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We discuss possible origins of transverse spin asymmetries in hadron-hadron collisions and propose an
explanation in terms of a chiral-odBodd distribution function with intrinsic transverse momentum depen-
dence, which would signal a correlation between the transverse spin and the transverse momentum of quarks
inside an unpolarized hadron. We will argue that despite its conceptual problems, it can account for single spin
asymmetries, for example jmp' — 77X, and at the same time for the large c@s@symmetry in the unpolar-
ized Drell-Yan cross section, which still lacks understanding. We use the latter asymmetry to arrive at a crude
model for this function and show explicitly how it relates unpolarized and polarized observables in the
Drell-Yan process, as could be measured with the proton-proton collisions at BNL RHIC. Moreover, it would
provide an alternative method of accessing the transversity distribution furtctidror future reference we
also list the complete set of azimuthal asymmetries in the unpolarized and polarized Drell-Yan process at
leading order involvingT-odd distribution functions with intrinsic transverse momentum dependence.
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PACS numbegs): 13.88+¢€, 13.85.Qk

I. INTRODUCTION systematically taking into account such effects in hard scat-
tering factorization.

Large single transverse spin asymmetries have been ob- This article is organized as follows. In Sec. Il we discuss
served experimentally in the procgsg' — X [1] and many  possible origins for transverse spin asymmetries. In Sec. llI
theoretical studies have been devoted to explain the possibie elaborate on transverse momentum dependent distribu-
origin(s) of such asymmetries. However, one experimenttion functions. In Sec. IV and also in the Appendix, we give
only cannot reveal the origis) conclusively and one needs results for the leading order Drell-Yan cross section in terms
comparison to other experiments. In this article we will useof the T-odd distribution functions, for completeness taking
additional experimental results to propose an explanation iffito account contributions froré bosons. In Sec. V we dis-
terms of a chiral-odd-odd distribution function with intrin-  cuss how one particular function can not only expléim
sic transverse momentum dependence and we contrast it BSinciple) the single spin asymmetries in the process
the more standard theoretical propogaks[2]). In addition, — X, but also explain the azimuthal cog 2iependence of
it can account for the large cogZasymmetry in the unpo- the unpolarized Drell-Yan cross section dggg]. In Sec. VI
larized Drell-Yan cross sectidi3,4], which still lacks under- We propose measurements that could be performed at RHIC
standing. and which might uncover such an underlying mechanism. In

Unlike the chiral-evenT-odd distribution function with Sec. VII we discuss the conceptual and theoretical problems
intrinsic transverse momentum dependence as investigatéglated toT-odd distribution functions.
by [5,6], which depends on the polarization of the parent
hadron, the chiral-odd function signals a correlation between || oRIGINS OF TRANSVERSE SPIN ASYMMETRIES
the transverse spin and the transverse momentum of quarks
inside anunpolarizedhadron. But one can use the polariza- We will discuss possible origins of transverse spin asym-
tion of one hadron to become sensitive to the polarization ofmetries in the context of the following hard scattering pro-
quarks in another, unpolarized hadron. In this way it couldcesses, which either have been or will be performed. First we
provide a new way of measuring the transversity distributiorwill go into the details of the single and double polarized

function h;. We propose two measurements that could beDrell-Yan proces#;H,— Il X, for which there are no data
done at the BNL Relativistic Heavy lon CollidéRHIC)  available yet. Then we focus on the single polarized process
using polarized proton-proton collisions to study such app!— X for which large single transverse spin asymme-
mechanism and to try to obtain information bp tries have been observdd]. We will also make use of

Apart from discussing the advantages of this proposal, w&nowledge of theunpolarized processesm N—u ™ ™ X
will discuss the theoretical difficulties connected to such aande*e™—h;h,X.

function. The function is actually the distribution function
analogue of the fragmentation function associated with the
Collins effect[7]. Unlike the fragmentation function the dis-
tribution function is expected to be zero due to time reversal Transverse spin asymmetries in hadron-hadron collisions
symmetry, unless one assumes some nonstandard mechanigquire an explanation that involves quarks and gluons. A
to generate such a function, such as for instance factorizatidarge scaldthe center of mass energy or the large lepton pair
breaking, which implies nonuniversality, or effects due to themas$ allows for a factorization of such a process into parts
finite size of a hadron, in which case one has the problem oflescribing soft physics convoluted with an elementary cross

A. Polarized Drell-Yan process
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P, P, program to be performed at RHIC. This asymmetry is one of
;[ & | J; the possible ways to get information on the transversity dis-
: tribution functionh;.
klﬁ ’ "Tk At the parton model level there are no single transverse
qa._ spin asymmetries, but these might arise from corrections to
NAVAVERNRVAVAY this lowest order diagram. The corrections are of two types:
T“ le perturbative and higher twist corrections. The first type de-
; pends logarithmically on the hard scale and the second type
o | behaves as inverse powers of the hard scale.
—= | —= Assuming that single spin asymmetries arise due to per-
? ! turbative contributions is conceptually the simplest option,
since it assumes that the asymmetries actually occur at the
quark-gluon level, i.e. that they arise from elementary sub-

section. The parts parametrizing the soft physics cannot bBroceTste_s, ?r?d tlhat gotlng to the ha:dron Ie\I/eI_ Just mv_olves
calculated within perturbative QCD. Let us first focus on theCONVOILULING Ihe elementary asymmetry wigolarized par
. N S ton distributions. Typically this will yieldsingle transverse

