)_d)s)
0.12
0.10 |
0.08 [
0.06
0.04
0.02

0
—0.8

My

T

0604020 92049608 08 _04,5,0 5,04,508

Xp—Xp 4 X5 —%p: §
Estimated asymmetries for NICA: s = 400 GeV2 , Q? = (left panel) 4 and (right panel) 15 GeV
2 . Numbers I,II denote fits I, IT for the Sivers function.

A. V. Efremov et al., Phys. Lett. B 612, 233
(2005).
J. C. Collins et al., Phys. Rev. D 73, 014021

(2006). 7
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Drell-Yan studies via NICA

integrated/weighted asymmetries.
Numerical Estimates for pp Asymmetries.

qar
0.02 N

0 A
—0.02
—0.04
—0.06
—0.08
—0.10
—-0.12
—0.14

_0'8—0.6_0'4—0.2 0 02 0'1).6 0.8 _0'8—0.6_()'4—0.2 00.2 0°40.6 0.8

AZ’Tn(d) + ¢s)

% — %y Xp = Xp )

Estimated asymmetries for NICA, s = 400 GeV? for Q? = (left panel) 4 and (right panel) 15 GeV?
. Solid and dashed lines correspond to two versions of evolution model and for transversity.
Parameterizations 6GRV94 and GRSV95 for q(x) and Aq(x), respectively, are used.
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Drell-Yan studies via NTCA

integrated/weighted asymmetries.
Asymmetry in pD and DD Collisions.

5 \5[sin(¢+¢_‘- )%— w[sin(é—-qﬁg )l
The integrated and additionally q, -weighted asymmetries A, ; Yland A =
. 2 . L(l 2
provide access to the first moments of the Boer-Mulders, h,t(x,k,;) and Sivers, fq,‘T ’(x,k,r)
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Drell-Yan studies via NfCA

integrated/weighted asymmetries.
Asymmetry in pD and DD Collisions.

So far the pp-collisions have been considered. At NICA the pd- and dd-collisions will be
investigated as well. As it is known from COMPASS experiment, the SIDIS asymmetries on
polarized deuterons are consisted with zero. At NICA one can expect that asymmetries

w|isin(¢5'i¢5 )]::—'} \.{sin(ﬁié_\; )l\;li} ) ) . )
T " . Ag 0 also will be consistent with zero (subject of tests).

pD’ pD’
But asymmetries in Dp7 collisions are expected to be non-zero. In the limiting cases x, >> X »

and x; << X these asymmetries (accessible only at NICA )

B quf(ﬁq(xl)h.q(xg)ﬂrﬁ © xg))
Z 2

e; () £, () +(x, © x,))

“{sin[g‘tﬁ—ﬁg !\:—':|
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Conclusions NfCA

- Measurements of DY processes is one of the main topics of SPD

On spin crisis | <= DIRECT PHOTONS (AG)
SIDIS WITH rt° (L, L, PDFs)
N EXCLUSIVE DY (AG)
TMDs | & DY (PDFs)
SIDIS J/ (PDFs)
GPDs EXCLUSIVE J/ (PDFs)

EXCLUSIVE ri° (PDFs)
EXCLUSIVE p, w (PDFs)

SPINPHYSICS |~ __— SIDIS m+, -
ELASTIC, QUASIELASTIC

WITH HIGH Py | <

- Two approaches to extraction PDFs are proposed
- Both complement each other and allows to obtain new important data on

- ; sin(én +05) ,
o Transversity: Ay " >’ o hy @ Hi
i sin(on —o0s)
e Sivers: Agr " « fir ® Dy
. sin(30 ®S) .
o Pretzelosity: A """ %%’ o hyp @ Hy

08(203 )
Boer-Mulders: A[; " o hi- ® Hi

'/ .| 8 204 ) 08 s
Worm-Gears: A7 o« hyy @ Hi; ATp " % o gi+ ® Di
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Drell-Yan studies with SPD. NICA

2 2
® = %, Py = 2?2(1_ fractions of the
€] - i
B o longitudinal momentum of the hadrons A and B carried
by the quark and antiquark which annihilate into virtual
photon
G
B(P)
® s = (p1 + p2)? ~ 2p1ps -the center of mass
_ ‘ - energy squared
/ / QQ:M22x1x28578
— lin 21
y - 2 ln )
Tp =T1 — T2
A/ 2 +474zp
Ty =L = /TeY
A/ 2 +47—z
ToR—= = 5 — \/7_-e_y
A Q2= 2 ® 0 - production angle in the dilepton rest frame — polar
angle of the lepton pair in the dilepton rest frame
e ¢ — azimuthal angle of lepton pair
p . p .

¢ s — azimuthal angle of the hadron polarization mea-

sured with respect to lepton plane
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