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Polarization Effects in Drell—Yan Processes
A. N. Sissakian, O. Yu. Shevchenko, A. P. Nagaitsev, and O. N. Ivanov

Abstract— Effects of polarization of hadrons and constituent quarks in Drell—Yan processes are considered;
they are one of the most efficient tools for investigation of the quark structure of hadrons. Special attention is
paid to such important parton distribution functions as the transversity and 7-odd Sivers and Boer—Mulders
functions whose study is necessary for understanding the effects connected with the nonzero transverse com-
ponent of the quark momentum. An original method for direct extraction of transversity and Boer—Mulders
function in the proton from the data on Drell—Yan processes, in which a maximum of one hadron in the ini-
tial state is transversely polarized, is presented. This method possesses a number of important advantages. The
method is applied both to Drell—Yan processes with a valence antiquark (antiproton—proton and pion—pro-
ton collisions) and with a sea antiquark (proton—proton, proton—deuteron, and deuteron—deuteron colli-
sions). Theoretical estimates of asymmetries and cross sections for setups at RHIC (BNL, US), NICA
(JINR, Russia), COMPASS (CERN, Switzerland), PAX (GSI, Germany), and J-PARC (Japan) are pre-
sented for evaluation of the measurability of transversity and T-odd distributions. These theoretical estimates
are accompanied by calculations of statistical uncertainties for measured asymmetries using the new Monte
Carlo generator of Drell—Yan events. The duality of Drell—Yan processes and those of production of J/\ res-
onance is studied, and it may allow one to considerably reduce statistical uncertainties of parton distributions.

Kinematical conditions, for which this duality can be observed, are evaluated.
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1. INTRODUCTION

From the instant of discovery of the famous spin
crisis in 1987 one of the most intriguing mysteries of
high-energy physics is the problem of understanding
the spin structure of the nucleon. The central compo-
nent of the solution of this problem, which has con-
centrated colossal theoretical and experimental effort
for many years, is determination of polarized parton
distributions in the nucleon. While at present, part of
the parton’s polarized distributions can be assumed
rather well studied, there exist a number of important
distributions which are either unknown yet or are very
poorly studied, especially as it regards distributions
connected with transverse polarization of the hadron
and constituent partons. Finding the optimal experi-
mental and theoretical opportunities for investigation
of these “blank spots” is the objective of this paper.

In the case of zero quark transverse momenta in the
leading twist approximation the quark structure of the
hadron is completely described by three distribution
functions (see, e.g., [1]). These are the unpolarized
parton’s distribution function f;(x) = g(x) describing
the probability of finding the parton (quark or gluon)
in the hadron with the fraction x of the longitudinal
momentum (independently of the parton’s spin orien-
tation); the longitudinally polarized parton’s distribu-
tion function g;(x) = Ag(x) describing the difference in
the density of the number of partons with spin orien-
tation parallel and antiparallel to the spin of the longi-
tudinally polarized parent hadron; finally, the poorly
studied transversely polarized parton’s distribution
function A,(x) = AT(x) similar to the longitudinally
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polarized parton’s distribution function for the trans-
versely polarized parent hadron.

On the other hand, at present of great interest are
also parton distributions due to the possibility of the
existence of a nonzero transverse component kg of the
parton momentum. The most intriguing among such
distributions are two T-odd (odd with respect to time
inversion) kyp-dependent leading twist distribution

functions of the parton: the Sivers function fll 7 (x, sz)

and the Boer—Mulders function /7, (x, k7). While the

Sivers function represents the unpolarized parton dis-
tribution with the given ky in the transversely polarized
hadron, the Boer—Mulders function describes the
transverse polarization of the parton with the given kg
in the unpolarized hadron. The Boer—Mulders func-
tion has not been measured yet, while the Sivers func-
tion [2, 3] and the transversity [4] were (preliminarily
and with large uncertainties) extracted from the data
of collaborations HERMES [5] and COMPASS [6] on
semi-inclusive deep inelastic scattering. At the same
time, the analysis of data on semi-inclusive deep
inelastic scattering suffers from the poor knowledge of
the fragmentation function, especially as it regards the
Collins fragmentation functions necessary for measur-
ing transversity [4]. In this relation the unique tool for
investigation of parton distributions are Drell—Yan
processes, since they provide direct access to a par-
ton’s distribution functions without application of any
fragmentation functions. These processes (see
Fig. 1.1) are characterized by the production of the
lepton (electron or muon) pair in annihilation of a
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quark from one colliding hadron and an antiquark
from the other one. Here, it is appropriate to note that
although the term “Drell—Yan processes” for reac-
tions of this type is widely used in literature (so that we
have to use it as well), it is not quite correct, since first
these processes were considered in [7] by Matveey,
Muradyan, and Tavkhelidze in 1969, and only a year
later in [8] by Drell and Yan.

It should be underlined that along with the men-
tioned above important advantage (absence of frag-
mentation function in expressions for asymmetries
and cross sections) the necessity of investigation of
Drell—Yan processes is dictated by the fact that they
are time-like, opposite to space-like semi-inclusive
deep inelastic scattering. This is especially important
for investigation of Sivers and Boer—Mulders func-
tions: measurements of Drell—Yan processes should
accompany measurements of processes of semi-inclu-
sive deep inelastic scattering in order to verify the
important prediction of quantum chromodynamics
[9] (see also [10] and references therein):

Aok, = 0ok e

(X ko), = =k (x,k

(1.1)

(1.2)

) ’SIDIS’

for the T-odd parton’s distribution functions ﬁT and

hlL. In this regard it should be noted that while the

Sivers function was already extracted from the analysis
of the semi-inclusive deep inelastic scattering (with
poor precision, but at least with a known sign of the

function fllT| ), the corresponding analysis for the

SIDIS

function hﬂs has not been performed yet.

IDIS
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Fig. 1.1. Diagram of MMT-DY process.

asymmetry (cos’d) (providing hll) from the combined

analysis of all existing and planned experiments on
semi-inclusive deep inelastic scattering was evaluated.
Thus, in the case of successful realization of this pro-
gram the investigation of polarized Drell—Yan pro-
cesses would allow one to verify important QCD pre-
diction (1.1) and (1.2) for Sivers and Boer—Mulders
functions.

2. THEORETICAL BASIS FOR INVESTIGATION
OF TRANSVERSE POLARIZATION EFFECTS
IN DRELL—-YAN PROCESSES

The kinematic variables of the Drell—Yan process
(see Fig. 1.1) are given in Table 2.1.
The process

Recently, in [11] the possibility of extracting azimuthal HH,— I'I''X 2.1
Table 2.1. Kinematic variables for description of Drell—Yan process
Quantity Description
P, P, 4 momenta of hadrons
q=0 4 momenta of virtual gamma quanta
0= M2 squared invariant mass of the lepton pair
o

S=(P1+P2)222P1P2

squared energy of colliding hadrons in the center of mass system

2 2 Bjorken variables of colliding hadrons
o Q0
' 2Py 2Pyq
1, X rapidity
y=zln—
2 x,

_— = ,\/%eiy

Feynman variable

relation between x ,, xpand y
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lepton plane

Fig. 2.1. Definition of angles in Collins—Soper reference frame.

with unpolarized hadrons in the initial state is charac-
terized by two angles given in the center of mass system

1
of the lepton pair (Collins—Soper system). These are
the polar 6 and the azimuthal ¢ angles of the lepton
pair shown in Fig. 2.1.

If one of the hadrons (for example, hadron H,) in

the initial state is transversely polarized, i.e., we con-
sider the process

HH) — IFIX, (2.2)

the additional angular variable ¢ determined as the

azimuthal angle of the polarization vector .S, measured
with respect to the lepton plane (see Fig. 2.1) appears.
In the case of Drell—Yan processes,

H H — I'IX, (2.3)

with two polarized hadrons in the initial state, we con-
sider two such angles ¢ and ¢ . Another measurable

quantity, the transverse component of the lepton pair’s
momentum (see Fig. 2.2), is fundamentally important
for the considered effects of the nonzero transverse
component k; of the quark momentum,

qr = kir+Kk; . (2.4)

The probabilistic interpretation of the studied par-
ton distributions was given above. It is reasonable to
briefly consider the operator definition (see survey [1]
for details).

All partons’ distribution functions depending on
the transverse quark momentum k are determined by
the matrix of quark—quark correlations which have the
following form in terms of the light cone’s variables:

-2
CD(ij T) = I dZ;JET
(2m)

x exp” (P, S|y, (0)£(0,2)y,(2)| P.S),

2.5)

I'See survey [1] for details.
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where P and S are the four vectors of the hadron
momentum and spin, respectively, x = k*/P* is the
Bjorken variable on the light cone, i and j are the
Lorentz indices (summing is assumed over color indi-
ces) of quark operators. A special role in (2.5) is played
by the gauge link

k4
P = @exp[—ig J.dQ“AH(C)J, (2.6)
0
which is introduced into the bilocal operator of quark
fields v (0)y(z) for preserving its gauge invariance.
The k;dependent leading twist’s distribution func-
tions

[, (k)81 (%, K 7) g (o, k) 1, Dy (e k), £,k ) ]

[17(x,k7), A (X, k)], hi(x,k7)
are expressed in terms of correlator (2.5) as

1 > 'S’
Sl oG kn] = fi- ok, Q)
H
1, o+ >
SUlY ysb(x, k)] = S,g1(x.k7)
3 (2.8)
+ =gk,
H
il 1
Lelio v (e k) = 7+ S h ek
H
. L (2.9)
v Wikn-sksts
+ S8 —hi+ hyr(x, k7).
My qu

It was already mentioned in the Introduction that at

2
present the first priority task for all planned experi-

2 Lately, the increased activity on investigation of parton’s distri-
bution function called “pretzelosity” can be noted [12]. We also
plan to study this interesting quantity from the point of view of
its experimental observability in near future.

Vol. 41 No. 1 2010
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Fig. 2.2. Definition of vector q.

ments concerning Drell—Yan processes is to find the
transversities 4, and T-odd Boer—Mulders hll and

Sivers f ,lT distributions; the latter will be the subject of
this paper.

It is well known that the investigation of Drell—Yan
processes (2.3), in which both hadrons are transversely
polarized in the initial state, yields the direct access to
the quark and antiquark transversity’s distribution
functions, since they are involved in the expression for
the double-spin asymmetry

>3 > >
4 _ dG(S]L,Szl)—dG(SIL,_SZL)
T — > > > >

dG(Su_,SzJ_)+dG(SU_,—S2J_)

which in leading order QCD has the form (see survey
[1] for details)

(2.10)

| sin’0cos(2¢ — bs, —0s)
L1 2
1+ cos™®

> el .00, g0, 0], + (4 0 D)]
> el £ @), + (a0 DT

However, in spite of the attractiveness of double-
spin asymmetries they possess an important disadvan-
tage which often complicates their practical application.
Namely, for the same number of detected Drell—Yan
events double-spin asymmetries are characterized by
much higher statistical errors (product of beam and
target—beam polarizations in the denominator of the
error expression), as compared with the single-spin
asymmetries. This is especially important for Drell—
Yan processes in pp (as well as pD and DD) collisions
where due to small values of sea transversely polarized
distribution functions of a patron predicted by QCD
evolution (see, e.g., [1]) the expected values of double-
spin asymmetries are also very small. This is of course
important for antiproton—proton collisions in which
the creation of high level polarization of the antipro-
ton beam is at present an extremely complex and
expensive task. Besides, double-spin asymmetries are

Arr= |§1LH§2

Q2.11)

X
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fundamentally impossible for Drell—Yan processes
with the pion in the initial state—it is these processes
that are planned to be studied by the COMPASS col-
laboration in the near future. Thus, the alternative
method for extraction of a transversely polarized par-
ton’s distribution functions that would allow one to
avoid using polarization of both colliding hadrons is
necessary. This method was developed in a number of
papers [13, 14]; there, the combined analysis of unpo-
larized (2.1) and singly polarized (2.2) Drell—Yan pro-
cesses was performed for extraction of transversity. It is
also very important that processes (2.1) and (2.2) pro-
vide T-odd Boer—Mulders and Sivers functions, and
the importance of investigation of these functions was
discussed above.

Let us begin the consideration of processes (2.1)
and (2.2) with results presented in [15] for corre-
sponding differential cross sections obtained in the
framework of the quark—parton model under the
assumption of a nonzero quark’s transverse momen-
tum. We consider the case of purely transverse polar-
ization of hadron H,, so that it is assumed that A, = 0
and |S; =1 (A, =0 and |S,;] = 1 in our notation) in
corresponding formulas (21) and (22) in [15]. Taking
into account only dominant electromagnetic contri-
butions (i.e., neglecting the contributions of Z;, boson)
and neglecting (similar to [15]) the contribution of
higher harmonics containing the 3¢ dependence, we
obtain the following simplified formulas for the cross sec-
tions of unpolarized and singly polarized processes (2.1)
and (2.2),

do"(H H, > II'X) o
dQdx,dx,d’q;

2263{ (1+ 00529)

1204

x F[frgf1,] + sin 0 cos(2¢) (2.12)

n n }—ZJ_ hl
x 9?[(211 kyh-kyp—k g sz)Aﬁj }

1 2010
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and

)] 1 ; 2
do (H/H, > lle) = ¢ ZZe;{(l + COSZG)
ded)Szdxldxzd qr 120°%

x F[figfr,] + sin’0cos(2¢)

h h
[(211 Kyh - Ky kg Kyp) 8 }

M\ M, (2.13)
f
+ (1 + cos 6)sm((|) bs)F { M }
. 2n . " /_11Lh1
—sin 6s1r1(¢+¢52)97’{h . le;/[—I”} }

Here, h =q/|q4, hy,(x, sz) isthe k;~dependent trans-

versity distribution, while /1 7 (X, kT) and f 7 (x, sz)
are the k,~dependent T—odd (naive) Boer—Mulders
and Sivers functions, respectively. The convolution
products of k;~dependent distributions included in
(2.12) and (2.13) are determined as [15]

g"[]_cqﬁ;] = J.dzkmdzszSz(le"' kyr—qz)

X [, (01K (02 ko ) + (145 2)].

(2.14)

2.1. Unpolarized Drell—Yan Processes

Let us first consider Drell—Yan processes (2.12)
with unpolarized hadrons in the initial state. It can be
easily seen that formula (2.12) is very inconvenient for
application due to complex g, and k; dependences
included in (2.12) via convolutions (2.14). Thus, it
seems that dealing with (2.12) one cannot avoid using
(poorly justified) model assumptions on the depen-
dence of the parton’s distribution function on the
quark’s transverse momentum k similar to the model
proposed in [15],

oy MCMH

0erflq( )

¢ (2.15)

hi,(xk7) =

2
T+C

where M. =2.3GeV, ¢!, =1, a,=1GeV!, and My
is the mass of hadron H. In [15, 16] this model is used

to calculate the coefficient k¥ = v/2 for the cos2¢-
dependent part of the ratio

ds”/dQ

R ,
)

(2.16)

PHYSICS OF PARTICLES AND NUCLEI

which allows one to cxplain3 the anomalously strong
cos2¢-dependence [17, 18] of the cross section of pro-
cess (2.1). However, in [15] it was underlined that
(2.15) was just a crude model that should be treated
cautiously. Model (2.15) cannot help to solve the main

task, to extract the Boer—Mulders function hll from
the data on unpolarized Drell—Yan processes.

