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Abstract. We discuss two recent calculations of higher-order QeD corrections to scattering of
transversely polarized hadrons.
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INTRODUCTION

A basic concept underlying much of the theoretical description of high-energy hadronic
scacttering is the factorization theorem, which states that large momentum-transfer
reactions may be factorized into long-distance pieces that contain information on the
structure of the nucleon in tenns of its parton densities, and parts that are shalt-distance
and describe the hard interactions of the partons. Two crucial points are that on the one
hand the long-distance contributions are universal, i.e., they are the same in any inelastic
reaction under consideration, and that on the other hand the short-distance pieces depend
only on the large scales related to the large mOlnentum transfer in the overall reaction
and, therefore, may be evaluated using QeD perturbation theory.

The lowest order for the latter 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 understanding. The first-order ("next-to-leading order" (NLO»)
corrections are generally indispensable in order to arrive at a finner theoretical predic
tion for hadronic cross sections, and in some cases even an all-order resummation of
large perturbative corrections is needed~ In the present paper we win discuss two calcu
lations [1, 2] of higher-order QeD corrections to transversely polarized scattering.

THRESHOLD RESUMMATION FOR prp l' -+ nX

In spite of extensive studies in recent years, the partonic structure of spin-l /2 nucleons
is not yet completely known. Among the leading-twist collinear parton distributions, the
unpolarized (/), longitudinally polarized (11/), and transversely polarized (D f) densities,
there is so far very little infonnation about the latter. These "transversity" distributions
D/ are defined as the differences of probabilities to find a parton of flavor f at scale /.l
and light-cone momentum fraction x with its spin aligned (ii) or anti-aligned Ci 1-) with
that of the transversely polarized nucleon:

(1)



Unlike the longitudinally polarized distribution functions which can be measured
directly in deep-inelastic scattering (DIS), transversity is not accessible in inclusive DIS
due to its chiral-odd nature. It win be highly desirable in the future to have direct probes
of transversity. These are available in double-transverse spin asymmetries in hadronic
conisions~

![dcr(tn - da(t1)] dDcr
ArT ~ ![da(tt) +da(t1)] =da ' (2)

where the arrows denote the transverse polarization of the scattering hadrons. A program
of polarized pp collisions is now well underway at the BNL Relativistic Heavy Ion
Collider (RHIC)~ and measurements ofArT for various reactions should be feasible with
sufficient beam-time for transverse polarization [3]. In the more distant future, there is
also hope to have transversely polarized pp collisions at the GSI-FAIR facility, where
there are plans to have an asymmetric polarized pp collider. Likewise, transversely
polarized pp collisions could become a possibility at the J-PARe facility.

We will consider single-inclusive pion production in transversely polarized hadronic
collisions, pip i -t reX, pipt -7 reX, where the pion has large transverse momentum PT.
Compared to the Drell-Yan process, which is usually considered the "golden channel"
for transversity measurements in hadronic scattering, the spin asymmetry for hadron
production is typically considerably smaller, mostly due to the large contribution from
gluonic scattering in the denominator of the asymmetry [4, 5, 6]. On the other hand,
pions are very copiously produced in hadronic scattering, resulting in much smaller
statistical uncertainties, and ATT in single-inclusive hadron production could thus con
ceivably present a viable alternative to Drell-Yan at RHIC as well as at GSI-FAIR and
J-PARe [7]. .

For energies typically available in fixed-target experiments, previous work [8] has
shown that the NLO framework is no longer sufficient but that all-order resummations
of large logarithmic corrections are needed. Here the value of XT - 2PT / VS, with vIS
the center-of-mass (c.m.) energy of the collision, is generally quite large. It turns out
that the partonic hard-scattering cross sections relevant for pp -7 reX are then largely
probed in the "threshold"-regime, where the initial partons have just enough energy
to produce the high-transverse momentum parton that subsequently fragments into the
hadron, and its recoiling counterpart. Relatively little phase space is then available for
additional radiation of partons. In particular, gluon radiation is inhibited and mostly
constrained to the emission of soft and/or collinear gluons. The cancellation of infrared
singularities between real and virtual diagrams then leaves behind large double- and
single-logarithmic corrections to the partonic cross sections. These logarithms appear for
the first time at NLO, where they arise as terms of the form as In2 (1 - xf)in the rapidity-

