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QCD Spin Physics in Hadronic Interactions

WERNER VOGELSANG
Physics Department, Brookhaven National Laboratory, Upton, NY 11978

Summary. — We discuss spin phenomena in high-energy hadronic scattering, with
a particular emphasis on the spin physics program now underway at the first polar-
ized proton-proton collider, RHIC. Experiments at RHIC unravel the spin structure
of the nucleon in new ways. Prime goals are to determine the contribution of gluon
spins to the proton spin, to elucidate the flavor structure of quark and antiquark
polarizations in the nucleon, and to help clarify the origin of transverse-spin phe-
nomena in QCD. These lectures describe some aspects of this program and of the
associated physics.

1. — Introduction

For many years now, spin has played a very prominent role in QCD. The field of QCD
spin physics has been driven by the hugely successful experimental program of polarized
deeply-inelastic lepton-nucleon scattering (DIS) [1]. One of the most important results
of this program has been the finding that the quark and anti-quark spins (summed over
all flavors) provide only about a quarter of the nucleon’s spin, AX =~ 0.25 in the proton
helicity sum rule [2]

1
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2 WERNER VOGELSANG

implying that sizable contributions to the nucleon spin should come from the gluon spin
contribution AG(Q?), or from orbital angular momenta L4,4(Q%) of partons. Here, Q is
the resolution scale at which one probes the nucleon. :

To determine the gluon spin contribution on the right-hand-side of eq. (1) has become
a major focus of the field. Like AY, it can be probed in polarized high-energy scattering.
Several current experiments are dedicated to a direct determination of the spin-dependent
gluon distribution Ag(z, Q2),

(2) Ag(w,Qz) = g+($, Q2) - g—(xan) ’

where gt (g~) denotes the number density of gluons in a longitudinally polarized proton
with same (opposite) sign of helicity as the proton’s, and where x is the gluon’s light-cone
momentum fraction. The field-theoretic definition of Ag is

A 2y i / ixe Pt P +v A+
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written in AT = 0 gauge. G** is the QCD field strength tensor, and G*” its dual. The
integral of Ag(z,Q?) over all momentum fractions z becomes a local operator only in
At = 0 gauge and then coincides with AG(Q?) [2, 3, 4]. The COMPASS experiment. at
CERN and the HERMES experiment at DESY attempt to access Ag(z, @?) in charm-
or high-pr hadron final states in photon-gluon fusion y*g — @ [5, 6]. A new milestone
has been reached with the advent of the first polarized proton-proton collider, RHIC at
BNL [7, 8, 9]. By colliding longitudinally polarized protons at high energies, RHIC will
provide precise and detailed information on Ag, over a wide range of z and Q?, and from
a variety of probes.

There are also important spin phenomena in QCD associated with transversely po-
larized high-energy nucleons [10, 11]. Single-transverse spin asymmetries (SSAs), in
particular, play an important role for our understanding of QCD and of nucleon struc-
ture. They have a long history, starting from the 1970s and 1980s when surprisingly
large SSAs were observed in hadronic reactions such as p'p — 7X at forward angles of
the produced pion [12]. The last few years have seen a renaissance in the experimental
studies of SSAs. The HERMES collaboration at DESY, SMC and COMPASS at CERN,
and the CLAS collaboration at the Jefferson Laboratory have investigated SSAs in semi-
inclusive hadron production eNT — erX in deep-inelastic scattering [13]. For proton
targets, remarkably large asymmetries were found. With the advent of RHIC, there are
new possibilities for extending the studies of SSAs in hadronic scattering into a regime
where the use of QCD perturbation theory in the analysis of the data appears to be
justified. ,

These lectures discuss some of the most important aspects of high-energy polarized
pp scattering at RHIC. We will start out with a brief synopsis of perturbative QCD
and its applications in hadronic scattering. We will then discuss separately the physics
associated with longitudinally and transversely polarized pp collisions.
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2. — QCD perturbation theory and its applications

The prerequisite for many of our efforts to study the inner structure of the nucleon is
the “asymptotic freedom” of QCD [14]. This term describes the property of the strong
coupling constant «, to decrease with increasing momentum transfer (or towards shorter
distances):

2
4 . 2y _ as(p?) :
@ (@) 1+ 9—2112%32(33—2nf)10g(§;)

where ny is the number of quark and anti-quark flavors. Because of asymptotic freedom,
it should be possible to use perturbation theory in terms of the quarks and gluons of
QCD when the momentum transfer is sufficiently high. Indeed, despite the fact that
ultimately all strong interaction phenomena will also involve hadronic mass scales and
hence the confinement regime of QCD, QCD perturbation theory has turned out to be
highly useful and successful for quantities that are either

e insensitive to details of long-distance physics at leading power in momentum trans-
fer (infrared-safe), :

or

o for which short-distance and (non-perturbative) long-distance phenomena may be
separated (“factorized”) from one another.

In the following, let us discuss examples of both.

2'1. Perturbative QCD in eTe™ annihilation . — The simplest QCD observable in ete™
annihilation is the fully inclusive total cross section for ete™ — hadrons. At sufficiently
high center-of-mass energy s, a first-order approximation to this cross section is given by
that for ete~ — ¢g, with massless quarks, which is

4ro
(5) 0'e+e-—_)qq =09 = ?Nc Z 65 y

g=u,d,s,...

where N, = 3 is the number of colors in QCD and e, denotes the quark fractional
electromagnetic charge. Once the ¢ and § have been produced in the collision, they will
hadronize, which is certainly a non-perturbative process. However, the cross section we
are considering is totally inclusive, that is, we sum over all hadronic final states. The
total probability for the ¢ and ¢ to turn into some hadronic final state is unity, which
is the reason why oo is a useful first-order approximation. What happens at higher
orders in perturbation theory? At the next order, O(a;), one needs to consider virtual
loop corrections to ete~™ — ¢@ (interfering with the lowest-order process), as well as
real-gluon emission from one of the outgoing quark legs. Both these contributions are
separately infinite. For example, the real-emission diagrams become singular when the
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gluon is radiated parallel to one of the outgoing quark linés, or when it becomes very
soft. The same happens in the virtual diagrams. These singularities signal the onset of
long-distance physics. However, the sum of real and virtual diagrams is finite, giving rise
to a moderate correction to the perturbative cross section:

]
(6) Oe+e~— hadrons = 70 .,:1 + _778} .