Drell-Yan process, i.e. lepton pair production in hadron—spin asymmetries of the ordefsmq/\/g [9] which is ex-
hadron collisions. . N pected to be small. The perturbative corrections to the

In lowest order, i.e. the parton model approxlmatlon, thedoubletransverse spin asymmetry, Hd), have been calcu-
DreII_-Yan process consists Of_ two soft pafts Fig. 1 the lated in[11], and using the assumption that at low energies
leading order diagram is depict¢8]) and one of the soft o yransversity distribution functioh, equals the helicity
parts is described by the quark correlation functiongisyrinytion functiong, it has been shown in RefL2] that
®(P1,S,;p) and the other soft part by the antiquark corre-p__is expected to be of the order of a percent at RHIC

FIG. 1. The leading order contribution to the Drell-Yan process.

lation function, denoted byp(P,,S,;K): energies. We will view this as an indication that perturbative
. QCD contributions are most likely not tHenain) origin of
dz — large transverse spin asymmetries.
q)iJ(Pl'Sl'p):f (Zw)4elp “(P1,S1|¢j(0)¢i(2)[P1,Sy), Dynamical higher twist corrections to the parton model

(1) require expanding the correlation functidn(x) to include
contributions proportional to the hadronic scéigically the

. d4z hadron mass since these will show up in the cross section
D (P,,Sy:k) = f Z _suppres;ed by @, whereQ is a hard scale.. At leading order
(2m) in ag, i.e. (ag)® but at order 1D, one finds[13,14 no
ks — single or doublgransversespin asymmetrie$.
xe (P2.,S,|1i(2)(0)| P2, S5). Hence, in order to produce a large single transverse spin

2 asymmetry one needs some conceptually nontrivial mecha-
nism, since regular perturbative and higher twist contribu-
As will be discussed in the next section one can decomtions appear to be either small or absent. Two such nontrivial
pose the quark momengaandk into parts that are along the mechanisms are the soft gluon and fermion poles suggested
direction of the parent hadron, the so-called light-cone moyy Qiu and Stermafil6] and so-called time-reversél) odd
mentum fractions, and deviations from that direction. In caseiistribution functions(cf. e.g.[17]). Both of these mecha-
one integrates over the transverse momentum of the leptafisms could produce a single transverse spin asymmgtry
pair one only has to consider the correlation functions agit order 1Q). Recently it has been showWi7] that their ef-
functions of the light-cone momentum fractions. fects are identical in the Drell-Yan process; so in order to
The most general parametrization of the correlation funcdiscriminate between them one must use other experiments
tion ® as a function of the light-cone momentum fractiogn  as well. This asymmetnA; has been estimated to be of the
which is in accordance with the required symmetiieler-  order of a percent at DESY HERA energi@20 GeV, fixed
miticity, parity, time reversa| is given by targe} [18]. Let us remark thaff-odd functions need not
signal actual time reversal symmetry violation. We will dis-
®(x)= %[fl(x)P+gl(x))\y5P+hl(x) ve8:P]. (3 glrjlzs other options more extensively in the discussion at the

Other common notation ig for f,, Aq for g; and 8q or
A+q for h;.

At this parton level one finds the well-known double
transverse spin asymmetf§],

IHeavy quarks will appear at higher ordersdg and have been
shown to give rise to only small contributiofieven) to the unpo-
larized Drell-Yan cross sectidriQ].

— There is however a double spin asymmeigyr, which involves
At |Sy1l|Sr|cog ¢Sl+<;/>32)h1(x1)hl(x2), 4 one longitudinally and one transversely polarized hadr8]. A
recent estimate of\ t using the bag model indicates that it is an
which has not yet been experimentally observed, but is onerder of magnitude smaller than the leading order asymnetry
of the objectives of the polarized proton-proton scattering15.
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In order to arrive at a single transverse spin asymmetry P,
that is not suppressed by inverse powers of the hard scale, ;[
one can consider cross sections differential in the transverse
momentum of the lepton pair. In that case one is sensitive to kl é
the transverse momentum of quarks directly, and in case this
concerns the intrinsic transverse momentum of the quarks
inside a hadron, the effects need not be suppressedQy 1/ QQQALAYQQAY
The point is that if the transverse momentum of the lepton H; it
pair is produced by perturbative QCD corrections, each fac- }_