In order to avoid these problems the procedure of
integration/weighting with respect to the transverse
momentum of the lepton pair q; similar to the corre-
sponding weighting procedures applied in [2, 19—22]
with respect to other processes and studied quantities
was applied in [13]. In order to use the advantages of
this procedure, in [13] it was proposed to extract from
unpolarized Drell-Yan processes the specially
weighted and integrated with respect to q, ratio of
cross sections of the form (compare with (2.16))

- [darllad’/M M) [ds"/d0)

jd2qrc5 = . Q17)

parameterized as

~

R = %(y(l + cos26) + I%code)sinQG), (2.18)
T

4
which should be compared with the parameterization
(see [15, 17])

R= —-3——(1 +Lcos 0 + psin26cosd
167 (2.19)

+(v/2)cos2sin®) (v=2x,L=1, u=0).

Using (2.12) we obtain for the coefficient l; of the

cos2¢-dependent part of IA’Q the following expression:

k = jdqu[|qT|2/Ml Mz]zej

highy
<F| b kish- ki ko) ”M} (2.20)

l 2
«([PayeF ),

3 Note that large values of v cannot be explained by perturbative
corrections in the leading and next to leading orders of QCD
expansion, as well as the effect of higher twist corrections (see
[15] and references therein.

4 It was assumed [15] upon obtaining (2.19) that A = land p =0
in the most general parameterization for R (relation (5) in [15]),
which is justified both by calculations in next to leading order QCD
(see references in [15]) and by experimental data (see [17, 18]).

Vol. 41 No. 1 2010
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and due to the appropriately chosen weighting func-
tion |q;?/M,M, the integration with respect to qr

5 ~
results in the following simple formula for &:
. el ) "(x0) + (g © D)

k =8 :
quq(flq(xl)flq(x2) +(gq))

2.21)

where the following standard notation [20—22] is
used:

"0 = [d kT[ ]f( k7) (222)

for the n—th moments of the k,~dependent parton’s

distribution function f(x, k2T) in the hadron with
the mass M. 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

function hll. This factorization allows one to extract
the model-free (without any model assumptions on

k; dependence) quantities h]l from the quantity lAc

which should be measured in unpolarized Drell—
Yan processes (2.1). This, as it will be shown below,
in turn, allows one to extract the transversity 4, from
the appropriately introduced in [13] weighted with
respect to angular variables and transverse momen-
tum of the lepton pair’s single-spin asymmetries
measured in singly polarized Drell—Yan processes
(2.2). It is very important that this extraction of
transversity is model-free: no stage of the proposed
procedure uses any model assumptions concerning
the dependence on the quark transverse momen-
tum.

2.2. Single Polarized Drell—Yan Processes

Let us consider single polarized Drell—Yan pro-
cesses (2.2) and determine the following single-spin
asymmetries for them,

Awp = J-ded)szSin(d) T ¢S2)[dG(SZT) —do(=S,7)]
(2.23)

X (J'de%z[dG(Szr) +do(-S,7)])
where the cross section of the process is determined by

formula (2.13). It can be easily seen that in the differ-
ence of the cross sections do(S,;) — do(—S,7) only

-1

5 Here, the following normalization condition is used:
2 2
[k (x K7) =f14(), see, ez, [1]).
PHYSICS OF PARTICLES AND NUCLEI Vol. 41 No.
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terms containing sin(¢ — ¢, ) and sin(¢ + ¢ ) survive
(and are multiplied by a factor of 2). Moreover, the
properly6 chosenweights sin(¢ + ¢, ) and sin(¢p — ¢ )
allow one to separate the contributions containing the

Boer—Mulders hll and Sivers f ILT functions; therefore,
finally we obtain

ok -
ol

A, = —- ! , (2.24)
HEDICAUN
and
o[ ]
4, =1 (2.25)
2 zqeqae[ﬁqflq]

Asymmetries similar to A, and their application to
extraction of the Sivers function
frr(xkp) ==(M/2kDA] (xkp)  (2.26)
from experimental data on processes (2.2) were con-
sidered in detail in [2, 3, 23, 24], and asymmetries of
the type A, which provide access to transversities and
Boer—Mulders functions were studied in [13, 14, 25].

Let us begin further consideration with the
asymmetry A, determined by formulas (2.23) and
(2.24). It can be easily seen that this asymmetry is
inconvenient for application due to complex ¢, and
k dependences included in (2.24) via convolution
(see definition (2.14)); therefore, considering this
asymmetry we cannot avoid some model assump-
tions on the dependence of the parton’s distribution
function on the quark’s transverse momentum.
Thus, it is reasonable to apply the procedure of g,
integration/weighting again [2, 19—22] (see also its
application to processes of semi-inclusive deep
inelastic scattering in [5]) and consider the follow-
ing asymmetry [13] instead of (2.23):

% A similar procedure of weighting with respect to angular vari-
ables was earlier applied to the analysis of semi-inclusive trans-
versely polarized deep inelastic scattering by the HERMES
collaboration [5].

1 2010
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Ay

_ [ddps, [dar|ail/My)sin(0 + s)[do(S27) - do(=S21)]

: (2.27)

[dQdps, [d*a;ldo(S,1) + do(=S,7)]

for which, taking into account (2.13) and (2.22), we
have

12 ellia g, + (0 0 9))

23 )i, + (a0 D)

Thus, it can be seen that the numerator of the g~

A=

. (2.28)

weighted asymmetry A, is factorized into the simple
algebraic product of the quantities ;lli(l) and #,. This

provides the remarkable possibility of extracting the

sn(o-00 [dQdps, [d'arl|ail/My)sin(d ~ d5)[do(S1) - do(=S, )]

transversity from the measured single-spin asymmetry
Ay without any model assumptions using the value of

the first moment }_zli(l) of the Boer—Mulders function

which was found from the g,~weighted quantity lAc (see
(2.17)—(2.21)) measured in unpolarized Drell—Yan
processes.

Note that the asymmetry 1:1;1 is similar to the single-
spin weighted (with the angular weight sin(¢p — ¢) and
the same weight g,/ M) asymmetry

AUT

proposed in [2] (see formulas (14), (15) in [2]) for
investigation of Sivers effect in single-spin processes
(2.2). For this asymmetry we again observe the factor-

T , (2.29)
2
5 [dQdbs, [darldo(S,1) + do (=S, )]
sin(9-092
uT V=24,
(2.32)

ization of the contributions (compare with (2.25))

sin(9 - 5) 72
ur
zzq U e )i ) + (g o] (230
> el i, + (g )] ’
where
2
Ao = jdzk{zj“} Jff?(x,kzr) 231)
HZ

is the first moment of the Sivers function.

Note that a factor of 1/2 in the denominator (2.29)
(see also (7) in [26]) was introduced in [2] (Where the
Sivers effect was studied in Drell—Yan processes and pro-
cesses of semi-inclusive deep inelastic scattering) for
matching with corresponding semi-inclusive asymme-
tries studied by the HERMES collaboration (see [3] and
references therein). Since in this paper we also study sin-
gle-spin asymmetries determined by formulas (2.29) and
(2.30), it is reasonable to pass over to one scale for conve-
nience of comparison (see, e.g., the next section) and

7 ~
redetermine the single-spin asymmetry A; as

70f course, from the practical point of view this redetermination
is not very useful, upon multiplication of the asymmetry by a
number the statistical error is multiplied by the same number.
However, it is often convenient to study both single-spin asym-
metries in the same scale in order to estimate and compare their
measurability for the same statistics of Drell—Yan events.

PHYSICS OF PARTICLES AND NUCLEI

zqez[%fé%xﬁ,)hlq(xﬂp +(go )]

> il 1 )fiolx,) + (0 9)] '

3. DRELL—-YAN PROCESSES WITH A VALENCE
ANTIQUARK IN THE INITIAL STATE

3. 1. Antiproton— Proton Collisions

Among many possible Drell—Yan processes, pro-
cesses with valence antiquark in the initial state have
the obvious advantage, namely large cross sections, as
compared with Drell—Yan processes with annihilating
sea antiquark. In turn, Drell—Yan processes in anti-
proton—proton collisions, such as

pp—>ITX, 3.1
B > ITX, (3.2)
i SITX, (3.3)

occupy a special place among such dominating reac-
tions.

These processes have an important additional
advantage since for them the charge conjugation’s
symmetry can be applied, and this symmetry results in
the remarkable reduction of the number of unknown
distributions involved in the measured cross sections
and asymmetries of processes (3.1)—(3.3). Indeed,
due to the charge conjugation, the antiquark’s distri-
bution function in the antiproton is equal to the corre-
sponding quark’s distribution function in the proton.

Vol. 41 No. 1 2010
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Thus, formulas (2.21) and (2.28) for processes (3.1)
and (3.2) take the form

|
pp

2 oty i, ) + g "(0)ing ()] G4)
> elfia(fio(e) +iabefir)]
and
1:1/' ‘ﬁpT SITX

L, 7L

3.5
L2, Gl ok (o) + g () )
2 Y i)+ i)

where all distributions are related to the proton.

Neglecting pairwise products of distribution func-
tions of light sea and strange quarks in the proton, we
obtain

/;(xlsx2)’ﬁp¢ Frx
3.6
_ O m ) 4 s
41 ()1 (%) + Fra(x)f1a(X2) '
instead of (3.4), and
Ah(-xls-x2)|7¢ Frx
(3.7)

14 Geh () + g () ()
2 A1, (x)f14(0) + fra(x)f1a(x7) '

instead of (3.5). Taking into account a charge factor of
1/4 of suppression of the contribution of d quarks and

8
the dominance of the u# quark at large values of x, we
finally get rid of the unnecessary variables and obtain
good approximations to formulas (3.4) and (3.5) of the
form

m e ()

/Ac ’ ~ gl , 3.8

(x, xz)‘ﬁf%f”’ Jru(x)f1.(x2) G9)

An(x1,%,) U, ), D) (3.9)
e T T G

which include only two (according to the number of
equatlons determined by the two measured quantltles

k and Ah) sought distribution functions hl and h,,,.

It can be easily seen that the set of equations (3.8) and
(3.9) is simple and convenient for application. Mea-

suring k£ in unpolarized Drell—Yan processes (sce

(2.17), (2.18)) and using (3.8) we can obtain hl(l).

Then, measuring single-spin asymmetry (2.27) (or,
which is the same, (2.32)) and substituting into (3.9)

8 Large values of x is the characteristic feature of experiments in
pp collisions planned at GSI, see [52].
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the known quantity hllu( b,
h,, can be finally found.

It should be underlined once more that the pro-
posed method of transversity extraction allows one to
avoid any model assumptions on k;-dependence of

the transversity distribution

the Boer—Mulders function hlL.

Obviously, the analysis of lnc and ;lh for extraction
of hm) and hll is considerably simplified if Egs. (3.8) and

9
(3.9) are considered for similar (i.e., x;=x, —x, =0) val-
ues of Bjorken variables for both colliding hadrons H,

and H,: x; =x,=x (i.e., xp=x; — x, = 0); therefore, we
obtain
) = i, (K, (3.10)
and
h(x) = 44X ) (3.11)

k(x,x)
It is very important that the value of the Feynman vari-
able xynear zero resulting in such a remarkable simpli-

fication of extraction of hlm) and A, corresponds to
the maximal statistics of Drell—Yan events.
In order to estimate the possibility of measurement

of hl“) and A,, in processes (3.1) and (3.2) the special

Monte Carlo simulation of Drell—Yan processes for
kinematic conditions of PAX [52] was performed in
[13]. Proton—antiproton collisions were simulated
using a PYTHIA event generator [27]. Two sets of sim-
ulated data were prepared: for the collider mode
(15 GeV antiproton beam colliding with a 3.5 GeV
proton beam) and for the fixed target mode (22 GeV
antiproton beam colliding with an internal hydrogen
target). Each of the samples contains 100000 “pure”
Drell—Yan events. Note that this corresponds to statistics
which is planned to be achieved by the collaboration
PAX. Indeed, (see [52]), the 100000 samples for the col-
lider mode correspond to approximately 1 year of data
taking for a planned luminosity of 2 x 10 cm=2s7!,
while for the fixed target mode this statistic corre-
sponds to approximately 3 months of data taking for a
planned luminosity of the order of 103! cm=2 s~
Unfortunately, the PYTHIA generator used by us
does not reproduce the nontrivial g, and x depen-
dences of vinvolved in (2.19) that were experimentally
established. Thus, in order to present reliable esti-
mates of the possibility of measurement of the parton’s

distribution functions htfl) and A, it is necessary to
include these important dependences into the simula-

? Different points x = X = x corresponding to xp = O2can be
reached in experiment if O varies for fixed value of s = O“/xx, =

/1= 0%x
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Fig. 3.1. Reconstructed dependences of the quantities pL and v
on g (points with error bars) from generated and weighted
events in comparison with reference (corresponding to exper-
imental data) dependences (solid lines) used in the weighting
procedure.

tion in such a way that they give the best fit to the exist-
ing experimental data. The widely used Monte Carlo
method of weighting generated events was used in [13]
for this purpose. In this case the weight w = R is
assigned to each generated event where R is given by
relation (2.19) in which, according to experimental
data [17, 18], A = 1, p = 0, while v nontrivially
depends on g, and x. The g, dependence of the quan-
tity v is taken from [15, 16] (see (49) in [15] and (21)
in [16]) and this dependence duly describes the exist-
ing experimental data [17, 18]. However, in [15, 16]
(where the simplified Boer model [15] is used for

hlm) ) the x dependence of v (which is very important

and consistent with experimental data [17, 18]) is
absent; therefore, this dependence is taken from [17].

In order to test the correctness of analysis of angu-
lar distributions for weighted Drell—Yan events we
reconstruct g, and x; dependences of v and compare
them with the corresponding template ones used in
the weighting procedure obtained directly from exper-
imental data. The results are shown in Figs. 3.1 and

3.2. Good agreementlo between the reference values
of p and v used in the weighting procedure and those
reconstructed from the generated and weighted events
can be seen from these figures.

Thus, it was proven that if the above weighting pro-
cedure is applied the results of simulation well repro-
duce the experimentally established nontrivial angular
dependence of the ratio of cross sections R with g~
and x- dependent coefficient v in the cos2¢ depen-
dence. The successful testing allows one to apply this
procedure for simulation of g, weighted ratio of the

Cross sections ii (see (2.17)). The corresponding results

19T he used zero value of 1 is reproduced as the additional verifi-
cation of correctness of the applied simulation procedure.
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Fig. 3.2. Reconstructed dependences of the quantities 1 and v
on x; (points with error bars) from generated and weighted

events in comparison with reference (corresponding to exper-
imental data) dependences (solid lines) used in the weighting
procedure.

are shown in Fig. 3.3. For the averaged values of Q? the

values of k£ turn out to be equal to 1.2 + 0.2 for the col-
lider mode and 1.0 £ 0.2 for the fixed target mode,
respectively.