Let us take stock. We have found a perturbative way of calculating the cross section for
ete™ — hadrons. We do this by calculating “ete~ — strongly interacting particles”
the level of the quarks and gluons of QCD. The reason why this can be done is precisely
that we have considered a cross section that is insensitive to details of long-distance
physics. We have not asked for the cross section for producing, say, five low-enérgy pions
at certain angles, but rather a cross section that collects all hadronic final states, no
matter how they were eventually generated in the hadronization mechanism. For such
long-distance-insensitive observables QCD perturbation theory is useful. At the level of
quarks and gluons, insensitivity to long-distance physics means that the observable is
defined in such a way that it does not change if a final-state quark or gluon collinearly
splits into a pair, or if a final-state particle becomes very soft. Such observables are
referred to as “infrared-safe” (IR-safe).

The perturbative cross section for eTe™ — hadrons is
(7) Oe+e~— hadrons = 00 [1 + og(s)er + a?(s) Cca + .. ]

with coefficients ¢;. Corrections to this formula as such are of non-perturbative nature
and suppressed by inverse powers of s. That such “power-corrections” occur may for
example be seen by keeping a finite quark mass mq in the calculation of the lowest-order
cross section og, in which case

| 47r 4m? 4
wet5 5 B (15 e g @ ()]
(®)

If my, < Aqcp, it will set a non-perturbative mass scale. The power suppression of non-
perturbative effects by two powers (or more) of s is actually generic in ete™ — hadrons.

The total cross section for ete™ — hadrons is the simplest example of an “infrared-
safe” (IR-safe) observable. It was discovered that there are many other IR-safe observ-
ables in eTe™ annihilation. A classic IR safe observable are the “Sterman-Weinberg
jets” [15]. An event in eTe™ annihilation qualifies as a Sterman-Weinberg jet event if
one can find two oppositely directed cones of half-opening § so that all hadronic energy
except a fraction €y/s is inside these cones. This observable has been the progenitor of
all jet observables in QCD.
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2°2. Factorized deep-inelastic scattering . — For our purposes, factorized cross sections
are particularly interesting. These are not per se IR-safe, but allow a separation of long-
distance from short-distance phenomena. The classic example is the cross section (or
structure function) for deep-inelastic scattering (DIS). At large momentum transfer Q?,
a DIS structure function may be written in the simple parton model as

(9) Fpis =/ %Q(ﬁ) F(z/¢),

where ¢ is the quark parton distribution. (we assume here that we have only one quark
flavor) and F'is the partonic structure function describing the scattering of the virtual
DIS photon off the quark. The parton model has the notion of a separation of long-
distance (¢) from short-distance (ﬁ‘) effects. How does this hold up in QCD? One finds
that this separation can be proven systematically to all orders, resulting schematically in

(10) Fois (%) =g (g,as(ﬂ)) ® F (%ﬁ%(ﬂ)) + 0 (g—Z) ,

where ® denotes the integral convolution in z given in (9). Here A denotes generically a
non-perturbative mass scale. All dependence on A is in the quark distribution function,
whereas all dependence on the hard scale @ resides in . However, this factorization
implies the presence of a “factorization scale” u. This scale may be thought of as the
scale that distinguishes when contributions are to be absorbed into the quark distribution
or into the partonic structure function, respectively. Corrections to the factorized form
in eq. (10) are suppressed by inverse powers of % and become negligible at high Q2.
Physics of course should be independent of the choice of u. This requirement leads
to the scale evolution of parton distribution functions. For the helicity distributions, for
example, the evolution equations [16, 17] read '

d Ag ) 2 < APyq(as(p),z) APyg(as(p), ) ) ( Ag ) 2
z, = ® z, )

an (ag) @)= (aronir s ararns ag ) @)

(11)

where the AP;; are known as “splitting functions” [17, 18, 19] and are evaluated in QCD

perturbation theory. Evolution resums collinear logarithms of the form of In(Q/Qo)™

(m < k) between the initial scale Qo for the parton distributions and the hard scale Q.

2'3. Factorized pp scattering . — Factorization is the basic concept that underlies most
of RHIC spin physics [20]. Like for DIS, cross sections for large-momentum-transfer
reactions in pp scattering may be factorized into long and short-distance contributions.
The long-distance pieces contain information on the structure of the nucleon in terms
of its distributions of constituents, “partons”. The short-distance parts describe the
hard interactions of these partons and can be calculated from first principles in QCD
perturbation theory. While the parton distributions describe universal properties of the
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nucleon, that is, are the same in each reaction, the short-distance parts carry the process-
dependence and have to be calculated for each reaction considered. The factorization
just described for the case of DIS is the prototype.

As an explicit example in pp scattering, we consider the cross section for the reaction
pp — w(pr)X, where the pion is at high transverse momentum pr, ensuring large mo-
mentum transfer. X denotes an arbitrary hadronic final state, which is summed over.
The statement of the factorization theorem is then:

do=3" [doo [das [ dze fawnn) folcs, ) DE (oo

a,b,c

(12) X d65y (2o Pa, 2o P, Pr[2e, 1)

where the sum is over all contributing partonic channels a + b — ¢ + X, with d&g;
the associated partonic cross section. The f,; describe the distributions of partons
in the nucleon. In this particular example, the fact that we are observing a specific
hadron in the reaction requires the introduction of additional long-distance functions,
the parton-to-pion fragmentation functions D7. These functions have been determined
with some accuracy by observing leading pions in ete™ collisions and in DIS [21]. As
we discussed above, a factorization of a physical quantity into contributions associated
with different length scales will rely on a “factorization” scale that defines the boundary
between what is referred to as “short-distance” and “long-distance”. The dependence
on the value of y decreases order by order in perturbation theory. This is a reason why
knowledge of higher orders in the perturbative expansion of the partonic cross sections
is important. We recall that eq. (12) is of course not an exact statement. There are
corrections to eq. (12) that are down by inverse powers of the momentum transfer, the
so-called “power corrections”. These corrections may become relevant towards lower pr.
As we shall see below, comparisons of RHIC data for unpolarized cross sections with
theoretical calculations based on eq. (12) do not suggest that power corrections play a
very significant role in the RHIC kinematic regime, even down to fairly low pr.

Figure 1 offers a graphic illustration of QCD factorization. Thanks to factorization,
one can study nucleon structure, represented by the parton densities f,s(z, 1), through
a measurement of do, hand in hand with a theoretical calculation of d§. The latter may
be evaluated in QCD perturbation theory. Schematically, they can be expanded as

(13) 62y = doS® + %d&;’;” to

d&;;,(o) is the leading-order (LO) approximation to the partonic cross section. The lowest
order can generally only serve to give a rough description of the reaction under study.
It merely captures the main features, but does not usually provide a quantitative un-
derstanding. The first-order (“next-to-leading order” (NLO)) corrections are usually
indispensable in order to arrive at a firmer theoretical prediction for hadronic cross sec-
tions.
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Fig. 1. — Factorization of pp = 7°X in terms of parton densities, partonic hard-scatiering cross
sections, and fragmentation functions.