—_

tor of transverse momentum has to be accompanied by the 3]
inverse scale in the elementary hard scattering subprocess,

that is by 10Q. But in case of afntrinsic transverse momen- FIG. 2. A contribution to the procegsp' — 7X.
tum the relevant scale is nQ, but the hadronic scale, say

the mass of the hadron. In processes with taomorg soft lepton pair in the Drell-Yan process, the transverse momen-

parts, such as the Drell-Yan process, the intrinsic transverst%m of the pion now originates from the intrinsic transverse
momentum of one soft part is linked to that of the other soft P 9

part, resulting in effects, e.g. azimuthal asymmetries, noffomentum of the in!tial partons in additioq t(_) transverse
suppressed by @. These effects will show up at relatively momentum perturbatively generated by radiating off some

low (including nonperturbativevalues of Qy, where Q% add|t|on|al .partofsl) '2 t::e f|n.al staFe. d both the Si q
=q$ andqy is the transverse momentum of the lepton pair. Anselminoet al. [6] have investigated both the Sivers an

Studying the dependence of asymmetries on transverse mg_ollins effects as possible origins for the asymmetries as
mentum is another way to try to discriminate between pospbserved in Refl1]. Both effects can be used to fit the data,
sible origins for asymmetries. which then can be tested using other observables. However,
Returning to the parton model diagram and including thghere are indicationg20] from analyzing a particular an.gular
intrinsic transverse momentum dependence in this picturélépendencéa cos 2 dependencé¢21]) in the unpolarized
one observes the following points. The effects will only Procese’e” —Z"— X, where the pions belong to oppo-
show up |fQ_|_ is Observedi_e_ not integrated Ove}r”’ 0n|y Site ]etS, that the Collins effect is in fact at most a few per-
T-even structures are included, several double spin azimuth&ent of the magnitude of the ordinary unpolarized fragmen-
asymmetries are obtained, but no single spin asymmetridgtion function. Therefore, it seems unlikely that the Collins
[14]. So again one needs to include some nontrivial mechaeffect is the main source of the single spin asymmetries of
nism. Gluonic and fermionic poles have as yet not been corthe pp'— X process. _
sidered with transverse momentum dependeotier than One other possiblel-odd function that could be the
perturbatively producedbut would in any case appear in the Source of the single spin asymmetries is the chiral-odd func-
cross section suppressed by a factor @.1However, the tion hi, the distribution function analogue of the Collins
leading twist T-odd distribution functions with intrinsic effect. It will be discussed gxtensively below for the case of
transverse momentum dependeniceyield single spin azi- the Drell-Yan process, but it can equally well be the source
muthal asymmetries. We will be mainly focusing on the ef-of single spin asymmetries ipp' — 7X. On the other hand,
fects of such functions from now on. the Collins effect itself will not contribute to the Drell-Yan
process.

B. Pion production in pp' scattering

. . . C. Unpolarized Drell-Yan process
The large single transverse spin asymmetries that have P P

. T . . . i
been obgerved In t.he procgsp’ — X [1] require as Sa'?' an The unpolarized cross section as measured for the process
explanation that involves quarks and gluons. Again ONE —N_, 4" u~X, whereN is either deuterium or tungsten

needs large scal_e(sm this case also a If_;lrge_ transverse mo-using am~ beam with energy of 140, 194, 286 G¢%] and
mentum of the piohto allow for a factorization of this pro- 252 GeV[4]

cess into parts describing soft physics convoluted with an
elementary cross section. For example, one contribution

comes from the diagram depicted in Fig. 2. do 3 14\ co ;
. . . - cog 0+ u sirff cos
Assuming(as argued aboyedhat perturbative and higher odQ 47 \+3 K ¢
twist correctionggluonic and fermionic pole contributions to
this process have recently been investigated @n ReX) are + Ksinzacos 2¢), (5)
too small to generate the observed, large single transverse 2

spin asymmetries, we will restrict ourselves to the transverse

momentum dependefitodd functions, in this case both dis-

tribution and fragmentation functions. The so-called Siversshows remarkably large values of It has been shown
[5] and Collins[7] effects are examples of transverse mo-[3,22] that its magnitude cannot be explained by leading and
mentum dependenT-odd distribution and fragmentation next-to-leading order perturbative QCD corrections. A num-
functions, respectively. Like the transverse momentum of thder of explanations have been put forward, such as a higher
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twist effect [23,24], which is the 10Q? term discussed by x2M§ Q

Berger and Brodskj25]. In Ref.[23] the higher twist effect P4= n% + n* @

is modeled using a pion distribution amplitude and it seems Q\/E Xz\/E

to fall short in explaining the large values as found for

This higher twist effect would not be related to single spin Q Q

asymmetries. g4=—=nf{+—=n“+agk, (8)
In Ref. [22] factorization breaking correlations between \/E \/E

the incoming quarks are assumed and modeled in order to

account for the large cog2dependence. We will return to for Q%E—q$5q$<Q2. We will often refer to thet com-
that extensively in Sec. V. Another approach is put forwardponents of a momentunp, which are defined ap™

in Ref. [26] using coherent states. This can describe the=p-ns. Furthermore, we decompose the parton momenta
cos 2p data; however, it fails to describe the functipnin a  p,k and the spin vectorS,,S, of the two hadrons as
satisfactory manner.