The quantity hf,fl) is reconstructed from the

obtained values oflAc using (3.10) forx;=010.04. The
results are shown in Fig. 3.4. The obtained values of
htfl) agree (by order of magnitude) with the corre-
sponding values obtained using the Boer model (2.15)

for the Boer—Mulders function hllu (x, ky). Indeed, for

example, for the collider mode (szmge =9 GeV, and

X, =X, = 0.2 at the point x= 0) the results obtained from

the simulation and from model (2.15) are hll,fl)

hf,fl) = (.5, respectively.

=1 and

Then, using the obtained values of hlltfl) we esti-
mate the expected value of the single-spin asymmetry
determined by formula (3.9). The results are shown in
Figs. 3.5 and 3.6. For estimation of the transversity 4,
involved in the asymmetry together with hll,fl) (see
(3.9)) we follow the procedure used in [28] and apply
the “evolution model,” in which any estimates of
uncertainties are absent. That is why Figs. 5 and 6
show solid curves instead of points with error bars. In
order to obtain these curves we reproduce the
x-dependence of htﬁl) in the considered region using
Boer model (2.15), appropriately numerically cor-
rected according to the above simulation’s results.

Evaluation of the upper boundaries of the values of

h; and hll(” , and then k and Ay is very useful for a
good verification of the reliability of performed esti-

Vol. 41 No. 1 2010
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Fig. 3.3. k asa function of x1 for xz = 0. Points are obtained

in the Monte Carlo simulation for (dark points) collider and
(open points) fixed target modes. For better perception (in
order to avoid overlapping) points for the collider and fixed
target modes are shifted along x by 0.01 to the left and right,
respectively.
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Fig. 3.5. PAX kinematics for collider mode. Single-spin asym-
metry (3.9) as a function of x for three values of O~: (lower
curve) 50, (intermediate curve) 25, and (upper curve) 9 GeV2,

mates. Estimating hf,fl) and 4,,, we use formulas (3.8)

and (3.9) at the points x; = x, = »/ Q2/s; therefore, the

upper boundaries for £ and A, are estimated at the
points x = 0 corresponding to the average value of Q?
both for the collider and fixed target modes.

(1)

The maximal admissible value of #; can be

found similar to that done for the first moment f ll(Tl)q

of the Sivers function in [2]. To this end we first apply
the inequality

(ko|/M)hy (x,k7) <f,(x.k7),
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Fig. 3.4. i "
obtained in Monte Carlo simulation for (dark points) collider
and (open points) fixed target modes. For better perception (in
order to avoid overlapping) points for the collider and fixed
target modes are shifted along x by 0.01 to the left and right,
respectively.
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Fig. 3.6. PAX kinematics for fixed target mode. Single-spin
asymmetry (3.9) as a function of x for three values of Q2:
(lower curve) 16, (intermediate curve) 9, and (upper curve)
4 GeV>.

which is directly obtained if constraint (16) in [29] is
released (by eliminating the unknown distribution in
this constraint). Then, using the estimate (see [2] and
references therein)

(kp = 0.8 GeV
the upper boundary for hlltfl) can be easily obtained,

niY < 0.4f,,(x). (3.12)

At the same time, the maximal admissible value of
h,, can be found using Soffer inequality [30],

i) < (Fru+81)/2. (3.13)
For PAX kinematics
§= 43 GCVZ, inerage = 5 Gev29
1 2010
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for the fixed target mode, and

§=215GeV2, Q) rpe = 9 GeV2,
for the collider mode. Thus, at the considered point
xr= 0 we have
X, =x,=0.3,
for the fixed target mode and
X, =x,=0.2,
for the collider mode. Then, constraints (3.12) and

11
(3.13) yield

hlu(max) =15 (flu = ]99 8= 10), (314)
and
hllli(]rilax) = 08; (315)
for the fixed target mode, and
hlu(max) =23 (flu = 31’ 8iu= 15), (316)
and
isinayy = 1.2, (3.17)

for the collider mode. Using obtained estimates
(3.14)—(3.17) of the quantities /(e and Ay (e in

formulas (3.8) and (3.9), the maximal admissible val-
ues of k and A, can be easily obtained,

Komasy = 1.4 (3.18)
and
Apman| = 0.17, (3.19)
for the fixed target mode, and
Komasy = 1.2, (3.20)
and
Animax)| = 0.14, (3.21)

for the collider mode.
Thus, it can be seen that the obtained estimates for the

upper boundaries of hll,f ! ), IAc, and 1:1;1 are in good agree-
ment with the results shown in Figs. 3.3, 3.5, and 3.6.
The estimates shown in Figs. 3.3 and 3.4 allow one
to make the conclusion that for the kinematic condi-
tions of Drell—Yan PAX experiments planned at the

LM
lu

GSI accelerator complex the quantities IAc and A

are presumably measurable in most part of the x inter-
val. At the same time, it can be seen from Figs. 3.5 and

3.6 that for both modes the single-spin asymmetry A,
is approximately estimated as 3—5%. It was argued in
[52] (see Section Single-Spin Asymmetries and Sivers
sin(9 - 5) 7
Functions) that the single-spin asymmetry A,
studied in [2] (see (2.29), (2.30)) of the order of 5—
10% definitely can be measured by the collaboration

"The parameterization GRSV2000LO [31] for g, and the
parameterization GRV98LO [32] for £}, are used for these esti-
mates.

PHYSICS OF PARTICLES AND NUCLEI

PAX. At the same time, the asymmetry A4, weighted

with sin(¢ + ¢5) and the same weight g;/M is similar to
sin(p - 45)37

Ayr , except for a trivial factor of 1/2. Thus, it is

. qr
sin(¢ - ) —
obvious that if the asymmetry 4, M of the order

of 5—10% is measurable, the similar asymmetry

sin(9 - ¢5) 77

Ayr 52;1;, (see (2.32)) of order of 6—10% is also

measurable, and therefore, the asymmetry A, is mea-
surable as well.

3.2. Pion— Proton Collisions

Among Drell—Yan processes with a valence anti-
quark in the initial state the processes involving pions
have an advantage. In particular, it is much easier to
obtain a high intensity pion beam, as compared with
an antiproton or kaon beam. Drell—Yan experiments
with the pion beam, two (proton and deuteron) polar-
ized targets, and registration of the muon pair are
planned by the collaboration COMPASS [35] in the
near future.

Transversity and Boer— Mulders’ Distribution Functions

Let us first consider Drell—Yan processes with the
negatively charged pion and unpolarized proton in the
initial state,

3.22)

The general procedure [13] considered in Sections 2.1
and 2.2, as applied [25] to process (3.22), yields

Tp—o>u X

n

k

npopnXx

+L(1) _
Y el (x| g ()], + (g D] (3.23)
— 8 9 T

Y el fulw)],+ (g )]

where k is the coefficient in the cos2¢-dependent part
of the appropriately integrated over g, ratio of the
unpolarized cross sections,

o _ [Fallad’/ MM, do™/d0)

J.dzqrcs(o) , (3.24)
R = %(y(l + cosze) + lAccos2(|)sin29). (3.25)
o
At the same time, in the case of the process
o ST o (3.26)

with the transversely polarized proton we have
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(see (2.27) and (2.28))

where the single-spin asymmetry A, is determined as

POLARIZATION EFFECTS IN DRELL—-YAN PROCESSES 75
. exlny (XA ,(x,) + (g <> )]
4 :—12 o R , (3.27)
23 elfufifx5) + (& )]
_ [e0des, jqu(|qA/M)sm(¢ 45)[d(S:) - do(-S:1)]
(3.28)

jdczd% jd 4;[do(S,7) + do(=S,7)]

Neglecting the quadratic contributions of the par-
ton’s distribution functions of strange quarks, qua-
dratic contributions of the parton’s distribution func-
tion of the sea’s u quark,

I @] B ()] 06| ()

flu(xrr) ‘n,flu(xp)

and the cross terms containing the pairwise products
of the parton’s distribution functions of sea and
valence d quarks (additionally suppressed by a charge
factor of 1/4) we obtain the following simplified equa-
tions for finding the unknown parton’s distribution
functions from the data

7L(1)

—1(1)

hlu x| ()],

flu('xn) |n,.flu(xp)

| ) i),
p | B p 3.
h(xn xl’)‘n—f 2 flu(xn)‘ _flu(xp)’ T (
n P

It can be easily seen that while two equations (3.8)
and (3.9) corresponding to the unpolarized and singly
polarized Drell—Yan processes involving antiproton—
proton collisions are completely sufficient for finding
the transversity and the first moment of the Boer—
Mulders function in the proton, two equations (3.29)
and (3.30) contain three unknown quantities

hlﬁf”(xn)‘ Loy (x,)],» and Ay, (x,)| .. It immedi-
n p

(3.29)

;{(x”’x”)’n*p ~

30)

hlu
ately follows from Egs. (3.29) and (3.30) that

J_(l) i
)| l k(xmxp)‘nfp

- (3.31)
16Ah(-xn5xp)‘ 1
np

lu(xp)‘ 1
P

Thus, using the pion beam interacting with the unpo-
larized and transversely polarized proton’s target, the
ratio of the parton’s distribution functions hﬁfl) and

h,, in the proton can be directly found. However, of
course it is desirable to be able to extract the quantities
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L(l) )| and hlu‘ , separately. The simplest way of

solving this problem is to use the value of 4,

extracted from k measured in other Drell—Yan pro-
cesses (for example, in process (3.1) involving antipro-
ton—proton collisions) in Egs. (3.29) and (3.30).
However, if one is going to extract all quantities using
the pion beam (first of all, it concerns the COMPASS
experiment) the additional assumptions connecting the
parton’s distribution functions in the pion and proton
should be used. Taking into account the probabilistic

interpretation of the hll,, and f}, (see Section 1) it is nat-

ural to assume that the following relation is satisfied:
7LD

Fu ()| - fu)]
o =C . (3.32)
()] Jiu(¥)],

Note that the assumption given by relation (3.32)
agrees with (but this constraint is much less stringent)
the Boer model (2.15), in which

u
M,c,
—=.
M,[cp

It will be seen below that the value of C, should be
close to unity,

C

u =

(3.33)

in the proton

C, =1,
in order to match the results for hlltfl)

obtained from the simulation of k| _ and the corre-

np

sponding results obtained from the simulation of k|ﬁp

(see the previous section), as well as the upper bound-
ary (see previous section) for this quantity. Thus,
Egs. (3.29) and (3.30) are rewritten in the form (com-
pare with Egs. (3.8) and (3.9) in the previous section)

iy ()| v (6 p>|

; ’ _ 3.34
(X xp)\n,p S| i) o
L(1) 1M
A Vi Gl iG5|,
p _ 3.3
h(x“’xp)’npr 2 flu(xn)|pf1”(xp)|1’ o
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0.2 0.3 0.4 0.5 «x

Fig. 3.7. k asa function of x,, for xp= 0. Data are obtained in

Monte Carlo simulation for (dark points) 60 and (open points)
100 GeV pion beams.

The following conclusion can be made from (3.34)
and (3.35): now the number of equations is exactly
equal to the number of sought distributions. Measur-

ing k£ in an unpolarized Drell—Yan process (3.22) (see
(3.24), (3.25)) and using (3.34) we can find hl“)\

Then, measuring single-spin asymmetry (3.28) in pro-
cess (3.26) and using in (3.35) the value of hlllfl)‘p

obtained from the unpolarized Drell—Yan process, the
transversity distribution 4, |p can be ultimately found.

In practice it is more convenient to consider

12
Egs. (3.34) and (3.35) at the points
Xp= X, — X, =0), so that

(1) k(x, x)| B
) = f1(0) [—

A;, (x,x |
L flu(x)
/k(x,x)|n7p

X, =x,=x (i.e.,

(3.36)

and

hy(x) = —442 (3.37)

where all the partons’ distribution functions are

related to the proton.
In order to evaluate the possibility of measuring

htfl), special simulation [25] of unpolarized Drell—Yan

events for COMPASS kinematics was performed.
Pion—proton collisions were simulated using the
PYTHIA generator [27]. Two sets of simulated data
corresponding to the pion’s beam energies of 60 and
100 GeV, respectively, were prepared. Each set con-
tains about 100000 pure Drell—Yan events. Events are
weighted (see the previous section) with the ratio of

2Different points xp= 0 are reached by varying the value on2 for
the fixed value of s = Q /XXy = Q /T.
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Fig.3.8. 1}, =) asa function ofx, forxp=0. Data are obtained

in Monte Carlo simulation for (dark points) 60 and (open
points) 100 GeV pion beams.

Drell—Yan cross sections R determined by the formula
(see [15, 17])

©
©
(o)
R = %(1 + 05’0 + (v/2)cos 2¢sin"0) (3.39)

(v=2x),

where the dependences of v on gy and x, are taken
from [17, 18].

The angular distributions characterizing the

gr-weighted ratio of cross sections R (see (3.24) and
(3.25)) for both sets of simulated data are studied in
the same way as it was done in [17] for the ratio R (see
(3.38) and (3.39)). The results are shown in Fig. 3.7.

The value of k for the average O, corresponding to the

pion’s beam energies of 60 and 100 GeV turns out to
be equal to 0.7 £ 0.1 and 0.9 = 0.1, respectively.

The value of htfl) is reconstructed from the found

values oflAc using (3.36) for xy = 0 + 0.04. The results
are shown in Fig. 3.8.

it was
T p

assumed that C, = 1. Note that it is this value of C,

We recall that for obtaining hl( ) from k

together with the results for hf,fl) obtained in the pre-

vious section from the simulated k’- (compare

Figs. 3.8 and 3.4) and the upper boundary for 4, Hn

estimated in the previous section. In the opposite case,

if the value of C, considerably differs from unity, the
values of hlltfl) presented here should be multiplied by

1/ A/@, which immediately results in the mismatch of

Vol. 41 No. 1 2010



POLARIZATION EFFECTS IN DRELL—-YAN PROCESSES 77

sin(¢ + o) g7
AUT M_N
0

—0.02
—0.04
—0.06
—0.08
—0.10
—0.12
—0.14

_0. ] 6 I 1 1 1 1 1 1 1 1
0 01 02 03 04 05 06 07 038
XF

Fig. 3.9. Single-spin asymmetry (3.35) as a function of x for

100 GeV pion beam (Q2 =6.2 GeVz).

the results for hf,fl) obtained from the simulated k| _
T p
and k| .
pp

It can be seen from Fig. 3.8 that for statistics of
100000 pure Drell—Yan events in the case of 60 GeV
two points out of four are presumably observed within
errors. At the same time, for a pion’s beam energy of
100 GeV all four points become visible.

Of course, all conclusions made based on the
Monte Carlo simulation should be considered as the
preliminary ones. The final conclusion on the value of
C, can be made only based on future measurements of

k in Drell—Yan processes both with the pion and the
antiproton in the initial state.