We emphasize that the factorization in eq. (12) involves integrations over the partons’
momentum fractions x4, 2. only, which appear in the relations between the partonic and
hadron momenta, p, = z,F, in the initial state and p. = Py /2 in the final state. Such
a factorization is known as “collinear” factorization. It applies in particular to single-
inclusive reactions such as pp — 7 X.

3. — Longitudinally polarized pp collisions at RHIC

3°1. Results from unpolarized pp scattering at RHIC . — There have already been

results from RHIC that demonstrate that the NLO framework is very successful. This

is shown by fig. 2 which presents comparisons of data from PHENIX and STAR for
mid-rapidity #° [22] and jet [23], forward #° [24], and mid-rapidity direct-photon [25]

production with NLO calculations {26, 27, 28, 29, 30, 31]. This provides the basis for

extending this type of analysis to polarized reactions. In addition, each of the cross

sections shown are strongly dominated by partonic scatterings with initial gluons [8].

As an example, in fig. 3 we decompose the NLO mid-rapidity 7° cross section into the

- relative contributions from the various two-parton initial states. It is evident that gg and

gg scattering dominate.

3°2. Probing the spin structure of the nucleon in polarized pp collisions. — The mea-
sured quantities in spin physics experiments at RHIC are spin asymmetries. For collisions
of longitudinally polarized proton beams, one defines a double-spin asymmetry for a given
process by
do(4++) — do(+-) _ dAc

do(++) +do(+-) ~ do

(14) A =

2
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Fig. 2. - Data for the cross section for single-inclusive #° production pp — 7°X at /s = 200 GeV
at mid-rapidity from PHENIX (upper left, [22]) and at forward rapidities from STAR (lower
left, [24]), for mid-rapidity jet production from STAR (upper right, [23]), and for mid-rapidity
prompt-photon production from PHENIX (lower right, [25]). The lines show the results of the
corresponding next-to-leading order calculations [28, 29, 31].
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Fig. 3. — Relative contributions to the mid-rapidity NLO cross section for pp = 7°X at /5 =
200 GeV from gg, g9, and gq initial states [8].

where the signs indicate the helicities of the incident protons. The basic concepts laid out
so far for unpolarized inelastic pp scattering carry over to the case of polarized collisions:
spin-dependent inelastic pp cross sections factorize into “products” of polarized parton
distribution functions of the proton and hard-scattering cross sections describing spin-
dependent interactions of partons. As in the unpolarized case, the latter are calculable
in QCD perturbation theory since they are characterized by large momentum transfer.
Schematically, one has for the numerator of the spin asymmetry:

(15 ddo= 3 Afo® Afy ® dAba,

a,b=q.q,9

where ® denotes a convolution and where the sum is over all contributing partonic
channels a +b — ¢+ X producing the desired high-pr or large-invariant mass final state.
dAé&,p is the associated perturbative spin-dependent partonic cross section, defined as

1
(16) - dAGg = 3 [dbap(++) — dbap(+-)]

the signs now denoting the helicities of the initial partons a,b. The sensitivity with which
one can probe the polarized parton densities will foremost depend on the weights with
which they enter the cross section. Good measures for this are the so-called partonic
“analyzing powers”. The latter are just the spin asymmetries

_ da‘ab(++) - dﬁab('i‘—)
dGap(++) + dFap(+-)

(17) : arr,
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Fig. 4. — Helicity asymmetries for the most important partonic reactions at RHIC at lowest order
in QCD.

for the individual partonic subprocesses. Figure 4 shows these analyzing powers at LO
for all partonic reactions. One can see that they are usually very substantial. As an
example, consider ¢f annihilation processes into any number of bosons. Because of
helicity conservation at the Standard-Model fermion-boson vertices (for massless quarks),
the annihilating quark and anti-quark need to have opposite helicities in order for the
reaction to take place, regardless of how many final-state bosons couple to them. Thus
all reactions of the type ¢§ — ~*, ¢4 — g9, ..., have a partonic analyzing power —1.
The same is true for the s-channel process g7 — ¢'¢’, but not for the process g7 — gg
which also has a t-channel contribution.

Since the partonic cross sections are calculable from first principles in QCD, eq. (15)
may be used to determine the polarized parton distribution functions from measurements
of the spin-dependent pp cross section on the left-hand side. The crucial point here is
that, as discussed in the previous section, the parton distributions are universal. They
are the same in all inelastic processes, not only in pp scattering, but also for example in
deeply-inelastic lepton nucleon scattering which up to now has mostly been used to learn
about nucleon spin structure. This means that inelastic processes with polarization have
the very attractive feature that they probe fundamental and universal spin structure of
the nucleon. In effect, one is using the asymptotically free regime of QCD to probe the
deep structure of the nucleon. '

At RHIC, there are a number of sensitive and measurable processes. The key ones
are listed in Table I, where we also give the dominant underlying partonic reactions and
the aspect of nucleon spin structure they probe. We emphasize that, even though we
have only shown LO results in fig. 4, the NLO corrections are available for each process
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| Reaction | Dom. partonic process | probes | LO Feynman diagram |

o+ X g3 — g9 Ag ;)"f'ﬂ‘éz
dg — q9 ? s\c;

PP~ jet(s) +X 35— 99 Ag (as above)
a9 —qg v

warr+X 75 — vq Ag

P — vy +jet+ X dg — vq Ag

=+ X qq = vy Ag, AF — 1V

— N\

pF = DX, BX g5 — cc, bb Ag ; :

= utp X §i—= 7 = ptu” Agq, A7

{(Drell-Yan)

75— (2°, W)X 732 7w Ag,Ag

pF— (2°, W)X Fa--w*4dgw* >

TABLE 1. - Key p%ocesses at RHIC for the determination of the parton distributions of the lon-
gitudinally polarized proton, along with the dominant contributing subprocesses, the parton dis-
tribution predominantly probed, and representative leading-order Feynman diagrams. From [8].

relevant for RHIC-Spin, thanks to considerable efforts made over the past decade or
s0 [28, 29, 30, 31, 32, 33]. These calculations bring the theoretical calculations for RHIC-
Spin to the same level that has been so successful in the unpolarized case. For each of
the processes in Table I the parton densities enter with different weights, so that each
has its own role in helping to determine the polarized parton distributions. Some will
allow a clean determination of gluon polarizations, others are more sensitive to quarks
and antiquarks. Eventually, when data from RHIC will become available for most or all
processes, a “global” analysis of the data, along with information from lepton scattering,
will be performed which then determines the Agq, Ag, Ag. For further details, see Sec. 3°5.