From the point of view of transverse momentum depen-
P P XQ N X1(p?+p%)

dent distribution functions such a large cas&zimuthal de- p= n, n_+pr, 9
pendence can arise kgading orderonly from a product of X1V2 xQy2
two T-odd functions, in particular, only from the distribution
functionhy . — 2. 12
We would like to mention the experimental observation k= xQ n_ Xzﬂ( k) n. +k (10)
that the cos @ dependence as observed by the NA10O Col- Xo\2 xQy2
laboration does not seem to show a strong dependenge on
i.e., there was no significant difference between the deute-
rium and tungsten targets. Hence, it is unlikely that it is in — A Q n.— Xl)‘lMln +s (11)
fact dominated by nuclear effects instead of effects associ- Y M2 T Q2 T
ated purely with hadrons. Therefore, the unpolarized cross
section as can be measured at RHIC is also likely to show a
large cos 2 dependence, although replacing the pion by a _AQ XA oM
proton will probably have a suppressing effect. S2= x-M \/En*_ Q\/§ N+ Spr. (12
212

Hence, we conclude that although there exist, apart from
the hy mechanism, several explanations of single spin asym-
metries and also of the unpolarized c@s@pendence in the
Drell-Yan cross section, none of the approaches relate th
two types of asymmetry and most of the effects are expected
or found to be(too) small. Moreover, the effects should not 8% (q—k—p)=d(q* —p*)8(q~—k™) 8*(pr+kr—ay),

The four-momentum conservation delta function at the
%hoton vertex is written afeglecting 1Q? contribution$

only be large; they should also exhibit the rigpt behavior. 13
fixing xP; =p*=q*=x,P; , i.e. x=x; and similarly x
ll. TRANSVERSE MOMENTUM DEPENDENT =X,, and allows up to 1Y? corrections for integration over
DISTRIBUTION FUNCTIONS p~ andk*. However, the transverse momentum integrations

. . N cannot be separated, unless one integrates over the transverse
In this section we will discuss the transverse momentum P 9

dependent distribution functions that are needed to find th&’ o_lr_r;]eentuamacr?:etPg pthgtogﬁ? r equrl]voaliadnttl)ygoégfr:e_ lfgr:‘t)n ﬁﬁ"'
expressions for the leading order unpolarized and polarized par fization (p) shou SIS Wi

Drell-Yan process cross sections differential in the transvers equwements |mposeq oh followmg from ngm|t|0|ty, par-
momentum of the lepton pair. ity and time reversal invariance. The latter is normally taken

We consider again Fig. 1. The momenta of the quarksto impose the following constraint on the correlation func-

which annihilate into the photon with momentugnare pre- tion 7,14}

dominantly along the direction of the parent hadrons. One

hadron momentumH;) is chosen to be along the lightlike d*(P,S;p)=ysCP(P,S;p)Cys (14)
direction given by the vecton, (apart from mass correc-

tions). The second hadron with momentums is predomi-

nantly in then _ direction which satisfies, .-n_=1, such Where p=(p°,—p), etc. For the validity of Eq(14) it is
that P, P,=O(g?). We make the following Sudakov de- ©ssential that the incoming hadron be a plane wave state. We

compositions: will not apply this constraint and in the last section we will
discuss this issue in detail.
In the calculation in leading order we encounter the cor-

NEVE relation function integrated ovegr~, which is parametrized
Ph= Q n“ + StV (6)  interms of the transverse momentum dependent distribution
X1\2 Q42 functions ag27]
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In terms of these functions we can schematically say that

q’(xl'pT)Ef dp_‘b(Pl*Sl;p”W:lef,pT in order to fit thepp'— X data, Anselmineet al.[6] con-
sider the following options for the product of three functions
that are parametrizing the three soft parts:

M, - <
= [ 1(X1.pT) +f17(X1,Pr) f1r(x1, P f1(x)D1(2) and hy(xy)f1(x;)H(z k), where

2P;
! f1(x5) [or D4(2)] can be the gluon distributidror fragmen-
tation] functiong(x,) [or G(z)] instead also. However, there

P
X €vpo ¥ LZH 1s(xl,p-|-) P1vs is one remaining optiolfor pion prqductior)\, which we are
M1 M advocating as a source of single spin asymmetries:
. o pr h1(X1,pr)h1(x2)D41(2). Because of the appearance of two
—hyr(Xy pT)'%ﬂ’s 1T L —ht(x¢,pr) chiral-odd quantities this contribution might be expected to
’ S 1 J—
My be smaller thanfi;(x1,pr)f1(Xx2)D1(2). But even though
f,=h,, one cannot exclude that;(x,,pr) is larger than
XlUMv75pT l+hl( X1.pr) ,uvp . f1(Xq,pr).
1 1 Note that the magnitude of the Collins effect fragmenta-

tion functionHy (z,kr) need not be related to the magnitude
(19 of hi(zky). In contrast to the distribution function, the frag-
mentation function will receive contributions due to the final

We used the shorthand notation state interactions which are present between the produced
(pr-Sur) hadron and the other particles produced in the fragmenting of
pT T a quark. This is also the reason a similar constraint such as
_ 2
Gas(X2,Pr) =N aGa (%4 D) + = Gar(X0. 1) (16 Eq. (14) does not apply to fragmentation correlation func-
tions.

and similarly for hy,. The parametrization contains two
T-odd functions, which would vanish if the constraint, Eq.