Using the obtained values of htfl) we estimate

the single-spin asymmetry determined by relations
(2.32) and (3.35). The results are shown in Figs. 3.9
and 3.10. For estimating the transversity #,,
involved into asymmetry (2.32), (3.35) together

with the first moment hll,fl) of the Boer—Mulders

function we follow the procedure proposed in [28]
and use the “evolution model” [1, 28], in which any
estimates of uncertainties are absent. That is why
Figs. 3.9 and 3.10 show solid lines instead of points
with error bars. In order to obtain these curves we

sin(9— b5) 2
N

AUT

O] S0 +falxs)

Sin(p + 09q7
A ur MN
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Fig. 3.10. Single-spin asymmetry (3.35) as a function of xfor
60 GeV pion beam (Q? = 5.5 GeV?).

reproduced the x-dependence of hlﬁf Y in the con-
sidered region using Boer model (2.15) appropri-
ately numerically corrected according to the results
of simulation. It can be seen from Figs. 3.9 and 3.10
sin(9— ) 1

that the asymmetry A, ¥ reaches a value of
about 15% in the region of maximal statistics of
Drell—Yan events x, = 0.

It will be seen below (see Section 5) that this is suf-
sin(9 - 0) 3
ficient for observation of the asymmetry A, N

even for relatively low statistics corresponding to
50000 Drell—Yan events.

Sivers Function

In the case of processes (3.26) with a negatively
charged pion and transversely polarized proton in the
initial state’s general expression (2.30) for the single-

sin(— ) 1

spin asymmetry, A, " , takes the form
np

Hd -
)|+ oD

(3.40)

B

where negligible quadratic contributions of the s quark
were omitted. Proceeding similarly to the case of the

Sin( - )L

i -
asymmetry Ay Y , = 24, considered above

np
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mp 4flu(xrc) ‘n,flu(xp)LT +f1d(xn)‘n,fld(xp)‘p¢ + (q 54 a)

(see the procedure of obtaining (3.30)) we obtain a
good approximation to (3.40) of the form

2f1u(xn)\n,f1l(Tl)"(xp)\p¢
T fu)| )|

sin(9 - ¢5) 72

Ayr (3.41)
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Fig. 3.11. Estimated asymmetries A7 and Ayr - for COMPASS kinematic conditions: 160 GeV (left panel)

n pt T p

7~ and (right panel) =+ beams in the region 4 < Q < 9 GeV (the corresponding average invariant mass of the lepton pair is estimated as
(M) = 5 GeV). Solid, dashed, and dash—dotted lines correspond to fits I, II, and I1I (see (3.42), (3.43), (3.44)) for the Sivers function,

respectively.

It can be seen that now just one unknown distribution

L(Du

function f; (xp)‘ . unambiguously determined
P

sin(9 - ¢5) 72

from the measured asymmetry A4, is con-

1

np
sidered. It is important to underline that, as it will be
demonstrated below, such an effective reduction of
unnecessary variables is possible only for the m~ beam,
while for the t* beam it is impossible to neglect most
contributions into the asymmetry without risking con-
siderably distorting the results.

. qr
sin(¢ - s)—
Estimates for the asymmetry 4,

_, forthe
np
COMPASS kinematic conditions were presented in
[2, 3]. Here, we repeat once more these estimates
using the kinematic parameters determined more pre-
cisely (see [35]) for experiments on Drell—Yan pro-
cesses planned at COMPASS. For this purpose three
different fitting functions for the Sivers distributions
are used in (3.40): fits I and II from [2] and the last fit
from [3] denoted as fit II1. These three fits are deter-
mined by the following parameterizations:

X = xf i = 0.4x(1-x), (3.42)
i = = 01X (1-x)°, (3.43)
xfi = D = (0.17..0.18)x" (1 - x)’. (3.44)
The results of calculation of AZHTM)?%)% - are shown

in Fig. 3.11 (left panel); it can be seen from this figure
that in the kinematic region available for COMPASS
(the “forward” spectrometer geometry)

(3.45)

Xp = xn—xp¢>0,

PHYSICS OF PARTICLES AND NUCLEI

this asymmetry assumes values of the order of 5—10%.
It will be shown below (see Section 5) that these asym-
metry values are sufficient for providing its measur-
ability for COMPASS.

Beams of Negatively and Positively Charged Pions.
Proton and Deuteron Targets

In the framework of the program of investigation of
Drell—Yan processes, the collaboration COMPASS,
first of all, plans to perform corresponding experi-
ments with the 7~p beam and the proton target [35]. At
the same time, for solving the problem of separation of
quark flavors (finding the parton’s distribution func-
tions for separate flavors) it is planned to use the n*p
beam [35] along with the T—p beam. However, it will be
shown below that the availability of the t*p beam does
not help us to solve the flavor’s separation problem,
while this problem is completely solved only with the
n—p beam if the deuteron target is used along with the
proton target.

Upon finding the relation of (any) parton’s distri-
bution functions £, in = (quark composition #d) and

n* (quark composition ud ), both the SU;(2) symme-
try and the charge’s conjugation symmetry C can be
used simultaneously. As a result, we have

C SU;vQ}: c
. T d\ - = Fz;‘ >
n T at

=k,

T

F.

u

(3.46)

for valence distributions, while all sea distributions in
- and t* are also equal to each other.

Taking into account (3.46) and neglecting pairwise
products of a parton’s distribution functions of the s

quark in the pion and the proton, formula (3.23) for /Ac
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takes the form
7L L(1) L (1) —
~ 4h1u n)‘ hl ( p)| +hl ( n)‘ (xp)‘p"-(q(_)Q)
kKl ., =8 - (3.47)
et Yiu(x)| S|, +F1u5)| fia)], + (40> @)
in the case of m™p collisions, and
4h (e | g ()| + ()| ()| + (g0 @)
~ u (X ’ 1d p | 1 Xn ‘ P |p q q
kKl . ,._ =38 — (3.48)
meopk X 4f1u(-xn) ‘n_ﬁd(xp) ’p +.f1u(xrt) ‘n_.flu(xp) ‘p + (q A4 q)
in the case of m*p collisions. It can be seen that in both 4t h + hL(l)
cases only the first terms in the numerator and denom- e (%) |n* 1(X) | (xz) ‘ %,
inator, (3.47) and (3.48), contain the products of dom- () - -
inating valence distributions in the pion and proton. +4hy, (xn)‘ h 1u(xp)| + hlu (xn)‘ hia(x,)] B
However, in the ﬁrst case the contributions of "
+ (strangeness
Lm(x,T)’ and hlu (xp)| can be neglected (similar and ( & )
to the pairwise products of a parton’s distribution L(l)u 1(1)d
functions of strange quarks), since they contain the 4f 1”(x")‘ Jir )| +f1”(x”)‘ Jir (x”)|p
products of two sea distributions, and the remaining L(hu L(1)d
cross contributions (products of the sea and valence + 4f1u(xn)‘ fir (x, )| +f lu(xn)| fir (xp)|
parton’s distribution functions) are additionally
(noticeably) suppressed by a charge factor of 1/4 and + (strangeness)
therefore, they can also be neglected; as a result, a n(o— o0
n ~ sin - —
good approximation of (3.29) for k is obtained. Inthe  of the asymmetries A,| . and A, T _, only
T p T p

. L 13
second case, this charge suppression is absent , and

except for the contributions
1(1) 7L(1)
hlu (xn)l

hia (x flu(xn)\n,fld(x
which contain the products of the sea parton’s distri-
bution functions we cannot neglect any term in the
numerator and denominator of (3.48) without risking
to considerably distort the result.

Thus, it can be seen that only the ©~ beam allows
one to reduce the number of unknown distribution
functions of a parton to a minimum. The application
of the m* beam in addition, although it provides one
more equation, results in fwo additional unknowns at a
time corresponding to the sea’s Boer—Mulders distri-
butions of the u quark in the pion and the proton along
(1)‘

with the sought parton’s distribution function #;

(problem of separation of # and d flavors in the proton).

Similar situation takes place for single-spin asym-
metries (2.27) and (2.28) (or, which is equivalent,
(2.32)) and (2.29) and (2.30). Thus, in the numerators

I3[t can be seen that now the charge factor noticeably enhances two
contributions in the numerator of (3.48) which contain the unknown

(1) and hL(l)

T

sea parton’s distribution functions 47,
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the first terms containing the product of two valence
parton’s distribution functions and a charge factor of
4 noticeably dominate. Because of it we obtain good
approximations (3.30) and (3.41) for these asymme-
tries, reducing to a minimum the number of unknown
variables. At the same time, in the numerators

L(1)
ahi," (e |G|+ R ()| ki,
7L 7 (1)
+4h ()| ()|, + ()| )],

+ (strangeness)
and

)| Fi7" 0], + )| fir ()],

L(Du L(l)d

+4f1u('xrc)‘ flT (xp)| +.flu(xn)| flT (xp)|
+ (strangeness)

sin(¢ - ¢s)~

of the asymmetries Ah‘ J and Ay , onecan

np
reliably neglect only the fourth terms and the strange-
ness contributions and leave the contributions with the
unknown sea parton’s distribution functions in the
pion and proton. Thus, the conclusion can be made
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that the " beam should be considered as the addi-
tional (realized in the case of a favorable situation with
statistics accumulation for the ©~ beam), rather than
the obligatory option, which in principle may help to
study sea distributions. Along with the ©~ beam and
the proton target it is necessary to have the deuteron
target, since it allows one to solve the flavor’s separa-
tion problem, i.e., find separately the parton’s distri-
bution functions for u and d quarks in the proton.
Indeed, in the case of the processes

TD>up X (3.49)

and

D S ptuX, (3.50)
applying the SU, (2) symmetry to the quark distribu-
tion functions in the proton, good approximations for

o sin(9 - b5) 57
k, Ap, and Ay, of the following form can be

easily obtained:
k(xme)‘ _
n D

—1(1)

1(1
Iy (n

x| Lk (o), + b (xp)] )

S| _Uiuxo)|, +fiax) )

(3.51)
=3

sin(4-05) 7
Ayr (xn’xD)’ _ ¢E2Ah(xn’x0)‘ _ 4
n D n D

7L(1)

i (%2)| _Thi(xp)|, + Ma(xp)] ]

)| )], )]

(3.52)

sin(6—45) 57

AUT (xnsxD)| -1
n D

(3.53)

y 1(1) L(1)d
flll(xn)’ L M(XD)‘!,"‘ 17 (xn)!p]
2 = ;

S| Uiuxo)|, +fiaxp) ]
These approximations together with formulas (3.29),
(3.30), and (3.41) allow one to find the parton’s distri-

bution functions hlm), h,, and ff;l) in the proton for
u and d flavors.

4. DRELL-YAN PROCESSES WITH SEA
ANTIQUARK IN THE INITIAL STATE

In spite of the importance of Drell—Yan processes
with the annihilating valence antiquark considered
above, processes with the sea antiquark in the initial
state are also very important, since along with the
access to valence distributions they provide access to
the sea quark’s distribution functions in the proton. At
present, it is planned to study Drell—Yan processes in
collisions of polarized protons and deuterons at the

PHYSICS OF PARTICLES AND NUCLEI

following accelerator facilities: RHIC [33] and J-
PARC [34]; in principle, this option is studied as part

of the Drell—Yan progralm14 at COMPASS where the
unpolarized proton beam and polarized proton on
deuteron targets are available. The project of the new
collider NICA [37, 38], based on the reconstruction of
the operating accelerator Nuclotron, has started at
JINR recently. It is proposed to study the properties of
the quark—gluon matter in heavy ion collisions at the
point of the first collision of beams of the new collider;
and the investigation of the quark structure of nucleon
in collisions of polarized protons and deuterons is
planned to be studied at the point of the second beam’s
collision (see [36]). The important part of this pro-
gram is the investigation of Drell—Yan processes for
finding poorly known parton distribution functions in
the proton. It is important to note that all these
planned experiments on Drell—Yan processes do not
repeat each other, but are complementary and provide

15
different parton distribution functions in different

kinematic regions.

At first glance it seems that Drell—Yan processes in
pp, pD, and DD collisions are strongly suppressed due
to the absence of the valence antiquark in the initial
state. However, it will be shown below that there exist
kinematic regions in which the studied asymmetries
assume rather large values to be measurable in the
conditions of realistic statistics of Drell—Yan events.

4. 1. Proton— Proton Collisions

Let us first consider Drell—Yan processes with

unpolarized protons in the initial state,
pp — "X 4.1)

The general procedure [13] considered in Sections 2.1
and 2.2, as applied to process (4.1), yields

‘pp%lJ'fX
2 7LD L1 7
> el ey ) + (g0 9]
PIRATRENHCARICRZN

(4.2)

N present this program is focused on the pion—proton/deu-
teron collisions (see, e.g., [35]). However, the possibility of
investigation of Drell—Yan processes in pp and pD collisions is
also actively discussed by the collaboration COMPASS.

BFor pp collisions the value of Js makes 200 GeV for RHIC. For
COMPASS this quantity varies from 20 to 27 GeV (the upper
boundary corresponds to the 400 GeV primary proton SPS
beam). For J-PARC it is planned to reach a value of Js of the
order of 8 GeV at the first stage and of the order of 10 GeV at

the second stage. For NICA the planned value of ﬁ is of order
of 20—26 GeV.
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where k is the coefficient in the cos2¢-dependent part
of the appropriately integrated over g, ratio of the
unpolarized cross sections

_ [Fastlad/n, ][dcs“)/dsz]

4.3)
Id qTG
R = %(y(l + cos29) + kcos2(l)sin29). 4.4
i
At the same time, in the case of the process
' — FIX, (4.5)

with the transverse polarization of one of the protons
we obtain (see (2.32))

an(d’—%)ﬂ—/[ Y
. cilhia G, + (g ul
Zq eq[flq(xp).flq(xpT) + (q g q)]

for the single-spin asymmetry (3.37) which provides
access to the transversity and the first moment of the
Boer—Mulders function, and

(4.6)

sin(6 - 4)7
AUT

PRI CREICR)
> el i) + (g0 )]

“.7)
=2

for asymmetry (2.29) which provides access to the first
moment of the Sivers function.

Now let us consider the single-spin asymmetries
determined by formulas (4.7) and (4.6). Opposite to a
valence parton’s distribution functions, sea distribu-
tion functions dominate for small x and decay rapidly
with increasing x. That is why in the considered case of
ppT collisions, the regions in which the Bjorken vari-
able x assumes small values for sea parton’s distribu-
tion functions, are most important since in this case,
due to the relation

= 0'/s,

a valence parton’s distribution functions are found for
large values of x. Indeed, in these regions the contribu-
tions into the asymmetries containing a sea parton’s
distribution functions for large x can be neglected (it
will be seen below that this is indeed a good approxi-
mation) and due to it the number of unnecessary vari-
ables involved in the expressions for the asymmetries
can be considerably reduced.