We will now discuss some of the recent results from RHIC on Ag, along with the
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associated theoretical predictions.

3'3. Access to Ag in polarized proton-proton scattering at RHIC. — The measurement
of gluon polarization in the proton is a major focus and strength of RHIC [7, 8]. As we
saw, several different processes will be investigated at RHIC [7, 8] that are very sensitive
to gluon polarization: high-pr prompt photons pp — X, jet or hadron production
pp — jet X, pp = hX, and heavy-flavor production pp = (QQ)X. An important
role for the determination of Ag will also be played by measurements of two-particle,
jet-jet (or hadron-hadron) and photon-jet correlations. For these, at the leading order
approximation, the hard-scattering subprocess kinematics can be calculated directly on
an event-by-event basis, giving an estimate of the gluon momentum fraction [34]. In
addition, besides the current /s = 200 GeV, also /s = 500 GeV will be available at
RHIC at a later stage. All this will allow to determine Ag(z,Q?) in various regions of
z, and at different scales.

Results for Ary, in pp = 7X are now available from PHENIX [35], and Aypy, for single-
inclusive jet production has been measured by STAR [36] (see also [9]). The results are
shown in fig. 5. The curves shown in fig. 5 represent the Arp values calculated at
NLO for a range of gluon distributions from [37], from a suggested very large positive
gluon polarization (“GRSV-max”) with an integral AG = 1.9 at scale Q =1 GeV, to a
" maximally” negative gluon polarization, (“Ag = —g”), for which AG(1 GeV?) = —1.8.
The curves labeled “GRSV-std” represent the bést fit of [37] to the polarized DIS data,
which has a more “natural” AG(1GeV?) of about 0.4, and the results for “Ag = 0”
correspond to very little gluon polarization, AG(1 GeV?) = 0.1.

One can see that the RHIC data are already discriminating between the various Ag
distributions. For each of the channels studied so far, the results appear to rule out a
very large gluon polarization, with either positive or (to a lesser extent) negative gluon
polarization. The possibility that AG > 0 was suggested [38] when the DIS experiments
first discovered that the quarks (and anti-quarks) carry only very little of the proton
spin. A large positive gluon polarization could mask a ”bare” quark polarization [1]. At
this point one cannot distinguish, however, between the gluon carrying 70% of the proton
spin or carrying none of the proton spin, or determine the sign of the gluon polarization.

3'4. Weak Boson Production. — Within the standard model, W bosons are produced
through pure V' — A interaction. Thus, in hadronic scattering, the helicity of the par-
ticipating quark and antiquark are fixed in the reaction, making W production an ideal
tool to study the spin structure of the nucleon [39)]. :

To leading-order, Ws are produced through ud — W+, for example. One can define a
parity-violating single-longitudinal spin asymmetry as the difference of left-handed and
right-handed production of Ws, divided by the sum:

‘ | -  do(=) - do(+)
0o SaEZerrTok
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Fig. 5. — Data for the double-spin asymmetry Ay for mid-rapidity single-inclusive n° production
at /s =200 GeV from PHENIX (left, [85]) and for jet production from STAR (right, [36]).

In the parton model, for the case of the process ud — W, one will have:

+  Au(zy)d(
AL = u(21)

d(z2) + d(z1)u(z2)
To obtain the asymmetry for W, one interchanges u and d. :

By identifying the rapidity of the W, yw, relative to the polarized proton, we can
obtain direct measures of the quark and antiquark polarizations, separated by quark
flavor. The momentum fractions carried by the quarks and antiquarks, z; and x5, can
at LO be determined from yw:

M M
(20) , T = leyw, Ty = W e—uw

Vs Vs

From this one can easily see that AZV+ approaches Au/u in the limit yw > 0, whereas
for yw < 0 the asymmetry becomes —~Ad/d. Expected sensitivities for measurements of
Au/fu, Ad/d, Ai/d, Ad/d at RHIC are shown in fig. 6. The experimental difficulty at
RHIC is that the W is observed through its leptonic decay W — lv, and only the charged
lepton is observed. Since none' of the detectors at RHIC is hermetic, measurement of
missing transverse momentum is not available. It has been shown [40] that distributions
in the rapidity of the charged lepton will also be powerful tools for measuring Au/u,
Ad/d, Au/a, Ad/d. '

3'5. Global Analysis . — The eventual determination of quark and gluon polarizations
will require consideration of all existing data through a “global analysis” that makes
simultaneous use of results for all probes, from RHIC and from lepton scattering. The
technique is to optimize the agreement between measured spin asymmetries, relative to
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Fig. 6. — Expected seénsitivity for the flavor-decomposed quark and antiquark polarization at
RHIC. Darker points and error bars refer to the sensitivity from A (W ™) measurements, and
lighter ones correspond to AL (W ™).

the accuracy of the data, and the theoretical spin asymmetries, by minimizing the asso-
ciated x? function through variation of the shapes of the polarized parton distributions.
The advantages of such a full-fledged global analysis program are manifold: (1) The
information from the various reaction channels is all combined into a single result for
Ag(z),Ag(z), Ag(z). (2) The global analysis effectively deconvolutes the experimental
information, which in its raw form is smeared over the fractional gluon momentum z, and
fixes the gluon distribution at definite values of z. Figure 7 highlights the importance of
this. The figure shows [41] the contributions of the various regions in gluon momentum
fraction to the mid-rapidity spin-dependent cross section for pp — 79X at RHIC, for six
different sets of polarized parton distributions [37] mostly differing in the gluon distribu-
tion. The pion’s transverse momentum was chosen to be 2.5 GeV. One can see that the
distributions are very broad, and that the z-region that is mostly probed depends itself
on the size and form of the polarized gluon distribution. This makes it very difficult to
assign a good estimate of the gluon momentum fraction to a data point at a given pion
transverse momentum. The global analysis solves this problem.