integrated cross section, where XT - 2PT /~ with PT the transverse momentum of the
produced parton and s the c.m. energy of the initial partons. At yet higher (kth) order
of perturbation theory, the double-Iogari thms are of the fann a~ In2k (1 - xf). When the
threshold regime dominates, it is essential to take into account the large logarithms to all
orders in the strong coupling as, a technique known as "threshold resummation" [9, 10].
In our earlier work, we examined the effects of threshold resulnmation on the single
inclusive hadron cross section and on the double-longitudinal spin asymmetry ALL [8].
We found very significant enhancements of the cross section by resummation, which
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FIGURE 1. NLL resummed cross section for unpolarized and transversely polarized pp ---t n;oX at
.;s = 14.5 GeV for -1 < 11lab < 2.5 [1]. The shaded bands represent the changes of the results if the
factorizationlrenormalization scale is varied in the range pr :s; J1 :s; 4PT. The solid line corresponds to
J1 = 2PT.
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FIGURE 2. NLL resummed cross section for unpolarized and transversely polarized pp ---t 7t°X at
fixed-target JS = 10 GeV for l1cm > 0 (left) and at 62.4 GeV for 1111 < 0.38 (right) [1]. The shaded
bands represent the changes of the results if the !actorizationlrenormalization scale is varied in the range
PT ::; J1 ::; 4PT. The solid line corresponds to J.l = 2PT.

varying Jl = 'PT~ with' = 1,2,4. It is worth noticing that after resummation the scale
dependence is considerably reduced in the case of RHIC. As can be expected, the ef
fects ofresummation are much larger at VS = 10 GeV than at VS = 62.4 GeV. It is also
interesting to notice that the K-factor is again much lar~r for the spin-averaged cross
section than for the spin-dependent case, especially at vS = 10 GeV. This hnmediately
implies that the spin asymmetry A~T will be strongly reduced when going from NLO to
the NLL resummed case.



in fact lead to a relatively good agreement between resummed theory and experimental
data. We also found a moderate decrease of the resummedAu, with respect to NLO. We
concluded that threshold resummation is an essential part of the theoretical description
in the fixed-target kinematic regime. Its effects at higher energies (such as at Rille)
are much smaller, even though it has to be said that one is typically much further away
from the threshold regime here, so that the applicability of threshold resummation is not
entirely clear.

Here we apply threshold resummation to the case of transverse polarization of the
scattering partons. As we discussed in [8], the resummed partonic cross section for each
subprocess can be written in Menin moment space in the rather simple fann

S A (res) ( ) [ ] 8 A (Bom) ( )
d (J'ab~cd N = DC /1a ;1b ~c Jd ~ SG1 !i(int)ab~cd d O'ab-+cd N (3)

d4J ab-tcd N N N N J.r .ab~cd IN dep'

where 0 o-~~:~~ (N) denotes the n10ments of the LQ tenn in the perturbative expansion

f · . E h f h f . Jd Ai A(int)ab~cd. . Ior a gIven partonlc process. ac 0 t e unctlOfis N' DN' DIN IS an exponentm

and embodies part of the resummation. /i~b represent the effects of soft-gluon radia
tion collinear to initial partons a, b, and similarly for /iN for the final-state fragment
ing parton c. The function it embodies collinear, soft or hard, emission by the "non
observed" recoiling parton d. Large-angle soft-gluon emission is accounted for by the

factors /i~~t)ab~cd, which depend on the color configuration I of the participating par
tons. Finally, the coefficients OCab---1cd contain N -independent hard contributions aris
ing from one-loop virtual corrections. When penorming the inverse Mellin transform,
we use the Minimal Prescription proposed in Ref. [11] to treat the singularity of the
perturbative strong coupling constant in the resummed exponent.

We first present our results [1] for pp collisions at IS = 14.5 GeV, corresponding
to the GSI-FAIR project. At this relatively modest energy one expects the perturbative
threshold corrections that we resum here to be particularly important. To match the
experimental conditions realistically, we have to take into account the rapidity range
that would be covered by the experiments. We assume this range to be -1 < 1Jlab < 2.5,
where 1]lab is the pseudorapidity of the pion in the laboratory frame. We count positive
rapidity in the forward direction of the antiproton. The results for the NLL resummed
cross sections integrated over the range -1 < TlIab < 2.5 are shown in Fig. 1. We also
present in the figure the uncertainties in the prediction resulting from variation of the
scale J1 in the range PT :::; j.l :::; 4pr. One can see that the scale uncertainty remains
rather large even after resummation.