(14), would be applied, i.e. the Sivers effect functibp and IV. UNPOLARIZED AND SINGLE SPIN DEPENDENT
the analogue of the Collins effedty . CROSS SECTIONS
The parametrization ob is The Drell-Yan cross section is obtained by contracting the

lepton tensor with the hadron tensor

qj(Xz,kT)Ef dk+5(P2182;k)|k_=X2P£,kT 1
Wﬂvzgf dp~dk* d2p;d2k; 62(pr+ky—aiy)

M fa(x k)EJrf_l (Xz., k) qe—q
2P, | N TETTM, TR XTHD(P)VED(K)V5]| o+ - + )
: v
5(27 Povs (18)
X E,uvpa"y + ng(XZ lkT)
2 M.
) ) The verticesv#* can be either the photon vert&¥=ey* or
“h. (X,,k )"TWV5S/2LTP2 “ht (X, ky) the Z-boson vertexV*=gyy*+gaysy*. The vector and
1T A2, 0T M, 11720 axial-vector couplings to th& boson are given by
10, yskf Py 0, KFP; . . .
”Tthi(Xz kT)”M— : gl,=Th—2Qisirgy, (19
2 2

17 . .
gh=T}, (20
The Sivers effect functiofi;; has the interpretation of the

distribution of an unpolarized quark with nonzero transverse
momentum inside a transversely polarized nucleon, while thevhere Q' denotes the charge an‘[j3 the weak isospin of
functionhy is interpreted as the distribution of a transverselyparticle j (i.e., T' +1/2 for j=u and T' —1/2 for j
polarized quark with nonzero transverse momentum inside=e~,d,s). We find for the leading order unpolarized Drell-
an unpolarized hadron. In both cases the polarization is orYan cross section, taking into account both photon and
thogonal to the transverse momentum of the quark. Z-boson contributions,

014012-5
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Ll
1M

do©@(hh,—11X) a2 _ . .
= > VKW FLf1f1]+[Ka(y)cog2¢) + K,(y)sin2¢)]F| (2h-prh-kr—pr-kp)

dQdx,dxd2g;  3Q2 aa MM,

(21
and for the case where hadron one is polarized:
Aoy —11X)_ o M[Ka(Y)Sin26) — K (y) s{zw]f{(zﬁ Rk ek L
dQdx,dx,d’q;  3Q% = sty Y Pk P KM,
_ - fify |
+|S1rlKa(y)sin(¢— s ) F| h-pr M, |~ STl [Ka(y)sin( ¢+ ¢s ) —Ka(y)cod p+ ¢s )]
. hahy _
X Flh- kTM_2 —|Sirl[Ka(y)sin3¢— ¢s ) —Ku(y)cod3¢— ¢s )]
s - - trhy
X F| (4h-kg(h-pr)?2=2h-prpr-kr—h-kepd)———| ¢, 22
( (h-pr) Prpr-Kr TpT)2M12M2 (22
|
where the ellipsis stands for tHBeven-T-even structures 1 Q2
(which for the contributions of the virtual photon are absent; Xo= — > > X1 (3D
cf. Ref.[14]). Let us list the various definitions appearing in sin’(26y) Q*—M3
these expressions. We have defined the following combina-
tions of the couplings and boson propagators: -T,M,
X3= 5 ;X1 (32)
Q°—Mz

K1(y)=A(Y)[ €5+ 20,091+ CiCixo]

CY) ., |l The above is expressed in the so-called Collins-Soper
- T[ZQAeagAX1+ C3C3x2], (23)  frame[28], for which we chose the following sets of normal-
ized vectordfor details see e.d17]):

Ka(y)=A(Y)[ 298,931+ C1C3x2]

t=a/Q, (33
C(y)
- [2gsegintaci]. (29 N e -
z=—P,— =P,,
Q 1 Q 2 ( )
Ka(y)=B(y)[€5+20\e.9%x1+Cicox2], A
(29 h=qr/Qr=(q—x;P1=X2P2)/Qr, (35
Ka(y)=B(Y)[20veaghxs], (26)  \whereP,=P,—q/(2x,), such that
which contain the combinations of the couplings 1]~ . O
‘ . ‘ Nk =—| th+z4— aTh“ , (36)
ch=(g>+gh?), 27) V2
ch=(gl’-gl?. j=I ora, nM:i th—Zh— %ﬁn 3
(29 =5 ' 37
ck=2glgh. (29 The azimuthal angles lie inside the plane orthogonaland
z In particular,dQ=2dy d¢', where¢' gives the orienta-
The Z boson propagator factors are given by tion of |#=(g""—t“t"+2"2")l,, the perpendicular part of
) the lepton momenturty ¢, ¢5 are the angles betwed?r,lST
1 Q*(Q*~M3) - . ' .
X1= — 5 5 o3 (30 andl , , respectively. In the cross sections we also encounter
SiNf(26w) (Q*~M2)?+I'7M3 the following functions ofy=1"/q~, which in the lepton
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tion Eq. (5) using the data for ther™ beam with energy of
194 GeV and lepton pair mass,« =8 GeV/c?. They find
that 1—\ —2v= — 4k, where they take the following model
for «, which is a measure of the correlation between the
transverse spins of the incoming quarks:

Q7

_ 43
Qi+ mi 3

K= Kq

lepton plane (cm)

FIG. 3. Kinematics of the Drell-Yan process in the lepton centerThe f'“efj values_ar_e0=0.17 r_;mme= 15 Gev.

of mass frame. We will do a_smlla( analy3|§ baseq on the gssumed pres-
ence ofT-odd distribution functions with intrinsic transverse
momentum dependence. For simplicity we take 0, A=1

(in accordance with the expectation from next-to-leading or-
der perturbative QCD and the data in the Collins-Soper

frame and definev=2«. For V=y* we then find the fol-

center of mass frame equals- (1+ cosé)/2, whered is the

angle of z with respect to the momentum of the outgoing
leptonl (cf. Fig. 3):

1 em. 1 lowing expression foi [cf. Egs.(5) and(21)]:
A(y)=(7—y+y2) = z(1+cog9), (38) _
. . hJ_ 1
S > €F| (2h-prh-ke—prokn)py-
B(y)=y(1-y) = zsir’e, (39 k=22 — . (49
em. 2 &F[Hih]
C(y)=(1-2y) = —cosb. (40 aa
Furthermore, we use the convolution notati@alston and A model for the shape of the functidni is needed. Collins’
Soper[8] usel[ ...]) parametrization[7] for the fragmentation functiorHy is

(note that Collins uses the functiaXﬁH,a~ e?SlTiijH{)
FUTI= | dprcrd? e kr—an 206 BI04,

HJ_ k2 _
(41) 1(2KD)_2MeMy | av ey 22 )

D.(zk3) Ki+M2 z

wherea is the flavor index.

Since we are mainly concerned with the single polarizedvhere My, is the mass of the produced hadron and in his
Drell-Yan process, we have given the double polarized crosgiodel M¢ is the quark mass that appears in a dressed fer-
section in the Appendix for completeness and future refermion propagatoi[ A(k?)k+ B(k?)M ]/ (k?— I\/I(Z;); the func-
ence. tions A andB are unity atk’=M?2 .

We assume a similar form fdn; in terms of f; (we
V. QUARK SPIN CORRELATIONS assume no flavor dependenceMd§):

In order to explain the angular dependence of the unpo-
larized cross section as measured for the procesH =c? ,
—utu™X, whereN is either deuterium or tungsten, using a fT(X,Iﬁ) p$+ Mf:
7~ -beam with energy of 140, 194 and 286 GE3} (—1/2 ) S ]
tion breaking correlations between the transverse momen@ndMc as the fitting parameters nol@nd similarly for the
of the incoming quarks and between their transverse spin@ntiquark distribution functionsWe also assume the above
This correlation between the transverse momenta is taken @Vven Gaussian transverse momentum dependence for
be fl(x,p$). After multiplying Eq. (44) by a trivial factor

Q2/Q2, using thek; integration to eliminate the delta func-

h1 *(x,p}) 2 McMy

(46)

at(ar+2B7) tion and shifting the integration variabfg— pr=pr— 30r,
P(pr ,kT)dszdsz:TeXF{ — ar(pF+K3) one arrives at 2
_ — k-)21d2p..d2 Kipar '
priprkoifprdn, (4D Ty J op,

which reduces to separate Gaussian transverse momentum

dependences, sing@; is found to be practically zeréand y 1 1 e*Z“T’#z
ar=1 GeV ? at these energigs 102+ M2 (ph— L) 2+ M2 '

In case the bosoW that produces the lepton pair is a (Pr+20r) ¢ (Pr—20v) ¢
virtual photon ¥ =y*) Brandenburget al. fit the cross sec- (47)
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wherexlchch2/2 and for the moment we considered the 0.4 - - - y '
one flavor case. We approximate this by takig- 0 (where
the exponential factor is largesh the term between square ¥ 0351
bracketdthis is valid for large enough values Qf, but the oal
resulting expression also has the rigb% behavior asQ+ )
—0); this results in(reinstalling the flavor summation 0.25|
2042 Z egKTf i(xl)ﬁ(XZ) 0.2r
QMg a,a
K= (Q2+4M2)2 2 — (48) 0.15
T ¢ 2_ eafi(x) f1(xz)
aa 0.1}
Let us for simplicity also assume to be independent of the oost
flavor and fit )
Q2M2 0 05 i 5 ) 25
K= 8K12—22 (49)
(Qr+4Mg) Qr [GeV]

to the data at 194 GeV of Ref3]. This does not give as  FIG. 4. Data from{3] at 194 GeV and fifusing Eq.(49)] to »

good a fit(Fig. 4) as a factor 0’Q$ in the numerator would =?K as a functlon of the transverse momentQ@w of the lepton

give (for this particular set of dajabut it can obviously E’La;' The fited parameters aMc=2.3+0.5 GeV and 16,=7

reproduce the tendency. Moreover, it has the desired prop- -

erty thatx vanishes in the limit o+—o, as opposed to Eq.