The further advantages of a global analysis are: (3) State-of-the-art (NLO) theoret-
ical calculations can be used without approximations. (4) It provides a framework to
determiné errors on the quark and gluon polarizations. (5) Correlations with other ex-
periments, to be included in x? and sensitive to degrees of freedom different from Ag, are
automatically respected. Global analyses of this type have been developed very success-
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Fig. 7. - NLO dAc/dprdlog,,(x) (arbitrary normalization) for the reaction pp — 7°X at RHIC,
for pr = 2.5 GeV and six different values for AG(u?) at u =~ 0.4 GeV [37]. The shaded areas
denote in each case the z-range dominantly contributing to dAg. From [41].

fully over many years for unpolarized parton densities. Examples of early work on global
analyses of RHIC-Spin and polarized DIS data in terms of polarized parton distributions
are [42, 43, 44].

4, — Collisions of transversely polarized protons
4'1. Transversity. — Besides the unpolarized and the helicity-dependent densities,
there is a third set of leading-twist parton distributions, transversity [45]. They measure

the net number (parallel minus antiparallel) of partons with transverse polarization in a
transversely polarized nucleon:

(21) ' §f(2,Q%) = f_T(w,Qz) -z, Q% .
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In a helicity basis, one finds that transversity corresponds to a helicity-flip structure,
which precludes a gluon transversity distribution at leading twist [46]. It also makes
transversity a probe of chiral symmetry breaking in QCD [47]: perturbative-QCD inter-
actions preserve chirality, and so the helicity-flip required to make transversity non-zero
must primarily come from soft non-perturbative interactions for which chiral symmetry
is broken.

In contrast to the distributions f and Af, we have essentially no knowledge from
experiment so far about the transversity distributions Jf. Again the fact that pertur-
bative interactions in the Standard Model do not change chirality means that inclusive
DIS is not useful. Collins, however, showed [47] that properties of fragmentation might
be exploited to obtain a “transversity polarimeter”: a pion produced in fragmentation
will have some transverse momentum kr with respect to the momentum of the trans-
versely polarized fragmenting parent quark. There may then be a correlation of the form
Sp- (P;r xk 1). The fragmentation function associated with this correlation is the Collins
function. It makes a leading-power [47] contribution to the single-spin asymmetry A, in
the reaction ep’ = enX: '

(22) Ay o |S7|sin(¢ + ¢s) Z eZJq(:c)HIJ"q(z) ,
q

where ¢ (¢g) is the angle between the lepton plane and the y*n-plane (and the transverse
target spin). HERMES has reported clear signs of a nonvanishing Collins asymmetry
in ep' scattering [13]. Recently, first independent information on the Collins functions
has come from BELLE measurements in e*e™ annihilation [48]. This has allowed to
obtain a first “glimpse” of transversity from a combined analysis of single-transverse spin
asymmetries in semi-inclusive deep-inelastic scattering (SIDIS) and the BELLE data [49].

Clean and direct information on transversity might be gathered from polarized proton-
proton collisions at RHIC, using the Drell-Yan process {7, 8]. In pp collisions, however,
the Drell-Yan process probes products of valence quark and sea antiquark distributions.
It is possible that antiquarks in the nucleon carry only little transverse polarization since
the perturbative generation of transversity sea quarks from g — ¢g splitting is missing.
Also, at RHIC the partonic momentum fractions are fairly small, so that the denominator
of Arr is large. NLO studies [50] estimate the size of Ay at RHIC to be at most a few
per cent.

It has recently been proposed to add polarization to planned pp experiments at the
GSI-FAIR facility, and to extract transversity from measurements of Ayt for the Drell-
Yan process [51, 52]. Initially, experiments could be performed in a fixed-target mode,
using the 15 GeV antiproton beam. At later stages of operations, there are plans for
an asymmetric pp collider, with an additional proton beam of energy 3.5 GeV. The
results from such measurements would be complementary to what can be obtained from
RHIC or SIDIS. In pp collisions the Drell-Yan process mainly probes products of two
quark densities, dq x dq, since the distribution of antiquarks in antiprotons equals that of
quarks in the proton. In addition, kinematics in the proposed experiments are such that
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Fig. 9. - Corresponding spin asymmetries Arr(¢ = 0) at LO, NLO and for the NLL resummed
case.

rather large partonic momentum- fractions, x ~ 0.5, are probed. One therefore accesses
the valence region of the nucleon, where the polarization of partons is expected to be
large. Estimates [52] for the GSI PAX and ASSIA experiments show that the expected
spin asymmetry At should indeed be very large, of order 30% or more.

The theoretical framework for GSI kinematics is somewhat more involved than for
RHIC, since in the region to be accessed higher-order corrections to the partonic cross
sections are particularly important. The NLO corrections for the transversely polarized
Drell-Yan cross section have been calculated in [53]. In the region of interest here,
however, certain logarithmic terms in the partonic cross section become important to all
orders in perturbation theory and need to be resummed. Such a “threshold resummation”
is a well established technique in QCD [54]. For Ayt for the Drell-Yan process it has
been addressed in detail recently in [55].

Figure 8 shows results of [55] for the K (= ghigher—order /;LOY factors for the un-
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polarized Drell-Yan cross section at s = 30 GeV? (left) and s = 210 GeV? (right), at
NLO, NNLO, and for the next-to-leading logarithmic (NLL) resummed case, along with
various higher-order expansions of the resummed result. As can be seen, the corrections
are very large, in particular in the lower-energy case. Figure 9 shows the corresponding
spin asymmetries Art. Apr turns out to be extremely robust and remarkably insensitive
to higher-order corrections. Perturbative corrections thus make the cross sections larger
independently of spin. They would therefore make easier the study of spin asymmetries,
and ultimately transversity distributions. For further details, including a discussion on
the role of nonperturbative effects, see [55]. We finally note that it has recently also been
proposed [56] to study the spin asymmetry At for the reaction pp — 7°X, which would
give additional information on transversity.

4°2. Single-transverse spin asymmetries. — As we mentioned in the introduction, there
have been observations of striking single-transverse-spin effects in hadronic scattering.
Large single-spin asymmetries in single-inclusive pion production persist to RHIC ener-
gies, as seen by STAR [57] and BRAHMS [58]. At PHENIX {59], the asymmetry was
studied in the mid-rapidity regime, where it was found to be small.

The observed large size of SSAs in hadronic scattering has presented a challenge for
QCD theorists [45, 60]. Two mechanisms have been discussed [61, 62, 63, 64] and ex-
tensively applied [63, 65, 66, 67] in phenomenological studies. The first relies on the use
of transverse-momentum dependent parton distributions for the transversely polarized
proton. For these distributions, known as Sivers functions [61], the parton transverse
momentum is assumed to be correlated with the proton spin vector, so that spin asym-
metries naturally arise from the directional preference expressed by that correlation. The
other mechanism (referred to as Efremov-Teryaev-Qiu-Sterman (ETQS) mechanism) is
formulated in terms of the collinear factorization approach and twist-three transverse-
spin-dependent quark-gluon correlation functions of the proton [62, 63, 64].