Thus, let us consider two limiting cases x, > X
and x, < Xt In the first case

(4.8)

X pxpT

4.9)

xunpol > xpol E]
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16
neglecting the contributions containing a sea par-
ton’s distribution functions for large values of x, (and
correspondingly, valence ones for small values of x,)

we obtain the approximate expressions for asymme-
tries (4.7) and (4.6),

sin(9 - 45) 7

ur X, > X1
-L(u -J_(l)pd (4.10)
17 (xpT).flu(xp) +f] T (xp'r)fld('xp)
4f111(xp)f1”(xp7) +j‘ld(xp¢)fild(xp)
and
sin( - )22
Ay
x, > x4
’ 4.11)

A ) i) + g () hia(x,)
A, () 1) + Fra(x)f 1a(,0)

Then, taking into account quark charges and the u
quark’s dominance at large x, relations (4.10) and
(4.11) are reduced to the simplified equations

sin(¢—¢s)‘i_; 2f{_7('1)u( T)flu(-xp)
ur X, >x T
4 flu(xpT)flu(xﬂ) (4 12)
(l)u
_ S (x5) T)
f]u(xpT)
and
sin(6 - 6922 n P (x,)h
e I S LITIC i) SR BN

PN ) 1)
which will be shown below to be good approximations
to the considered symmetries.
Acting in a similar way, in the second limiting case
Xunpot < Xpols (4.14)
we obtain

sin(9 - ¢5) 7
AUT

X, <x¢

) + A G 1)
A5 1050) + a5 10(x,)

4.15)

and

sin(9-45) 7
ur

(4.16)

x,, < xp:r
4k ) hu ) + i () h ()
4 1) 1 (X,) + F1a(6, )1 a(5,0)

16Gimilar to the above, we eliminate the contributions of strange-
ness which yield very small corrections.
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taking into account the contribution of the d quark;
and

. qar u -
A )
Xp<xpT flu(xpT)fly(xp) (4.17)
_ S0
Jiu(x,1)
and
sin(¢ - 45 2T 7L(1)
ur M —~ _hlll (xp)hlu(xpT)’ (418)

x, < xp'r

flu(xp)flu(xpT)

if this contribution is neglected.

It will be shown below that even double approxima-
tions determined by (4.13) and (4.18) are in a very good
agreement with the original formula (4.6) for the asym-

sin(— 493

metry Ay . It is very important, since it allows

one to considerably reduce the number of unknown

variables (an unknown parton’s distribution functions)

included in the equations determined by the asymmetry
sin(9 - ¢5) 7

Ayr measured in kinematic regions (4.9) and

(4.14). In particular, this provides an interesting possi-

1(1)

bility of direct extraction of the ratios #,,/h;, ' and

f_zlu/ }—1151)’ i.e., finding these ratios directly from data
without a fitting procedure applying a number of
assumptions concerning the unknown distribution func-
tions. Indeed, let us consider unpolarized Drell—Yan
process (4.1). In the limiting cases x; > x, and x; << x,,
Eq. (4.2) is reduced to the equations

—1(1)

(1)
S helnmonnd (4.19)
Sra () 1u(x,)
and
. 7L(1) 1(1)
k|x . - ghlil ('xl)hlu (x2)’ (420)
I Sru(x)f1,(x2)

respectively. Then, if the quantities /Ac(xl, x,) and

sin(9 - ¢5) 7
AUT

larized and single polarized Drell—Yan processes are
known, combining (4.13), (4.18) and (4.19), (4.20),

the ratios 4,/ htfl) and h,,/ l_ltf Y can be obtained from

(x, = Xy, X,y =X,;) measured in the unpo-

PHYSICS OF PARTICLES AND NUCLEI

the equations

Lsin(0- g2
= M
hiu(x,) _ _gdur
—1(1) 7 >
hl“ (xl) k xp<x¢
? 4.21)
~sin(g - ¢5) 2T
hy(x)) _ _gAur M
i (x)) 2 N

Numerical Estimates for Asymmetries
Let us present the estimates for the values of the asym-

sin(9 - 45) 7

metry A,y determined by (4.7). Note

o S ITTX

that for RHIC kinematics the asymmetry A}y >

weighted with the angular factor sin(¢p — ¢5) was only just

studied in [26]. In the framework of the Gaussian model

applied in [26] this asymmetry is proportional to the
sin(9 - 45) 7

studied g;-weighted asymmetry A4, ,

. qr
e _ oy sin(0=0s)7
uT = AgaussAur

(4.22)
DY
abl = 0.81(1+10%),

and it is not necessary to repeat calculations for RHIC
kinematic region. Instead, we present the estimates for
NICA kinematics [37, 38] where it is planned to col-
lide 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. Similar
to the above (see Section 3.2), fits I, I, and III for the
Sivers function determined by formulas (3.42)—(3.43)
are used in calculations. For the first moments of the
Sivers function involved in (4.7)

- k2 £
fir(x) = szk{—g fifek,
2M

we use the model (with positive sign) proposed in [26]
(see (10) and (11) in [26]),

Fi ) _ ful0) +£45(0
ﬁ;l)q(x) flu('x) +f1d('x)‘

The parameterization GRV94 [39] is used for an
unpolarized parton’s distribution functions included
in (4.7).

(4.23)

sin(9 - ¢5) 77
The results of calculation of A, for differ-
ent values of Q? are shown in Fig. 4.1. It can be seen
from this figure that the asymmetry assumes the largest
values, of the order of 6—8% near the zero value of the

difference x, — x,» when this difference is positive. It
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Fig. 4.1. Estimated asymmetries 4,
pp

0
_0'8—0.6_0'10.2 0 02 0.4 0.60'8

Xp = Xp

for NICA: s = 400 GeV2, 0 = (left panel) 4 and (right panel) 15 GeV2. Numbers I,

11 denote fits I, 11 for the Sivers function (see [2]). Number 111 denotes fit from [3].

will be shown below (see Section 5) that such values of
asymmetry are quite sufficient to provide its measur-
ability in the conditions of the collider NICA.

Note that along with parameterizations I, II, and
III, there exist parameterizations for the Sivers func-

17
tion given in [40, 41]. Our calculations show that the

. qr
sin(¢ - d5) -
values of Ay M obtained using these parameter-

izations are very close to the corresponding values for
parameterizations I, I, and III in the region x, > x,»

and exceed them in the region x, < x,». Thus, the pre-

sin(9 - d5) 2
diction for A, " made using parameterizations
(3.42)—(3.43) can be considered as the underestimate

sin($ - o) 2
for this asymmetry: if the asymmetry’s A, M
value calculated using parameterizations I, 11, and II1
is sufficient for its measurability with the given statis-
tics of Drell—Yan events, an even larger asymmetry
value obtained using parameterizations from [40, 41]
is all the more sufficient for measurability.

sin(9-¢5) 7
Figures for A corresponding to our calcu-
lations performed for COMPASS and J-PARC kine-
matic conditions (unlike RHIC conditions, they are
very close to NICA kinematic conditions) are very
similar to Fig. 4.1 for NICA kinematics, reproducing
practically the same behavior of this asymmetry. This

17Considering the parameterization from [40] it should be taken into

account that the notation for the Sivers function ANf ) and
q

L L
/17 have different signs and the following factor: f 1 (x, sz) =

—(M/2|k71)AN fq T (x, kZT) (see “Trento conventions” in [42]).
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sin($ - ¢) 22

behavior of A, M allows one to hope that it can
be measured not only in the collider mode (RHIC and
NICA), but also in fixed target experiments (COM-
PASS and J-PARC). The matter is that in fixed target
experiments, as a rule, the detector acceptance allows
one to register mainly events with a positive Feynman
variable x,

=0, (4.24)

XF=Xpear — xtarget

where X, and X, are the values of the Bjorken vari-
able x for quarks in the protons of the beam and target,
respectively. Thus, the option x, > x,+ in principle can
be realized at COMPASS and J-PARC where the
unpolarized proton beam and the polarized proton
target will be available. On the other hand, the region
sin(9 - 49) 5L

X, < x,1, where Ay also assumes rather large
values can be reached in collider experiments at RHIC
and NICA, and maybe in experiments at J-PARC
(where the option with the polarized proton beam is
also planned, see [34]).

sin(9-45) 72

Let us consider the asymmetry A, deter-
mined by relation (4.6). Since neither the Boer—Mul-
ders function, nor its first moment have been mea-
sured yet, we use Boer model (2.15) in calculations;
this model provides a good fit for experimental data of
NAI10 [18] and E615 [17] for the (anomalously large)
cos(2¢)-dependence of Drell—Yan cross sections. In
the framework of this model the first moment

k2
Iy (x)= jdzk{;ﬂ-;-z]hf;”(x,k;)

1 2010



84 SISSAKIAN et al.

0 h" I ’ . T
01 02 03 04 05 06 07 08
x

Fig. 4.2. Results from [4] for 4, in comparison with results

obtained using two versions of the evolution model and Soffer
inequality. Continuous thick line (upper curve) corresponds to
the upper boundary determined by Soffer inequality. Dashed
line corresponds to the evolution model with saturation of Sof-

fer inequality for the initial model scale Q2 =0.23 GeV2. Con-
tinuous thin line corresponds to the upper boundary of the
error band for /,,,. Dash—dotted line corresponds to the fitting

function for Ay, from [4]. Parameterizations GRV94 [39] and
GRSV95 [68] for g(x) and Ag(x), respectively, are used.

of the Boer—Mulders function hll;l) assumes the value

AP (x) = 0.163f,(x).

We also use the following assumption for the first
moment of the Boer—Mulders’ distribution function
of the sea quark:

hg (%) _ figf®)
mx) S

Note that this assumption looks like assumption (4.23)
used above, but is not similar to it. In this case, it is the
assumption in form (4.25) that is consistent with the
Boer model under discussion.

The transversity parton’s distribution function #,
was first extracted [4] from the combined data of the
collaborations HERMES [5], COMPASS [43], and
BELLE [44]. However, due to the poor quality of these
data the error band for 4, parameterization was very
large (see Fig. 4.2), and in [4] a large number of addi-
tional assumptions were used for analysis. In particu-
lar, the assumption of zero distribution functions of a
parton for sea quark transversity was applied. However,
it was already noted more than once that in the case of
proton—proton collisions it is a sea parton’s distribu-
tion functions that play the decisive role. That is why
we use two versions of the evolution model for trans-
versity instead of the transversity parameterization
from [4]. The first one is the model presented in [45]

(4.25)
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where for a very small value of Q> (Qé =0.23 GeV?) (so

called “model scale”) Soffer inequality (3.13) is satu-
rated,
2 1 2 2
hlq(x>Q0) = E[Q(X’QO) + Aq(xaQO)]a
| (4.26)

hio(x,05) = =[a(x,00) + AG(x,05)],

2
and then the quantities /,, and 4, evolve according to
Dokshitzer—Gribov—Lipatov—Altarelli—Parisi (DGLAP)
equations. Of course, this model gives the upper boundary
for the asymmetry. In the other version of the evolution

model (see [1, 28]) for the same initial value of Qg (model

scale), the valence and sea parton’s distribution functions
for transversity in the proton are assumed to be equal to the
corresponding longitudinally polarized parton’s distribu-
tion functions, and

(600 = Aq(x;07),

hig(x:0p) = Ag(x:0),
and then £, again evolves to the considered values of

Q? according to DGLAP equations. Of course, this
model is much more realistic, since for the initial
model scale many models predict [1] the satisfaction
of (4.27). It is very important that the transversity
curve corresponding to this version of the evolution
model is within the error band for the fit from [4] (see
Fig. 4.2). Thus, the evolution model with initial con-
ditions (4.27) is in agreement with the results of [4].

Here, we present the estimates for the asymmetry

sin($— )77

Ayr below and above the J/y resonance’s
prduction threshold for strongly different RHIC
(Fig. 4.3) and NICA (Fig. 4.4) kinematic conditions.
The corresponding figures for COMPASS and J-PARC
kinematics practically do not differ from Fig. 4.4, in
which the results are displayed for NICA kinematic
conditions.

It can be seen from Figs. 4.3 and 4.4 that for RHIC
and NICA (as well as for COMPASS and J-PARC)

sin(9 - ¢5) 77

kinematics the asymmetry A4,

(4.27)

is negligible for
x,> x,» and takes rather large values in the region x, <
sin(p = 45)37
x,. In the second case, A, reaches maximal
values (of the order of 5—10%) when the difference
X, — X,» assumes large negative values. Therefore, the
conclusion can be made that the symmetric collider
mode (RHIC and NICA), for which the cases x, < x,

and x, > x,» do not differ, has an advantage, as com-
pared to the fixed target mode for which these cases

considerably differ due to constraint (4.24) on the
detector acceptance. Thus, in order to obtain nonzero
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GRSV95 [68] for g(x) and Ag(x), respectively, are used.
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sin($— )22
values of A, v with a fixed target it is necessary
either to overcome constraint (4.24) using the “for-
ward—backward” spectrometer for the unpolarized
beam/polarized target option, or, in the case of the
“forward” spectrometer geometry (constraint (4.24)
holds) consider the polarized beam/unpolarized target
option. Unfortunately both these variants are hardly
possible for COMPASS where the “forward” spec-
trometer is used and the proton beam’s polarization is
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not planned. At the same time, the option with the
polarized proton beam is at present planned at the
accelerator complex J-PARC [34].

To conclude this section, let us evaluate the
approximations determined by formulas (4.10)—
(4.13) in the case x, > x,1, and (4.15)—(4.18) in the

case x, < x,». These evaluations are very important for

analysis, since these approximations allow one to
reduce the set of additional unknown variables
included in the equations for the measured asymme-
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. dr
sin(¢ - dg)—
Table 4.1. NICA kinematics. The values of the asymmetry 4,

M calculated using (4.7) (column “A4”) in comparison

with two approximations determined by (4.10), (4.15) (column “B”’) and (4.12), (4.17) (column “C”), respectively. Param-

eterization from [3] is used for f r

s =400 GeV?, Q> = 4 GeV?

s =400 GeV2, 0* = 15 GeV?