(43). We find for the dressed quark mask: a rather large for instance one of the usual parametrizationd po&nd the

value of 2.3:0.5 GeV compared to the chiral symmetry parametrization fof;; as found by[6]. To estimate the size

breaking scale, but one should not take the model too serbf the sing+¢s ) term, one can use one of the modelstigr

ously and we have made several approximations. [12,29 or take the upper bound fdr; that arises from Sof-
We have chosen the data at 194 GeV of R&f, because fers inequality @, is also well known and one can use a fit

it has the smallest errofghe error inQy is chosen to be the  for h! from the unpolarized azimuthal cog2lependence of
bin size. The fits to the three other available sets of data,

namely at 140 and 286 GeV of RéB] and at 252 GeV of f[he Cross s_ection ip_pﬂll X, in a similar way as was done

Ref. [4], yield lower values ofMc and x, (on average a N the previous section.

factor of 2 smallex, and hence have a lower maximuat a Let us examine the sigtt ¢s) dependence of the cross

smaller value 0fQ) and are less broad. We take the abovesection with the above given model ftw; . The relevant

result as providing a rough upper bound. expression for the cross section in the polarized case is given
Taking for simplicityc®=c2=c?, we arrive at dcrude by [cf. Eq. (5 with u=0 andx=1]

model for the functiorhy (x,p3):

1 do
MM L -
hia(x,p$)=—0:cﬁ. 2;\; e e (x),  (50) e d9d¢sl°‘[1“’°52‘9+"3'”29‘3052¢
PT C

. a , —p|Sirlsiosin(¢+ s )+ -1, (51)
with Mc=2.3 GeV,c;=1 andar=1 GeV <, which can

be used to get rough estimates for other asymmetries. The
factor ar/7 comes from the consistency requirement be-where the ellipsis stands for the other angular dependences.

tween the definitions Ofl(X) andfl(x,ki) with a Gaussian The ana|yzing powep is found to be[Cf Eq. (22)]
k2 dependence. In the next section we will discuss the rel-

evant asymmetries for RHIC. -
s

- hih
2 1
VI. IMPLICATIONS FOR RHIC azg exF| ke
From Eq.(22) we see that in the casé=y* and that p= , = (52
when we neglect the “higher harmonic” term containing the 2 eAF[ff4]
3¢ dependence, there are two single transverse spin azi- aa
muthal dependences, namely 36H(¢Sl) arising with the
Sivers functionf;; and singy+¢g) arising withhy . Using the above model, Eq50), for hi and performing

To estimate the size of the S'diﬁcﬁsl) term, one can use similar approximations as before, we arrive at
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4 va . volved. The factorization breaking correlations proposed by
> each, ni(x) f1(xp) Brandenburget al.[22], assuming some nonperturbative glu-
2McQr aa onic background32], might be universal in some restricted
Q7+4M2 S e?f3(x TF(x,) sense. For instance, one could retain universality among a
~"a A subset of possible processes, namely the ones with exactly
’ the same initial states. This would mean that functions ob-
tained from the Drell-Yan processan be used to predict

p=

2.a pha a
1 p aEg eaCthl(Xl)fl(XZ) asymmetries in the proceggp— X successfully. Another
=_ ’ , (53)  type of universality would be that the factorization breaking
2V Kmax 2 e2f2(x )F‘(x ) correlations are the same for different asymmetries in the
el B same process, e.g. the sameifandp in the case discussed

above. These issues can be tested experimentally. We have

where k. is the maximum value ok, which is atQr  proposed a concrete way to test some of these issues.
=2Mc. A determination op, «,h; should be mutually con- At finite scalesQ; andQ one expects the finite size of a
sistent according to the above equation, if the underlyinchadron to play a role. However, such nonperturbative effects
mechanism is indeed the one that is assumed here. The mashkould not conflict with the factorization formula for the
mum valuep is also atQr=2Mc, which in the case of one Drell-Yan process at finit€Q; and Q (Q+<<Q) [33]. The
flavor corresponds tp,q,=cyhi(X)/[2f1(x)]<cny/2=~1/2. If  finite size of hadrons most likely results in higher twist con-
h, is for instance an order of magnitude smaller tignthis  tributions, but maybe it will just prevent the naive applica-
would give an analyzing power for this single transverse spirtion of Eq. (14) as a constraint imposed by time reversal
azimuthal asymmetry at the percent level. symmetry, which would not conflict with the factorization