A concept common to both mechanisms is the factorization of the spin-dependent
cross section into functions describing the distributions of quarks and gluons in the polar-
ized proton, and partonic hard-scattering cross sections, calculated in QCD perturbation
theory. The question of which mechanism should be used in the analysis of a single-spin
asymmetry is therefore primarily tied to the factorization theorem that applies for the
single-spin observable under consideration. For the single-inclusive process p'p — 7.X,
there is only one hard scale, the transverse momentum £, of the produced pion, and the
SSA is power-suppressed (“higher-twist”) by 1/£, . In this case, one can prove a collinear
factorization theorem in terms of the quark-gluon correlation functions [63, 64], and the
ETQS mechanism applies. On the other hand, the observables typically investigated in
deep-inelastic lepton scattering are characterized by a large scale @ (the virtuality of the
DIS photon) and by the much smaller, and also measured, transverse momentum ¢, of
the produced hadron. In this two-scale case, single-spin asymmetries may arise at leading
twist, i.e., not suppressed by 1/@Q. The relevant factorization theorem is formulated in
terms of transverse-momentum-dependent (TMD) functions [68, 69, 70, 71], in particular
the Sivers functions. :



QCD SriN PHYSICS IN HADRONIC INTERACTIONS 19

In the following, we will describe both types of observables, the single-spin asymmetry
in single-inclusive scattering and the asymmetry in a “two-scale” situation. We will also
discuss recent work [72] that has connected the two mechanlsms in the case of the single-
spin asymmetry for the Drell-Yan process.

4'3. Sz'ngle transverse-spin asymmetry in high-£1 pion production in pp collisions . —
The single-transverse spin asymmetry in the process pp — 7.X is among the simplest spin
observables in hadronic scattering. One scatters a beam of transversely polarized protons
off unpolarized protons and measures the numbers of pions produced to either the left
or the right of the plane spanned by the momentum and spin directions of the initial
polarized protons. This defines a “left-right” asymmetry. Equivalently, the asymmetry
may be obtained by flipping the spins of the initial polarized protons. This gives rise to
the customary definition
o(¢,8r) —o(t,—31) _ Ac(4,37)

(23) An(¢, 57) o€, 3r) +o(l,—57) o)

where 57 denotes the transverse spin vector and £ the four-momentum of the produced
pion. We assume the pions to be produced at large transverse momentum £ .

As we mentioned above, measurements of single-spin asymmetries in hadronic scat-
tering experiments over the past three decades have shown spectacular results. Large
asymmetries of up to several tens of per cents were observed at forward (with respect to
the polarized initial beam) angles of the produced pion. Until a few years ago, all these
- experiments were done with a polarized beam impeding on a fixed target [12]. These ex-
periments necessarily had a relatively limited kinematic reach, in particular in £, . Now,
with RHIC, it has become possible to investigate Ay at higher energies [57, 58, 59], in a
kinematic regime where the theoretical description is bound to be under better control.
Indeed, as we saw in Figure 2, at RHIC also the unpolarized pion production cross section
has been measured, in the same kinematic regimes as covered by the measurements of
the single-spin asymmetries, and is well described by the NLO perturbative calculations
based on collinear factorization.

Despite the conceptual simplicity of Ay, the theoretical analysis of single-spin asym-
metries in hadronic scattering is remarkably complex. The reason for this is that the
asymmetry for a single-inclusive reaction like p'p —+ 7X (the symbol 1 denoting from
now on the polarization of the proton) is power-suppressed as 1/£; in the hard scale set
by the observed large pion transverse momentum. This is in contrast to typical double
(longitudinal or transverse) spin asymmetries that usually scale for large £, . In essence,
the leading-twist part cancels in the difference (¢, §r) — o(¢, —57) in the numerator of
An. That Ay must be power-suppressed is easy to see: the only leading-power distri-
bution function in the proton associated with transverse polarization is transversity. For
transversity to contribute, the corresponding partonic hard-scattering functions need to
involve a transversely polarized quark scattering off an unpolarized one. Cross sections
for such reactions vanish in perturbative QCD for massless quarks because they require
a helicity-flip for the polarized quark, which the perturbative ¢qgg vertex does not allow.
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w(f)

Fig. 10. — Generic Feynman diagram contributing to the single transverse-spin asymmetry for in-
clusive pion production in proton-proton scattering at leading twist (twist-three). The polarized
cross section can be factorized into convolutions of the following terms: twist-three quark-gluon
correlation functions for the transversely polarized proton, parton distributions for the unpo-
larized proton, pion fragmentation functions, and hard-scattering functions calculable in QCD
perturbation theory.

In addition, a non-vanishing single-spin asymmetry requires the presence of a relative in-
teraction phase between the interfering amplitudes for the different helicities. At leading
twist this phase can only arise through a loop correction, which is of higher-order in the
strong coupling constant and hence leads to a further suppression. These arguments are,
in fact, more than 30 years old [73] and led to the general expectation that single-spin
asymmetries should be very small, in striking contrast with the experimental results.

Power-suppressed contributions to hard-scattering processes are generally much harder’
to describe in QCD than leading-twist ones. In the case of the single-spin asymmetry in
pp — 71X, a complete and consistent framework could be developed, however [63]. It is
based on a collinear factorization theorem at non-leading twist that relates the single-
spin cross section to convolutions of twist-three quark-gluon correlation functions for
the polarized proton with the usual parton distributions for the unpolarized proton and
the pion fragmentation functions, and with hard-scattering functions calculated from an
interference of two partonic scattering amplitudes: one with a two-parton initial state
and the other with a three-parton initial state [62, 63]. A generic Feynman diagram for
the scattering process is shown in Figure 10, along with its factorization just described.
Typical Feynman diagrams for the hard-scattering in case of quark-gluon scattering are
shown in Figure 11. As was shown in [63], the phase needed to generate a single-spin
asymmetry arises naturally in the hard-scattering functions, even at tree level, thanks
to its pole structure. Imaginary parts arise from the scattering amplitude with an extra
initial-state gluon when its momentum integral is evaluated by the residues of unpinched
poles of the propagators indicated by the bars in Figure 11. The on-shell condition
associated with any such pole fixes the momentum fraction of the extra initial-state
gluon. Roughly speaking, all of the diagrams in Figure 11 provide an unpinched pole
at £; = 2 [63]. After a collinear expansion, one finds the following expression for the
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spin-dependent cross section:

INE .
Ee——*—dzgsT) o« Z Desn(2) ® fo(z')
a,b,c
d PSR
(24) ® [Ta,F(w,:v) -z (%Ta,F(xa w))} ® Hapse(3,t,0),

where 3,7, % are the partonic Mandelstam variables, fo(z') and D, (2) are the usual
unpolarized parton distribution and fragmentation functions, respectively, and the twist-
three functions Ty r are defined as '

Ta,,F(d?l,.’Ez) = /‘@_igyg—_emlp+y;+i(zz_ml),,+y;

(25) X (P, 8r|tha(0)y" [e7™ F,* (y3)] %a(y1)I P, 3T) -

The sum in eq. (25) runs over all flavors, with Hgp—,. the associated hard-scattering
functions, calculated from diagrams like the ones shown in Figure 11. The H,;_,. are
power-suppressed with respect to their unpolarized counterparts, and they are also down
by /o, due to the additional gluon that couples in the diagrams. As one can see, a
- specific combination of the Ty, r occurs in eq. (25), involving the derivative of T, r. Such
derivative terms arise in the collinear expansion, because there are terms proportional to
the initial partons’ transverse momenta in the §-functions fixing the light-cone momentum
fractions [63]. The other terms in eq. (25) that involve T, r(z,z) without a derivative,
were recently derived in {67].

Based on eq. (25), one can perform some phenomenology for the single-spin asym-
metry, examining the salient features of the new RHIC data and of the earlier E704
fixed-target pion production data. In [67] a simple model ansatz for the twist-three
quark-gluon correlation functions Ty r(z, ) (a = u, ,d, d, s, 5) was made, relating them
to their unpolarized leading-twist counterparts:

(26) To,r(z,z) = Ny z% (1 — z)ﬁ“ fa(z),

The parameters in this ansatz were determined through a “global” fit to the experimental
data for Ay as functions of Feynman-zr. As one example, fig. 12 compares the fit results
to the experimental data from RHIC. The overall quality of the fit is relatively poor, but
the basic trends of the data are reproduced. With new precise experimental information.
expected to arrive from RHIC, however, we will be entering an era where detailed global
analyses of the data on Ayx will become possible.

4'4. Single transverse-spin asymmetries in two-scale situations. — As we discussed ear-
lier, further exciting single-spin phenomena may occur when one has observables char-
acterized by two very separate momentum scales, a hard scale Q, and a much lower
measured transverse momentum ¢; . For such observables one may have a factorization
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Fig. 11. —~ Specific examples of twist-three diagrams for generic (a) initial-state and (b) final-state
interactions.

in terms of transverse-momentum-dependent (TMD) functions. Among these are the
Sivers functions [61], which are TMD parton distributions. They represent distributions
of unpolarized quarks of flavor a in a transversely polarized nucleon, through a correla-~
tion between the quark’s transverse momentum K. and the nucleon polarization vector
sr:

ST+ (P x k J_)

@7) fola ki, 1) = fol k1) + 54N fula, k)T

where the function f,(z,k ) with k. = k| is the unpolarized TMD parton distribution,
and AV f, denotes the Sivers function. The latter is also sometimes written as

(28) AN fo (2, k1) =~ ?M]Eﬁf#(w,kl) .
; N

For the Sivers function to exist, final/initial-state interactions are required, as well as
an interference between different helicity Fock states of the nucleon. In the absence of
interactions, the Sivers function would vanish by time-reversal invariance of QCD, hence
it is often referred to as a “naively time-reversal-odd” distribution. As was shown in
[74, 75, 76], the interactions are represented in a natural way by the gauge link that
is required for a gauge-invariant definition of a TMD parton distribution. Interference
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Fig. 12. — Comparison of the single-spin asymmetries Ay using the fit results of [67] to the
RHIC data by the STAR [57] (left) and BRAHMS [58] (right) collaborations. The lower dotted
line in the figure shows the contribution to Ay by the “non-derivative” terms alone.

between different helicity Fock states implies the presence of orbital angular momentum
[74, 77]. The Sivers functions have also been linked to spatial distributions of partons in
the proton [77, 78, 79, 80]. These properties motivate the study of this function.

The Sivers function will contribute to the target SSA in semi-inclusive DIS, but also
to SSAs in polarized pp scattering processes such as the Drell-Yan process and di-jet
or jet-photon correlations. A particularly interesting aspect is that the Sivers functions
are not universal in the usual sense, i.e., they are not the same in each hard-scattering
process. This might at first sight appear to make the study of these functions less inter-
esting. However, the non-universality has in fact a clear physical origin, and its closer
investigation has turned out to be an extremely important and productive development
in QCD. We will only describe it qualitatively here. We have already mentioned that,
in order to be non-zero, the Sivers functions require an additional final/initial-state in-
teraction, represented by the gauge-link that makes the function gauge-invariant. This
may be viewed as a rescattering of the parton in the color field of the nucleon rem-
nant. Depending on the process, the associated color Lorentz forces will act in different
ways on the parton. In DIS, so far explored experimentally, the final-state interaction
between the struck parton and the nucleon remnant is attractive. In contrast, for the
Drell-Yan process it is repulsive. Therefore, the Sivers functions contribute with oppo-
site signs to the single-spin asymmetries for these two processes [74, 75, 76]. This is a
remarkable and fundamental prediction that really tests all concepts we know of for ana-
lyzing hard-scattering reactions in strong interactions. The verification of the predicted
non-universality of the Sivers functions is an outstanding challenge in strong-interaction
physics.

Let us give a simple QED example [81] that captures the essential physics. In fig. 13(a)
we consider a “toy” DIS process. A transversely polarized charge-less “hadron”, consist-
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attractive ' repulsive
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Fig. 13. ~ (a),(d) Simple QED example for process-dependence of the Sivers functions in DIS
and the Drell-Yan process. (c),(d) Same for QCD.

ing of particles with electric charges +1 and —1, is probed by a highly virtual photon. In
order not to be forced to vanish by time-reversal invariance, a single-spin asymmetry for
the process requires the presence of an interaction phase. Such a phase may be generated
by a rescattering of the struck “parton” in the field of the “hadron remnant”, by exchange
of a photon as shown in the figure. The amplitude with the additional exchanged photon
interferes with that without the photon. More precisely, two different phases appear,
the S and P-wave Coulomb phases. The difference of these phases is infrared-finite and
generates the single-spin asymmetry [74]. As the electric charges of the two interacting
particles are opposite, this final-state interaction is attractive.