X, — X, A B C Xy — X1 A B C
—0.4000 0.0189 0.0184 0.0277 —0.4000 0.0178 0.0170 0.0277
—0.5000 0.0131 0.0129 0.0190 —0.5000 0.0132 0.0129 0.0204
—0.6000 0.0087 0.0086 0.0125 —0.6000 0.0093 0.0093 0.0142
—0.7000 0.0053 0.0053 0.0076 —0.7000 0.0061 0.0061 0.0091
—0.8000 0.0028 0.0028 0.0040 —0.8000 0.0033 0.0033 0.0049
0.4000 0.0514 0.0525 0.0614 0.4000 0.0828 0.0849 0.0984
0.5000 0.0486 0.0491 0.0556 0.5000 0.0811 0.0820 0.0922
0.6000 0.0460 0.0462 0.0509 0.6000 0.0788 0.0792 0.0867
0.7000 0.0437 0.0438 0.0471 0.7000 0.0764 0.0765 0.0818
0.8000 0.0417 0.0418 0.0439 0.8000 0.0742 0.0742 0.0775

tries. The corresponding calculations of the asymme-

sin(9 - 45) 7 18
try Ayr are given in Table 4.1. It can be seen
from this table that approximations (4.10) and (4.15)
obtained by elimination of sea contributions for large
x work very well (column “B”). At the same time, the
agreement of the results obtained using double
approximations (4.12) and (4.17) (column “C”) with
results in column “A” is not so good (but still quite
acceptable). This is not surprising, since for applied
parameterizations (3.42)—(3.44) for the Sivers func-
tions [2, 3] the following equality holds:

= (4.28)
this equality is substantiated in the framework of the
1/N, expansion [46, 47].
On the other hand, in the case of asymmetry
sin($— 4522
Ayr " both approximations (4.11), (4.13), and

(4.16), (4.18) are quite good (see Table 4.2).
Thus, for the kinematic region x,> x,:, approxi-

mation (4.10) can be safely used for obtaining the first
moments of the Sivers functions for sea quarks. Con-
cerning approximation (4.12), one should be more

cautious: if indeed fll(Tl) Y= ,l(Tl)d, double approxi-

mation (4.12) is applicable, rather, for preliminary
rough estimates. At the same time, the transversity and

18For brevity we present just two tables for NICA kinematics. Our
calculations show that for all other considered kinematic condi-
tions (RHIC, COMPASS, and J-PARC) the obtained results
are absolutely similar.
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the Boer—Mulders functions for X, > X,» cannot be

sin(9 - 45) 22
extracted, since the asymmetry A, M s negligi-
ble in this kinematic region. We recall that for the fixed
target mode this region corresponds to the option with
the unpolarized beam and the polarized target (if the
“forward” spectrometer is considered, see (4.24)).

Let us consider the other limit x, < x,» which in the

fixed target case and the forward geometry spectrome-

ter corresponds to the option with the polarized beam

and the unpolarized target. In this case we have the
sin(9-¢5) 72

opposite situation: the asymmetry A4, assumes

rather large values (and is presumably measurable). It

was just shown that in this limit even the double

approximation (4.18) can be used. This provides an

interesting possibility of extracting the ratio 4,,/ hlljl)

directly without a fitting procedure that includes a set
of assumptions for the additional unknown variables.

4.2. Asymmetry in pD and DD Collisions

As usual, the application of the deuteron beam
(deuteron target) along with the proton beam (proton
target) allows one to simultaneously find the parton’s
distribution functions for # and d flavors in the proton.

Applying the SU(2) symmetry to the results of the
previous section, the corresponding results for the
asymmetries in the case of Drell—Yan processes in pD
and DD collisions can be easily obtained. Thus, for the
asymmetries providing access to the first moments of
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. dr
sin(¢ + o) —
Table 4.2. NICA kinematics. The values of the asymmetry 4, M calculated using (4.6) (column “A”) in comparison

with two approximations determined by (4.11), (4.16) (column “B”) and (4.13), (4.18) (column “C”), respectively. The

evolution model with the following initial conditions is used for the transversity: 4, @) = Aq(g) for Q(z) =0.23 GeV?

5 =400 GeV?, Q%> = 4 GeV? 5 =400 GeV?, Q% = 15 GeV?
X, — X, A B C X, — Xyt A B C
—0.4000 —0.0761 —0.0800 —0.0912 —0.4000 —0.0783 —0.0833 —0.0951
—0.5000 —0.0838 —0.0856 —0.0948 —0.5000 —0.0864 —0.0887 —0.0983
—0.6000 —0.0894 —0.0902 —0.0975 —0.6000 —0.0926 —0.0936 —0.1012
—0.7000 —0.0940 —0.0943 —0.1000 —0.7000 —0.0980 —0.0984 —0.1041
—0.8000 —0.0987 —0.0988 —0.1029 —0.8000 —0.1038 —0.1039 —0.1078
0.4000 0.0063 0.0067 0.0068 0.4000 0.0200 0.0216 0.0220
0.5000 0.0052 0.0054 0.0054 0.5000 0.0176 0.0184 0.0186
0.6000 0.0044 0.0045 0.0045 0.6000 0.0156 0.0159 0.0160
0.7000 0.0038 0.0038 0.0038 0.7000 0.0138 0.0139 0.0140
0.8000 0.0033 0.0033 0.0033 0.8000 0.0123 0.0124 0.0124
the Sivers function in limiting case (4.9) we immedi- and
ately obtain instead of (4.10) the following formulas: .
sin( - ¢g) 7
sin(¢—¢s)% Ayr (xp > xm)\ .
Ayr (xp > x/ﬂ)’ pDY 1T X
ol (4.29) (b-b9%
1 - 1(1)d : sin(0=0s)3
LA G 1 0y) = Ayr o> x o\ (4.32)
4f( )+j( ) ) DD S X
lu pT 1d' xpT l(l)u
d (xp1) +f1 (xm)
an .
flu(xDT) +/1a(xpr)
Asm(¢ ¢s)— > At the same time, the asymmetry providing infor-
ur (x Xpr) | oDt ITTX mation on the transversity and the first moment of the
Boer—Mulders function assumes the form
sin (¢ — ¢5)—
= Ayr (xD > x T)‘ (4.30) sin(¢ — ¢s)_
DD SIrXx AUT (xD<xT)‘
Du (Hd Dp I X
N ) + 17 o) ST ”( N )(4.33)
’ + X u(X0) + X
Sru(xpr) +f1d(Xm) = [ l[f ( D) fl ( )[])[1‘50 (l )[)T j_” (ld )p]T ],
«Xp)+ X 1u(X,2) + [ 1a(X 2
whereas, in limiting case (4.14) we have b tATh ? ?
. in(¢—¢ )—
sin(9 - 45) 2L ) s
Ayr Yxp > x[ﬁ)’ Avr > x T)‘
Dt > I T X @31 D! > 11X (4.34)
' L LM
A ) ) C[401005) + B o) () + hra(xp)]
A1 (Xp0) +F1a(X0) [4f,4(5%,) + F1aCe) 1 1) +F1a(xp)]
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Fig. 4.5. Estimate of ratio R= Ay o /Ayr
» pp
15 GeV2,
and
sin(9 - b5)
Aur (xp > xm)‘pm—w*/’x
(4.35)

() + g Gep) TR 1Gxpn) + ia(xp)]
Uruxp) +£1ap) 1 1) +fra(xp0)]

in limiting case (4.9), whereas

sin($-05) 7
uT M(xD < xpT)‘ .
Dp' S ITX
L L (4.36)
__[4hu (xp) + g (xp)1[A1u(X,0) + hya(X,0)]

[F1u(xp) + F1a(xp) 1f1u(X1) +f14(%,1)]

sin($ - 5) 7

Do I X (4.37)
—1(1) —1(1) ’
[4h1u (x,) + hia (x,)][A1(xXpr) + hya(xpr)]

[F1u(x,) + F1a0c) (X pt) +fra(xpr)]

and

sin($— )77
Ayr (xp < xpT)‘ .
Tt
L ) (4.38)
_ [ (xp) + hia (xp)][A(Xpr) + hya(xp)]

[F1u(xp) + F1a(xp) [ f1u(Xpr) +F1a(xpr)]

in limiting case (4.14).
It was already noted (see the previous section) that

there exist strong theoretical arguments [46, 47] in favor

of satisfaction of equality (4.28), i.e., it can be expected
that the measured sum ff;l)" + #)d of the first

moments of the Sivers functions of ¥ and d flavors will be
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for NICA kinematics with Q2 = (left panel) 4 and (right panel)

very small.19 Moreover, QCD evolution predicts small
sea distributions for transversity even for small values of x
[28]. Thus, in the case of the polarized deuteron in the
initial state almost all corresponding asymmetries (see
(4.30), (4.32), (4.34), and (4.35)) presumably should be
very small (our calculations prove it), comparable with
zero within errors (of course, it should be thoroughly ver-
ified by corresponding measurements at RHIC, NICA,
COMPASS, and J PARC). Only asymmetries with a
polarized deuteron which in principle could take non-

zero values containing the sum /,,(x ) + A,4,(x, ) (see

(4.37) and (4.38)). The matter is that the analysis of
COMPASS data [43] on semi-inclusive deep inelastic
scattering on the deuteron target performed in [4]
showed that it is possible that this sum is nonzero.
According to the results of [4], the central values of the
parton’s distribution functions #4,, and 4, have opposite

signs and their absolute values are not equal.20 However,
the uncertainties for 4, and A4, ; are too large (see the error
band in Fig. 7) to make the unambiguous conclusion
whether 4,, + h,,is equal to zero or not. Thus, only new
measurements can give the final answer to this question;
among these measurements the most promising ones are
the planned measurements of single-spin asymmetries in
Drell—Yan processes with a polarized deuteron.

Our calculations show that, unlike the case of
polarized deuterons, for polarized protons in the ini-
tial state, all asymmetries can assume rather large val-
ues comparable with the values of the corresponding
asymmetries in the case of ppT collisions, (see
Figs. 4.5, 4.6.)

19Taking into account assumption (4.23) this means that the sum
-1(1 -1(1)d
fi ; u + f1 ; ) of the first moments of the Sivers parton’s distri-
bution function of sea # and d quarks should also be very small.
20The evolution model consistent with the results of [4] (see dis-
cussion of Fig. 4.2) also predicts that &y, # h; 4.
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(right panel) 15 GeV2. Evolution model with initial conditions (4.27) is used for /. Parameterizations GRV94 [39] and GRSV95 [68]

for g(x) and Ag(x), respectively, are used.

For brevity we present the relations between the
asymmetries for ppT and DpT collisions only for NICA
kinematics, since they practically do not differ from
the corresponding relations for RHIC, COMPASS,
and J-PARC kinematic conditions.

Figure 4.5 shows the ratio

sin(9 - ¢5) 7

. qr
sin(¢—¢g)—
R = AUT M

ur

Dpt 728
This ratio (which is similar for all three employed
parameterizations (3.42)—(3.44) varies from 0.4 to 0.8.

sin(9-¢5) 72

In Fig. 4.6 the asymmetry A, is represented

for DpT and ppT collisions, and it can be seen that the
corresponding curves practically coincide.

Thus, the conclusion can be made that in the case
of DpT collisions both asymmetries integrated with the
angular weights sin(¢p — ¢g) and sin(¢p + ¢5) are pre-
sumably measurable in the same x regions as the cor-
responding asymmetries for pp’ collisions.

5. ESTIMATES OF MEASURABILITY
OF ASYMMETRIES WITH A NEW
GENERATOR OF POLARIZED
DRELL—YAN EVENTS

The generator of polarized Drell—Yan events is
necessary, first, for estimation of asymmetry measur-
ability at the preliminary (theoretical) stage (without
account of specific features of the experimental setup)
(see this section); second, as the basis for program
packages for detector simulation (for example, such as
GEANT-based codes [48]) at the stages of experimen-
tal setup design and analysis of experimental data.
Until recently no Drell—Yan event generator, except
for the PYTHIA generator [27], was available. Unfor-
tunately, PYTHIA considers only unpolarized Drell—
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Yan events; moreover, this generation does not contain
correct (in agreement with experimental data [17, 18])
qr and cos2¢ dependences of Drell—Yan cross sec-
tions, which is absolutely necessary for investigation of
the Boer—Mulders effect.

The first generator of polarized Drell—Yan events
[49, 50] with due account of g and angular depen-
dences has appeared recently. In order to correct the
defects of this generator, simplify introduction of new
capabilities into the program, and effectively control
all calculations, we developed [14] the alternative gen-
erator of polarized Drell—Yan events. The event gener-
ation scheme used in it is rather simple and is to a large
extent similar to that used in the GMC_TRANS gen-
erator [51] that was successfully used by the collabora-
tion HERMES for simulation of the Sivers effect in
semi-inclusive deep inelastic scattering [5]. Briefly,
this generation scheme for polarized Drell—Yan events
can be described as follows. First, the generator
chooses the flavor g of the annihilating gg pair and
chooses, whether this hadron (for example, polarized
one) contains the annihilating quark or, alternatively,
the annihilating antiquark of the given (chosen) flavor.
This is performed in accordance with the total unpo-
larized Drell—Yan cross sections for each flavor and
each alternative (quark or antiquark annihilation) for
the given hadron in the initial state. Then, the variables
xrand Q? are randomly sampled according to the part
of cross section (2.12) of unpolarized process (2.1)
which does not contain angular dependences. At the
next step, the polar angle 0 is randomly sampled
according to the sin®(1 + cos?0) distribution in this
cross section. Then, the Gaussian model for f, (x, k)
is applied, and the transverse momentum of the lepton
pair g, is randomly sampled according to the expo-

nential distribution exp (_qzr/z) /2m. At the next stage,
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for NICA, s =400 GeV2. Fit from |3] is used for the Sivers function. Points

with error bars are obtained by simulation with polarized Drell—Yan event generator for statistics of (upper) 100000 and (lower)
50000 pure events; (Qz) (left panels) = 3.5 and (right panels) = 15 GeV2%

the angular variables ¢ and ¢gare sampled according to
cos2¢, sin(dp — ¢g), and sin(¢p + ¢5) dependences of the
cross section (2.13) of singly polarized process (2.2).
In this case, the k;-dependences of the Boer—Mulders

hfq (x, k7) and Sivers £ (x, k;) distributions are fixed
using Boer model (2.15) and the Gaussian ansatz [2,
3], respectively. It is important that at this stage of sim-
ulation of the variables ¢ and ¢, the variables x,, 02, 0,

21
and g have already been simulated, which consider-
ably increases the simulation rate for the angles ¢ and
0. All variables are generated using the standard von

Neumann’s “acceptance—rejection” method, see,
e.g., [27].

We underline once more that the generator devel-
oped in [16, 49] is the first generator of polarized
Drell—Yan events, and in many respects it helped us to
write the new generator whose advantage will be
described below.

It was already noted that one of the main require-
ments to any generator of polarized Drell—Yan events
is the correct account of the nontrivial g;~dependence
of Drell—Yan cross sections. This is especially impor-

2lof course, all variables can be simulated simultaneously, as it is
done, for example, in [16, 49]. However, this scheme consider-
ably reduces the event generation rate.
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tant for g,~weighted objects considered here. In the
generator [49, 50], the approximations for calculation

. . 1 ..
of convolutions in /), -containing parts of cross sec-

tions (2.12) and (2.13) should be used similar to that
done in [15] (see the discussion of formulas (47) and
(53) in [15]). However, direct calculations show that
the application of these approximations in the genera-
tor results in the considerable distortion of the values
of grweighted objects, such as the asymmetry

sin(9 - ¢5) 7

UT : the values of asymmetry obtained from the
simulated data essentially differ from the correspond-
ing values calculated directly from the parameteriza-

tions/models for f,, hqu, and h,, embedded in the

generator. That is why we avoid approximations of this
type. Instead, we numerically calculate convolutions
for a large discrete set of values of gand then perform
the standard spline interpolation in order to recover
the calculated convolution as the continuous function
of gr. As a result (see, e.g., Fig. 5.2), the values of
sin($— )77
Ayr reconstructed from the simulated data are
in good agreement with corresponding values calcu-
lated directly from the parameterizations/models for
the distribution functions used in the generator.
Vol. 41
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Fig. 5.2. Results of simulation of asymmetry A,

pp

R for NICA, s =400 GeV2. Evolution model with initial conditions 4.27)

is used for /1y, Parameterizations GRV94 [39] and GRSV95 [68] for g(x) and Ag(x), respectively, are used. Points with error bars are
obtained by simulation with polarized Drell—Yan event generator for statistics of (upper) 100000 and (lower) 50000 pure events; (Qz) (left

panels) = 3.5 and (right panels) = 15 GeV2.