The above scheme entails many extrapolations and asermula. These issues need to be investigated further theo-
sumptions and prevents us from stating accurate estimatestically.
for the asymmetries. One problem comes from the fact that Let us just mention that finite size effects have been pro-
the fit in the previous section resulted from data of the proposed as origins for the Sivers effect in REBO]. Spin-
cessm N—pu™ u™X, whereN is either deuterium or tung- isospin interactions have also been propd${ to obtain a
sten; so extrapolation tpp— 11X is unclear. One might ex- nonzero Sivers function. Liangt al. [35] have proposed a
model relating the spin of a hadron to the orbital motion of
quarks inside that hadron. This could be viewed as a model
for the functionf{; and a similar model might be constructed
for the functionhy .

pect that the cos® dependence Opp*)“_X as will be
measured at RHIC is smaller than for the processN
—u X, since in the former there are no valence anti-

uarks present. In this sense, the cleanest extractidm of . . .
q P — dni It is worth emphasizing that the functiorfg; and hy

would be frompp—I1X. appear in quite different asymmetries in general, even though

Another problem concerns the energy scale. The extrapQney can both account for the single spin asymmetries in
lations should involve evolving the functions to the relevantppTHWX_ For instancef.; cannot account for the cogi2

. . . B l
energies; however, the evolution equations figr and hy asymmetry discussed above and, also, it yields a different

are not yet known. angular dependence for the single spin asymmetry in the

However, the basic idea is clear. One fits the unpolarizeghre|l-yan cross section as was pointed out in the previous
azimuthal cos @ dependence of the cross section in a similar,

: : : section. Also, in contrast thy , the Sivers effect, which is
way as was done abov#or instance by using a Collins type

) . chiral-even, might produce single spin asymmetriegai
of ansatz to arrive at a model fog , which then can be used mos} inclusive deep inelastic scatterifi§, 34,36, unless it

to measure or cross-check the functiopby measuring the  riginates from initial state interactions between hadrons.

sin(¢+¢s) dependence. It is good to point out that the Berger-Brodsky higher
twist mechanism is not ruled out as a possible explanation
VII. DISCUSSION for the observables, although in the higher twist model of

. o Ref.[23] using a pion distribution amplitude it seems to fall
~ Acos 2pterm in the hadron tensor is itselflaeven quan-  short in explaining the large values found farOf course, it
tity, but in our approach it is factorized into a product of two mignt contribute in addition to the: mechanism. However,

T-odd functions. From the definition of the correlation func- 3, observed correlation betweerandp will be indicative of
tion ®(p) one can show that time reversal symmetry re-the |atter.

quires theT-odd functions to be zerfr]. This assumes that
the incoming hadrons can be described as plane waves states.

To circu_mvent this conclusion one co_uld think of initial state VIIl. CONCLUSIONS
interactions between the two incoming hadr¢6$ or one
could think of effects due to the finite size of a hadf@0]. We have discussed in detail the consequences-add

Initial state interactions between the two incoming had-distribution functions with intrinsic transverse momentum
rons would be a factorization breaking efféobt to be con- dependence for the Drell-Yan process. In particular, we fo-
fused with the breakdown of factorization at higher twistcused on a chiral-od@-odd distribution function, denoted by
[31]) and this implies nonuniversality of the functions in- hy, which despite its conceptual problems can in principle
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account for single spin asymmetries jip! — 7X and the ferent physical origin. Further theoretical and experimental
Drell-Yan process, and at the same time for the large ¢os 2 study of these issues is required.

asymmetry in the unpolarized Drell-Yan cross section as We have also listed the complete set of azimuthal asym-
found in Refs.[3,4], which still lacks understanding. We mMmetries in the unpolarized and polarized Drell-Yan process at

have used the latter data to arrive at a crude model for thiading order involvingr-odd distribution functions with in-
function and have shown explicitly how it relates unpolar-{rinsic transverse momentum dependence.

ized and polarized observables that could be studied at RHIC

using polarized proton-proton collisions. It would also pro-
vide an alternative method of gaining information on the
transversity distribution functioh;.

The distribution functionh; would signal a correlation
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APPENDIX

The leading order double polarized Drell-Yan cross section, taking into account both phot@rbasdn contributions, is

found to be

1(Y)

do®@(hsh,—11X)  a? [

dQdx,dx,d’gr  3Q? a:i

|S17l[Serlcod 2= s — s ) F {h-pTﬁ-kT

)005{¢_¢32)}{

le_TfJiT_ ngElT
MM,

1Tf_lT 1()/)

kTM M,

——IS17l|Sl

_ T
XS s,)Sin & d5) 7| pr-kry it | + Ka(Y)Nil Sorlsin( - %gf{h v
Aok fi7017
+Ka(Y)|Sirl[Spr|sin(2¢— s — s ) F| h-pr ™M, —Ka(Y)[S1rl[ Sl
: g 12
X o8 = s )Sin(§— s F| pr- kTM”M” +< ka> (A1)

where the ellipsis stands for tliemaining T-even-T-even structuredvhich for the contribution of the virtual photon can be

found in Ref.[14]).
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