Now consider a similar model for the Drell-Yan process in fig. 13(b). “Partons” of
opposite charge annihilate to produce a highly virtual photon. The interaction generating
. the phase in this case is “initial-state” and is between the remnant of the transversely
polarized “hadron” and the initial parton from the other, unpolarized, “hadron”. These
necessarily have identical charges, and the interaction is repulsive. As a result, the spin-
effect in this case needs to be of opposite sign as that in DIS.

These simple models are readily generalized to true hadronic scattering in QCD. In
DIS, the final-state interaction is through a gluon exchanged between the 3 and 3 states of
the struck quark and the nucleon remnant, which is attractive, as indicated in fig. 13(c).
In the Drell-Yan process, the interaction is between the 3 and 3 states (or 3 and 3) and .
therefore repulsive, as shown in fig. 13(d).. This is the essence of the — by now widely
quoted - result that the Sivers functions contributing to DIS and to the Drell-Yan process
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Fig. 14. — “Asymmetric jet correlation”. The proton beams run perpendicular to the drawing.

have opposite sign [74, 75, 76, 82]:
(29) fift (@ ky)| = —fif @ k)|

In the full gauge theory, the phases generated by the additional (final-state or initial-
state) interactions can be summed to all orders into a “gauge-link”, which is a path-
ordered exponential of the gluon field and makes the Sivers functions gauge-invariant.
The non-universality of the Sivers functions is then reflected in a process-dependence of
the space-time direction of the gauge-link. The crucial role played by the gauge link has
given rise to intuitive model interpretations of single-spin asymmetries in terms of spatial
deformations of parton distributions in a transversely polarized nucleon [79].

The process-dependence of the Sivers functions can also be tested in more compli-
cated QCD hard-scattering. An example’is the single-spin asymmetry in di-jet angular
correlations (83, 84]. The basic idea is very simple and presented in Figure 14. As we
discussed above, the Sivers function represents a correlation of the form s - (P x k)
between the transverse proton polarization vector, its momentum, and the transverse
momentum of the parton relative to the proton direction. In other words, if there is a
Sivers-type correlation then there will be a preference for partons to have a component
of intrinsic transverse momentum to one side, perpendicular to both s7 and P. Suppose
now for simplicity that one observes a jet in the direction of the proton polarization
vector, as shown in Figure 14. A “left-right” imbalance in k_ of the parton will then
affect the A¢ distribution of jets nearly opposite to the first jet and give the cross section
an asymmetric piece around A¢ = .

Tremendous progress has been made recently in our understanding of the gauge links
for this observable [85]. The more involved color structure of the hard-scattering functions
has profound consequences on the gauge links. It was found that if all interactions are
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summed up, the resulting gauge link for the TMD parton distributions takes a much more
complicated form. It does not involve just the color charge of the relevant parton, but has
in general knowledge about the full hard-scattering process and its color structure. As
such, different correlators were found to appear in different partonic channels, even if the
parton type entering from the polarized proton is the same. This observation makes the
non-universality of the TMD parton distributions much more dramatic than previously
indicated by their sign difference between the SIDIS and Drell-Yan processes. Ref. [86]
stressed that the non-trivial gauge link structure found in [85] implies that a “standard”
factorization in terms of universal TMD parton distributions cannot hold for this process.
Standard factorization still holds to first order in perturbation theory [87] but breaks
down beyond [88]. The STAR collaboration has now published first experimental data for
the single-spin asymmetry in di-jet correlations [89], which show an asymmetry consistent
with zero. Clearly, the field is moving ahead at a remarkable pacel!

4'5. Relation between mechanisms for single-spin asymmetries. — From what we dis-

cussed so far, the two mechanisms for single-spin asymmetries, twist-three quark-gluon
correlation functions on the one hand and TMD distributions on the other, might appear
to be essentially unrelated. However, one can make an argument that a consistent theo-
retical description of the SSA for a hard process over its full kinematical regime requires
both mechanisms to be present and to contain the same physics in the region where
they both apply. To give a specific example, let us consider the SSA for the Drell-Yan
process when the invariant mass @ of the pair as well as its transverse momentum qL
are measured [72].
At relatively large pair transverse momentum, g ~ ), there is only one large scale,
and the SSA will be power-suppressed in that scale. This directs us to use the ETQS
mechanism with its collinear factorization involving the twist-three quark-gluon corre-
lation functions and corresponding hard-scattering functions calculated at lowest order
from partonic 3 — 2 processes, as described in subsection 4°3.

We can next investigate what happens in this case when we make the ratio ¢, /Q
small, keeping however both scales perturbative, @ > ¢, > Agcp. We refer to g1
in this regime as “moderate” transverse momentum. The ETQS mechanism will still
apply here (even though the hard-scattering functions will develop large logarithms of
the ratio ¢ /@ that will eventually need to be resummed to all orders in the strong
coupling). At the same time, however, the factorization in terms of TMD distributions
applies now [68, 69, 70], which involves the Sivers functions. If both mechanisms are
internally consistent, they must describe the same physics in this region.

In recent publications [72], it was demonstrated that the two mechanisms indeed pro-
vide the same description of the single-spin asymmetry for the Drell-Yan process in the
regime Aqep < g1 € @, and that there is a direct correspondence between the Sivers
functions and the twist-three quark-gluon correlation functions. The key observation is
that, at moderate transverse momentum, the Sivers function may be calculated pertur-
batively, using the twist-three quark-gluon correlation functions. In other words, the
ETQS mechanism generates a non-vanishing Sivers function in this kinematic regime.
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do/dg, 4

G4 coll. fact,

Fig. 15. — Cartoon of different kinematic regions g, ~ @ and g1 > Aqcp relevant for the
single-spin asymmetry in the Drell-Yan process. In the region of overlap, @ > g1 > Aqcp
both mechanisms describe the same physics [72].

These results may in some sense be viewed as establishing a unification of the two mech-
anisms. At large ¢, the ETQS mechanism applies. At moderate transverse momentum,
a smooth transition from the ETQS mechanism to the one based on TMD factorization
occurs, with the two approaches containing the same physics. At yet lower ¢ (~ Aqcp),
the TMD factorization still applies, containing in a natural way the transition from per-
turbative to non-perturbative physics. A cartoon of this connection between the two
mechanisms is given in Figure 15. This unified picture should prove to be the best
approach to phenomenological studies of single-spin asymmetries.
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