Another important advantage of the new generator is
that it can be much easier combined with the PYTHIA
generator (which includes practically all possible pro-
cesses), which is necessary for analysis of background
processes that may yield false signals for Drell—Yan
events. Unlike the generator [49, 50], in the new gen-
erator, similar to PYTHIA, Drell—Yan events are gen-
erated for each flavor separately. Note important tech-
nical advantages of the new generator: due to the good
event generation scheme, the generation rate turns out
to be much higher than for the generator [49, 50], in
which all kinematic variables, are simulated simulta-
neously; the cross-section maxima for the von Neu-
mann’s algorithm are found automatically, similar to
the calculation of the total cross sections at the end of
each generation cycle.

Now that the efficient generator of polarized
Drell—Yan events is available, the measurability of
asymmetries calculated earlier can be estimated. Of
course, these estimates should be considered as pre-
liminary estimates of the first, theoretical level. In
order to exhaustively estimate the measurability, it is
necessary to take into account all specific features of a
particular experimental setup.

Let us first present the estimates for Drell—Yan pro-
cesses with protons and deuterons in the initial state.
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Two sets of simulated data corresponding to statistics of
100000 and 50000 pure Drell—Yan events were pre-
pared, for each of the two regions of 0% 2 < Q? <
8.5GeV?and 0> 11 GeV2. The cut 2 < 0% < 8.5 GeV?
was applied in order to eliminate false identification of
the lepton pair due to multiple background processes
(combinatorial background from Dalitz decays and y
conversion, etc., see, e.g., Section F4.2 in [52]) below
0% =2 GeV?, and also to eliminate lepton pairs from the
region of J/\y resonance. The cut Q% > 11 GeV? was also
applied in order to avoid the region of J/y resonance.
Similar to the above, we do not give estimates of mea-

sin(9 - 5) 72
surability of the asymmetry A, o for RHIC
kinematics (they were already given in [3]). Thus, for
this asymmetry we again (see Section 4.1) present the

results for /s = 20 GeV typical for NICA keeping in

. qr
sin(¢ - )=
mind that the results of calculation of 4, M

for
ppt

COMPASS and J-PARC (in comparison with RHIC,

very close to NICA with respect to ﬁ) are quite close
(see Section 4.1) to the corresponding results for NICA.
The results are shown in Fig. 5.1. For simulations with
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for RHIC, s =200 GeV2. Evolution model with initial conditions 4.27)

is used for hlq. Parameterizations GRV94 [39] and GRSV95 [68] for g(x) and Ag(x), respectively, are used. Points with error bars are

obtained by simulation with polarized Drell—Yan event generator for statistics of (upper) 100000 and (lower) 50000 pure events; (Q2> (left

panels) = 3.9 and (right panels) = 22 GeV2.

the new generator we used the last parameterization, fit
III (solid line in Fig. 5.1) of the set of parameterizations
(3.42)—(3.44).

It can be seen from Fig. 5.1 that even for relatively
low statistics of 50000 of pure Drell—Yan events (lower
part of Fig. 5.1) there are three presumably measurable

sin(9 - ¢5) 77
points for Ay in the kinematic region x, — x,» >0
where this asymmetry assumes values of 4—6%. It can
be seen that for statistics of 100000 events one can
hope that the functional form of the asymmetry will be
reconstructed (see upper part of Fig. 5.1) in the kine-
matic region x, > x,+. Since the kinematic region x, > x,»
corresponds to x> 0 for the option with the polarized
target and unpolarized beam available for COMPASS
and J-PARC, the conclusion can be made that all four
experimental facilities RHIC, NICA, COMPAS, and
J-PARC can provide access to the Sivers function (see
Section 4.1). At the same time, in the region x, < x,»

available for RHIC, NICA, and (presumably)

sin($— )22
J-PARC, the asymmetry Ay, M turns out to be
lower (smaller than 4%), but can still be observed

PHYSICS OF PARTICLES AND NUCLEI

within errors (even for statistics of 50000 events, at
least one measurable point can be seen).

Let us consider the measurability of the Sivers
effect in the case of the deuteron in the initial state. It
can be concluded from Figs. 4.5 and 5.1 that the only

sin(9-45) 72

asymmetry of this kind A, o that can assume
P

sufficiently large values (see Section 4.1) is hardly
measurable for statistics of 50000 pure Drell—Yan
events. At the same time, for statistics of 100000 events
this asymmetry becomes presumably measurable.

Let us estimate the measurability of the asymmetry
sin(9-¢5) 7
Ayr which gives access to the transversity and
the Boer—Mulders distribution. We again present (see
Section 4.1) the estimates for ppT collisions and two

considerably different values of ﬁ corresponding to
RHIC and NICA kinematic conditions. These results

are shown in Figs. 5.2 and 5.3. For Js corresponding
to COMPASS and J-PARC kinematic conditions our
calculations yield almost the same results as for NICA
kinematics; therefore, it is not necessary to give them
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Fig. 5.4. Estimates of measurability of asymmetries (left panel) A ;1

R and (right panel) A4 R for COMPASS, s =
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pp

300 GeV2. Fit from [3] for the Sivers function is used for (solid lines) theoretical estimates of asymmetries, evolution model with initial

L(1)

conditions (4.27) for /;,, Boer model (2.15) for ) p

T
parameterization GRSV95 [68] for Ag| |, are used. Points with error bars are obtained by simulation with polarized Drell—Yan event gen-

, parameterization [64] for f; q‘

E parameterization GRV94 [39] for f| q

>
P

erator for statistics of 50000 pure events and (Qz) = 25 GeV? for both figures.

here. For simulations with the new generator we again

use (see Section 4.1) the Boer model (2.15) for hll and
the evolution model with initial conditions (4.27).
It can be seen from Figs. 5.2 and 5.3 that in the

region x, < x,, even for relatively low statistics of
50000 pure Drell—Yan events (lower part of Fig. 5.2),
one can hope that at least three points for the asymme-
sin(9 - 45) 5L
try Ayr can be observed within errors. At the
same time, for statistics of 100000 events, probably,
the functional form of this asymmetry can be recon-
structed (see upper part of Fig. 5.2) in the region x, <

x,+. Unfortunately, the kinematic region x, < x,: is

hardly achievable for COMPASS due to the “forward”
spectrometer’s geometry and the unpolarized proton
beam of this running experiment. In the case of
another fixed target experiment planned at the
J-PARC accelerator complex this region could be
achieved in the case of the polarized proton beam (at
present, this option is planned at J-PARC [34]). It is
very important that in the symmetric collider mode
(RHIC and NICA) there are no problems with achiev-

ing the region x, < x,,».

sin(p+ )7

Note that since the values of A, in the
cases of ppT and DpT collisions are close (see Fig. 4.6)
all conclusions concerning the measurability of this
asymmetry in the first case can be automatically
applied to the second case.

Finalizing the discussion of Figs. 5.1—5.3, it is rea-
sonable to make the following important remark. It
can be seen from these figures that even if the experi-
mentally available statistics of Drell—Yan events turns
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out to be relatively low (smaller than 50000 events),
probably, it would be hardly possible to reconstruct the
functional forms of the first moments of the Sivers and
Boer—Mulders distributions. However, even in the
case of this unfavorable situation one can hope that it
would be possible at least to verify the fundamental
QCD predictions (1.1) and (1.2) for these distribu-
tions.

To conclude this section, let us estimate the mea-

sin($— )77

surability of the asymmetries Ay and

sin(p+ ¢ s);]‘_;

UT for Drell—Yan processes 7t‘pT - pru X
available for COMPASS. The optimal kinematic condi-
tions for the COMPASS program concerning these pro-
cesses were chosen not long ago [35]. They are the pion’s
beam energy of 160 GeV and the range 4 < Q<9 GeV for
the invariant mass of the dilepton pair. The results of

theoretical calculations of the asymmetries
sin(§ £ 65) 7
uT . and their simulation with the new gen-
T p

erator for these kinematical conditions are shown in
Fig. 5.4. Due to constraint (4.24) for the “forward”
spectrometer available at COMPASS we present the

results of calculations in the region x; > x,:. It can be

seen from Fig. 5.4 that even for relatively low statistics
of 50000 events there are six presumably measurable
points for each of the asymmetries, which allows one
to hope that it would be possible to reconstruct the
functional forms of both asymmetries even for not very
favorable data taking conditions. Thus, the conclusion
can be made that for COMPASS it is much more prefer-
able to study Drell—Yan processes in pion—proton colli-
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sions. At the same time, as it was discussed above, the
processes p(D)pT(DT) — I'IX can be most efficiently
studied in the collider mode at RHIC and NICA.

6. DUALITY OF DRELL-YAN
AND J/y PRODUCTION PROCESSES

At present, the increasing interest [53—55] to the
close analogy (duality) of the mechanisms of Drell—
Yan H H, — y*X — [~ X and J/y resonance produc-
tion processes with the J/y dilepton’s decay mode
HH, > J/yX — I"I"X (see monograph [56] for
details) is observed. It is assumed that this anal-
ogy/duality takes place for relatively low energies
when the J/y production mechanism, due to the
quark—antiquark (ggq) fusion mechanism, consider-
ably dominates over the quark—gluon (gg) fusion
mechanism. Then, since J/y is the vector particle,
similar to the y quantum, the helicity structure of
interactions gq (J/y) and (gq)y* is similar, and the
J/y production’s cross section can be obtained from
the cross section of the Drell—Yan processes using the
simple substitution,

16m’a’e; - (¢7") (g,
= - 2 2 12 2 2
(M= Mj) + My L5,

6.1)

M

where M? = 0 is the squared invariant mass of the lep-

ton pair, Mi/“, = 9.59 GeV? is the squared J/y mass,
and I, is the total width of J/y decay. It is assumed
that model (6.1) is applicable both in unpolarized [54]
and polarized [53] cases. The latter is substantiated by the
identical character of the helicity and vector structure of
elementary channels for the y* quantum and J/y (simil-
itude of all y* interactions). In particular, the model
determined by (6.1) was used in [53] in the case of trans-
verse polarization of both hadrons in the initial state.

Here, it should be noted that although it seems that
the pure vector y, interaction (Dirac interaction) is
typical for J/y production this is still a hypothesis. In
principle, other effects caused by o,, interaction
(Pauli interaction) are possible. It will be shown below
that for a large number of processes with different
unpolarized hadrons in the initial state, model (6.1),
based on the pure vector interaction indeed works well
at low energies. This can be considered as a strong
argument in favor of the mechanism of pure vector
interaction. At the same time, in the polarized case
experimental data necessary for verification of the
hypothesis of pure vector interaction are still absent.
Thus, for comprehensive verification of the “duality”
model (6.1) it is fundamentally important to obtain
experimental data on Drell—Yan and J/y production
processes in collisions of polarized hadrons. This is a
strong additional motivation for such experiments
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which are at present planned at GSI, COMPASS,
RHIC, NICA, and J-PARC experimental facilities.
The main advantage of model (6.1) is that in the
region of u quark dominance (large values of the
Bjorken variable x), all interaction constants in
the cross-section ratios (such as asymmetries) are
exactly cancelled, and as a result, they become abso-
lutely identical for Drell—Yan and J/y production
processes (see (23) in [53] and (10) in [54]). Thus, in
this kinematic region it is not important which of the
two processes is responsible for the production of the
detected lepton pair near the J/y production’s thresh-
old for extraction of the parton’s distribution func-
tions. Of course, this possibility of using J/\y production
for extraction of the parton’s distribution functions is
very attractive, since the intensity of lepton pair’s pro-
duction in the region of J/y resonance is higher by two
orders of magnitude than in the region above the J/y
mass. In particular, the “duality” model (6.1) allows
one to considerably decrease statistical errors for the
transversity 4,, and the first moment of the Boer—

Mulders distribution hll,ﬁl) due to the fact that it is pos-

sible not to distinguish the data on Drell—Yan and J/y
production processes obtained in the region of J/y
resonance for analysis. Indeed, in the region of large x
(u quark’s dominance region), according to (6.1), the

formulas determining k& for both unpolarized pro-
cesses (2.1) and
HH, > J/yX—> I'FX, (6.2)

and ;114 for both singly polarized processes (2.2) and
H H) = J/uX - I'FX, (6.3)

look absolutely similar (compare with (2.21) and
(2.28)),

h ()], ()|, + (> @)
fll?(xl)|Hlflu(x2)|H2 +(uu)
Vi ) i )+ (e 1)

2 fun)] )], + (e B)

k=8 . (6.4

~

h

, (6.5

which provides access to A, and htfl) as a result of the

combined data analysis (analysis of angular and
momentum distributions of the lepton pair) for both
processes.

Of course, duality model (6.1) is applicable only for
those kinematic regions, for which among elementary
processes contributing to J/y production, quark—
antiquark fusion dominates over gluon—gluon fusion.
It is clear from qualitative considerations that gluon
contributions are suppressed at low energies: for fixed
0? (9.6 GeV? for processes (6.2), (6.3)) x increases

with decreasing s = (py + pH2)2, while the ratio

g(x)/q(x) sharply decreases with increasing x. None-
theless, quantitative analysis is necessary for determi-
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nation of the region where gluon contributions can be
safely neglected. This analysis was performed in [55]. For
this purpose, along with model (6.1), the most popular
well grounded J/y model is used; this model includes
both elementary processes, quark—antiquark and gluon—
gluon fusion; it is assumed to be good for any energies of
colliding hadrons (see [57] and references therein).
Then, the predictions of both models are compared with
the corresponding experimental data from [58, 59].

In order to cancel the unknown J/y interaction

constants we use the ratios, rather than absolute val-
ues of cross sections of processes (6.2) with different
hadrons/nuclei in the initial state. Namely, we con-
sider the ratios of the J/y production’s cross sections
integrated over the angles and x (integration over xis
performed in the front hemisphere, x> 0) of the form

Gpp/csnip, GPA/GniA, and ¢,,/G;,, where the symbol 4

denotes different target nuclei (here, W, C, Ca, Cu,
and Pt). The matter is that hadrons ©n* and p, unlike
the proton and other nuclei, contain the antiquark in
the valence state. That is why it is very useful to study
the ratios, such as o, /<5 ) and ,,/G;, which should

demonstrate a very spemﬁc behavior: on the one hand,
they should sharply decrease with decreasing s (large x,
and valence quark/antiquark dominance region), and
on the other hand, they should increase up to unity
with increasing s (small x, dominance region of seca
quarks and gluons). The largest amount of experimen-
tal data on J/y production, which provide access to
such ratios, are those for the front hemisphere with
respect to x for pion, antiproton, and proton beams
colliding with proton or nuclear targets [58, 59].

Simple duality model (6.1), as applied to the ratios
of cross sections [6y /0y, Hz]xf> 0> yields

[GHIHZ/GH', Hz]xF> 0

2
1- ml/w/s

(;[ dxp[s(x, +x,)] IFHHZ (6.6)

2
1- ml/w/s

[ dxrlse+x)1 Pt
0

b

where the quark—antiquark flux FH has the form

_ _ H
Fu = Y 1 ()a )+ 3 (x)a ()] (67)
qg=u,d,s
while the Bjorken variables x, , are expressed in terms
of the Feynman variable x, = x; — x, as

o+ NXp+4m),,/s1/2.

22\We recall that the main objective is the investigation of the
ratios, asymmetries, which provide access to a different parton’s
distribution functions.

X1 = [+x
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Note that the ratios gf/ W/gi/ Y and gs/ Y/g, Y were

assumed equal to unity in accordance with available
experimental data [60] upon obtaining (6.6) and (6.7).
Indeed, data [60] obtained for the absolutely symmet-
ric (the cross section per one nucleon has the form

C +n= [Gnip +0 - 1/2) carbon target clearly demon-
strate that the ratio 6 . /o -
region of J/\y resonance, while for large lepton pair’s
mass it drops to 1/4 (see Fig. 2 in [60] and discussion
of this figure). This is a very good argument in favor of
the fact that, unlike the ¢g pair’s annihilation mecha-
nism for the Drell—Yan process (where the d quark is

is close to unity in the

suppressed by the charge factor ef,/ ef, = 1/4), for J/y

production # and d quarks should be symmetrically
included in the cross sections with the same charge
factor,

/‘U/ J/v -

We also use the similar relation
J /v / g']/ v 1

taking into account that the quadratic contributions of
the sea’s strange quarks into the cross sections are
rather small.

The fundamental difference of the “gluon evapora-
tion” model from model (6.1) is that the former, along

with the contribution from ¢gg fusion Fﬂ deter-

mined by (6.7) contains the contribution

H H H
Fy" = ¢ (g (),
corresponding to the gluon—gluon fusion. If the
“gluon evaporation” model is applied to the ratios

[GHIHZ/GH}Hz]xF> 0° it yields

unlyy Cutunl,
= , .
Omml, ., (Ot Owmnl _,
4 "gz
”’D
H\ H, qq —> cc(gg —> ct)
G ya(se) xp>0 IdQ I dx (Q )
o (6.9)
XX, H,
P qq(8g)°
0 (x, +x,)

where 2m, = 3.0 GeV and 2mp = 3.74 GeV, these are,
respectively, the c¢ and open charm production
thresholds, while the elementary cross sections

o’ and ¢® 7 are proportional to a,(Q?) and can

be found, for example, in [57] (see (3), (4) in [57]).
Let us consider the “gluon evaporation” model

without the gluon contribution Fﬂ for comparison.
Obviously, it differs from the duahty model only as it
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Fig. 6.1. Ratios of cross sections 6,,,/c . of J/y production calculated for two models in comparison with experimental data. Solid line
np

corresponds to duality model (6.6), (6.7). Dashed line corresponds to “gluon evaporation” model (6.8), (6.9). Dash—dotted line corre-
sponds to “gluon evaporation” model without account of gluon contribution. Parameterization GRV94 [39] for proton parton distribu-
tions and GRYV [64] for pion parton distributions are used. Experimental data (points with error bars) are taken from [57] (Tables 2. and 3).

regards additional integration with respect to Q? with
the weight ¢/~ ““ (0?).

Let us first consider the ratios ,,,/ O s The results

of application of the duality and “gluon evaporation”
models in comparison with experimental data are
shown in Fig. 6.1.

First of all, the following conclusion can be made
from this figure: in the low-energy region near the first

experimental point at ﬁ = 8.7 GeV the curves corre-
sponding to the duality and “gluon evaporation”
model, with and without the gluon contribution, are
practically the same and well describe the experimen-
tal data. This is not surprising and agrees with the qual-
itative considerations: it was already discussed above
that the gluon contributions should be suppressed in
the low-energy region. At the same time, the results in
the high energy region are somewhat surprising: even
for very high energies (150 and 200 GeV) the gluon

contributions are insignificant in the ratios c,,/ O,
and the curves with and without account of the gluon

o H . . .
contributions Fg * well describe the available experi-

mental data. Thus, in the case of a 150—200 GeV pion
beam and the proton target it is necessary to consider-
ably improve the quality of data on J/y production
processes in order to feel the difference between the
models with and without gluon contributions and
evaluate the role of gluon—gluon fusion. It was already
noted that experiments on investigation of processes
(2.1), (6.2) and (2.2), (6.3) with the pion beam and the
proton target are planned by the collaboration COM -
PASS [61]. In turn, experiments on processes (2.1),
(6.2) and (2.2), (6.3) in proton—proton collisions with
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close kinematics are planned at the NICA accelerator
complex.

A similar situation (insignificance of gluon contri-
butions even for high energies) takes place also for the

ratios ©,,/ G, with different target nuclei (see

Fig. 6.2). Figure 6.2 shows the data with approxi-
mately similar Z/A4 = 0.4. The curves corresponding to
the model calculations were obtained with Z/4 = 0.4

23
by neglecting nuclear effects, so that the cross sec-
tion per one nucleon has the form

== +|1-%= .
G R Ath 2 G

Let us consider the ratios 6,/ 5,; with the antipro-

ton beam instead of the pion beam. The results are
shown in Fig. 6.3. While in the low energy region the
good agreement of the models with and without the
gluon contribution, as well as the agreement of models
with experimental data (as expected from the qualita-
tive consideration) is observed, the situation in the
high energy region turns out to be absolutely different.
First of all, the conclusion can be made that the gluon
contribution becomes essential in this kinematic
region. The second unexpected conclusion is that the
widely used “gluon evaporation” model works rather
poorly in this case, the corresponding curve is notice-
ably lower than the experimental points (solid curve in
Fig. 6.3). Note that this result is in strong contradic-
tion with the statement made in [62] where the same
experimental points were used.

23Usually [57] nuclear effects are accumulated in the factor A%.
However, for cross sections integrated with respect to xj these
factors almost do not differ from unity (see [57] and references
therein.
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Fig. 6.2. Ratios of cross sections 6,,4/c > of J/y production for different nuclear targets (Z/A4 = 0.4) calculated for two models
T[

in comparison with experimental data. Solid line corresponds to duality model (6.6), (6.7). Dashed line corresponds to “gluon

evaporation” model (6.8), (6.9). Dash—dotted line corresponds

to “gluon evaporation” model without account of gluon contri-

bution. Parameterization GRV94 [39] for proton parton distributions and GRYV [64] for pion parton distributions are used. Points
with error bars show experimental data. First point W, Z/A4 = 0.40 [65]; second and third points Pt, Z/4 = 0.40 [66]; fourth point

C, Z/A = 0.5 [59]; fifth point Be, Z/A = 0.44 [67].

Indeed, the calculations in the framework of the
“gluon evaporation” model presented in [62] (solid
dashed line in Fig. 6.3) are in good agreement with the
experimental points, which was commented as the
strongest argument in favor of this model (see Fig. 6 in
[62] and corresponding discussion). The reason of this

24
discrepancy is the gluon sector of the model, since
the main difference of parameterization [63] used in

[62] from modern parameterizations25 used in our cal-
culations is the values of gluon distributions. Of
course, one should trust calculations with modern
parameterizations, since the gluon’s distribution func-
tion G(x) in them is represented much better due to a
great amount of new data that became available after
[63] was published. The obtained results contradict
experimental data, and thus, the conclusion can be
made that for successful passing of the proposed test it
is necessary to considerably modify the gluon sector of
the “gluon evaporation” model. This test for high
energy behavior should be passed by all existing mod-
els that pretend to reliably describe processes (6.2).

Thus, the duality and the “gluon evaporation”
model were tested in different energy ranges. It was
shown that the duality model (similar to the “gluon
evaporation” model) works well in the low energy sec-

24This can be clearly seen from Fig. 6.3. Indeed, the curves corre-
sponding to the “gluon evaporation” model without the gluon
contribution practically coincide for the old and new parame-
terizations (thin dashed and solid lines in Fig. 6.3).

25 Here, the result obtained using the popular widely used param-
eterization GRV98 [32] is presented. However, our calculations
with other modern parameterizations yield the same picture
(the results insignificantly differ from the corresponding results
with the parameterization GRV98.
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tor s < 100 GeV2. In this region the curves obtained
with and without account of the gluon contribution
practically coincide and well describe the available
data. Thus, this attractive from the theoretical point of
view duality model can be reliably used (at least in the
unpolarized case) in this kinematic region. This gives
the unique capability of using J/y production pro-
cesses together with Drell—Yan processes for finding
parton distributions, which in turn allows one to con-
siderably reduce statistical uncertainties for these dis-
tributions.

On the other hand, we encountered two rather sur-
prising phenomena in the high energy region. The first
one is related to pion—proton nuclear collisions for
which the gluon contribution into the studied cross-
section ratios seems insignificant even for a pion beam
energy of 150—200 GeV. The second surprise is con-
nected with antiproton—proton collisions. Here, on
the one hand, the gluon contribution into the ratio
G,,/ C,; is quite essential in the high energy region, as
expected. On the other hand, the description of this
contribution in the framework of the most popular and
widely used J/y production’s “gluon evaporation”
model is not consistent with experimental data. Thus,
it seems that this model should be essentially modified
(at least, as it regards the gluon sector of the model).

All results of tests definitely point to the fact that
further theoretical and experimental effort is necessary
for answering the existing questions. New information
on the lepton pair’s production in the region of J/y
resonance both for high and low energies is required.
This is especially related to polarized processes (2.2)
and (6.3) for which any experimental data are still
lacking. At the same time, the investigation of these
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?(gp_ ~I/y)/c@p ~ J/y)

10 15 20 25
JS

Fig. 6.3. Ratios of cross sections 6,/ > of J/y produc-
tion for proton target calculated for two models in compar-
ison with experimental data. Experimental data are taken
from [62] (data of collaborations NA3, WA39, and UA6),
see Fig. 6 in [62]. Thick solid and dashed lines correspond
to calculation using “gluon evaporation” model (with
parameterizations GRV94 [32] and Duke—Owens [63],
respectively). Thin solid and dashed lines correspond to
calculations using “gluon evaporation” model without
account of gluon contribution (with parameterizations
GRV98 [32] and Duke—Owens [63], respectively). Dashed
line corresponds to calculation using duality model with
parameterization GRV98 [32].

processes (future experiments at COMPASS, NICA,
RHIC, GSI, and J-PARC) should help us to finally
find a number of poorly studied polarized parton dis-
tributions. In this case, the application of the duality
model for processes (2.2) and (6.3) can considerably
increase the accuracy of extraction of these distribu-
tions from data. In this regard, the precision verifica-
tion of the duality model in future experiments for
processes (2.1), (6.2) and (2.2), (6.3) becomes espe-
cially topical.

7. CONCLUSIONS
In conclusion let us discuss the problems and pros-
pects of investigation of Drell—Yan processes.

From the considerations of practical expedience
we did not discuss longitudinally polarized Drell—Yan

PHYSICS OF PARTICLES AND NUCLEI

processes, among which the most interesting ones, are
processes with longitudinal polarization of both col-
liding hadrons. Indeed, at first glance it seems that the
double-spin asymmetries corresponding to such pro-
cesses, for example, in pp collisions (RHIC, NICA,
COMPASS, and J-PARC),

_doz—dos
do= + dos

0 2, el81,(41,0)81,02,0) + (4. D))
Y A0V + (D)

can provide direct access to the poorly studied longitu-
dinally polarized distributions of sea quarks g,, = Ag.

However, similar to the case of the double-spin asym-
metries A7 (see Section 2) access to A;; is extremely
complicated due to high statistical uncertainties for
these asymmetries (polarization factors for both had-
rons in the error expression for low statistics of rare
Drell—Yan events). At the same time, a good tool for
investigation of longitudinally polarized (unlike trans-
versely polarized) parton distributions are inclusive
and semi-inclusive deep inelastic lepton scattering on
nucleons (see, e.g., survey [55]); a great amount of
precision data were obtained on these processes, and
the data collecting continues presently at a high rate.
Thus, the measurement of the double-spin asymme-
tries A;; would hardly justify the colossal accelerator’s
time consumption necessary for observability. As it was
discussed in detail above, the most reasonable (and
necessary) is the investigation of unpolarized and sin-
gle polarized Drell—Yan processes (2.1) and (2.2). At
the same time, the measurements of very interesting
(alternative access to transversity) double-spin asym-
metries (2.10) in processes (2.3) could also be included
in the physical programs of experiments on Drell—Yan
processes (at present this possibility is studied in the
framework of PAX and NICA projects), but only in the
case of providing high level polarization and suffi-
ciently large accelerator time.

LL

It was already noted that the investigation of Drell—
Yan processes with a valence antiquark in the initial
state is extremely important. Moreover, processes
involving antiprotons are especially important; they
provide direct access to the distribution function of
valence quarks in the proton without additional
unknown variables, unlike, for example, the case of
pion—proton collisions. At present, Drell—Yan pro-
cesses with polarized antiprotons and protons are
planned to be studied at the GSI accelerator complex
(project PAX [52]). There exist a number of unsolved
technical problems in the framework of the PAX
project, the most important one is the creation of a
sufficient polarization degree of the antiproton beam.
In this regard, it seems reasonable to shift accents of
the PAX physical program and make the investigation
of unpolarized and singly-polarized Drell—Yan events
Vol. 41
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in antiproton—proton collisions the first priority task.
On the other hand, in spite of the fact that in the
Drell—Yan program of the collaboration COMPASS
the first priority task is the investigation of Drell—Yan
processes with pion participation, it would be highly
desirable to include measurements with the antiproton
beam into the Drell—Yan program at COMPASS. At
present, this possibility is studied by the collaboration.

Drell—Yan processes with sea antiquark in the ini-
tial state are no less important since they provide
access not only to valence, but also to sea distributions.
It was demonstrated in this paper that the most prom-
ising are the corresponding studies in the collider
mode (accelerator facilities RHIC and NICA). In this
regard, promising is the fact that the physical programs
of RHIC and NICA correspond to different kinematic
regions, and in the case of their successful realization
it would be possible to find the parton’s distribution
functions in the whole range of the Bjorken variable x.

It should be underlined once more that the studies
in the region of J/y resonance are extremely impor-
tant. If the hypothesis on duality of Drell—Yan and J/y
production processes were proven, the unique chance
of essential increase in the accuracy of extraction of
unknown parton distributions would be obtained,
which is especially important taking into account rel-
atively low statistics of rare Drell—Yan processes.
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