We now turn to pIpI -t nX at VS = 62.4 GeV and at VS = 10 GeV, as relevant for
experiments at RHIC (here, PHENIX) and J-PARC. In order to allow comparison of our
theoretical predictions with future data we consider the regions of pseudo-rapidity as
l1cm > 0 and 1111 < 0.38 for J-PARC and RHIC (PHENIX), respectively, over which we
again integrate. The first choice is based on the assumption of a forward spectrometer
geometry with 200 mrad acceptance, similar to the one used by the COMPASS exper
iment at CERN. The results for the two cases are presented in Fig. 2 which shows the
NLL spin-averaged and spin-dependent cross sections. As before we have taken into
account the theoretical uncertainties in the factorization and renonnalization scales by



NLO CALCULATION OF THE SINGLE TRANSVERSE SPIN
ASYMMETRY IN THE DRELL..YAN PROCESS

Single transverse spin asymmetries (SSAs) in high energy hadronic reactions continue
to attract much theoretical and experimental interest. They are defined as differences of
cross sections when one of the initial hadrons' transverse spin is flipped, divided by the
sum: AN rv (da(S.l) - da( -S.l))!(da(S.l) +da( -S.l))' The theoretical description of
SSAs has presented challenges, since the leading collinear partonk contribution to the
asymmetries vanishes. Over the past few years, there have been a number of theoretical
developments that have led to much progress in the exploration of the underlying physics
for single spin aSylnmetry phenomena. These developments mainly follow two lines:
the transverse momentum dependent (TMD) approach, which uses parton distributions
that depend on partonic transverse momentum [12], and the twist-three quark-gluon
correlation function approach [13, 14], More recently, it has been found in some cases
that the two approaches are closely related and describe the same physics [15].

So far, phenomenological applications of the approaches have been limited to the
"bare" parton model, that is, to the zeroth order of perturbation theory without any QCD
corrections, as the latter were generally not available. This situation was remedied very
recently when the leading-order (LO) kernels for the scale evolution of the relevant
twist-three correlation functions were derived [16]. Here we take a further step [2] by
calculating next-to-Ieading order (NLO) QCD corrections for a particular observable,
the SSA in Drell-Yan lepton pair production weighted by the transverse momentum of
the virtual photon:

J 2 . d!J.a(S.1) JdXl dX2 di q - I I
(q.l!J.cr(S.l)) = d q.llql.lslnq> d2 DC --.-,TF(XI,X2)Q(X )H(Xl,X2;X),

q.l Xl X2 x
(4)

where Tj denotes a "Qiu-Sterman" matrix element [13], and H is the hard part that we
are calculating to NLO.

The NLO real-gluon radiation diagrams have already been studied in [15], and the
results can be carried over to our present calculation with relatively little effort. Some
of the virtual diagrams are shown in Fig. 3. Their result is in fact proportional to that
for the NLO virtual corrections for the ordinary spin-averaged Drell-Yan cross section.
We have verified that the soft divergence in real-gluon radiation is canceled by that in
the virtual diagrams, so that we are left with only collinear divergences, which can be
absorbed into the parton distribution andlor the twist-three correlation function, where
they give rise to the scale evolution of the distributions. We find the following evolution
equation for the "diagonal" twist-three quark-gluon correlation function at Xl = X2 = x:

This evolution equation is consistent with the results derived recently by different meth
ods [16]. The full NLO results may be found in [2].
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FIGURE 3. Corrections to the quark-antiquark-photon vertex with gluon attachment.

ACKNOWLEDGMENTS

I am grateful to D. de Florian, F. Wagner, and F. Yuan for collaboration on the topics
presented here. I thank the U.S. Department of Energy (contract number DE-AC02
98CHI0886) for providing the facilities essential for the completion of this work.

REFERENCES

1. D. de Florian, W. Vogelsang and F. Wagner, Phys. Rev. D 78, 074025 (2008).
2. F. Yuan, W. Vogelsang, in preparation.
3. G. Bunce, N. Saito, J. Soffer and W. Vogelsang, Ann. Rev. Nucl. Part. Sci. 50,525 (2000); G. Bunce

et ai., http://spin.riken.bnl.gov/rsc/reportlspinplan_2008/spinplan08.pdf, Plans for the RHIC Spin
Physics Program.

4. X. Artru and M. Mekhfi, Z. Phys. C 45,669 (1990).
5. X. D. Ji, Phys. Lett. B 284, 137 (1992).
6. R. L. Jaffe and N. Saito, Phys. Lett. B 382, 165 (1996); J. Soffer, M. Stratmann and W. Vogelsang,

Phys. Rev. D 65, 114024 (2002).
7. A. Mukherjee, M. Stratmann and W. Vogelsang, Phys. Rev. D 72, 034011 (2005).
8. D. de Florian and W. Vogelsang, Phys. Rev. D 71, 114004 (2005); Phys. Rev. D 76, 094021 (2007).
9. G. Sterman, Nucl. Phys. B 28t 310 (1987); S. Catani and L. Trentadue, Nucl. Phys. B 327, 323

(1989); S. Catani, M. L. Mangano and P. Nason, JHEP 9807, 024 (1998); E. Laenen, G. Oderda and
G. Stennan, Phys. Lett. B 438, 173 (1998); N. Kidonakis and G. Sterman, Nucl. Phys. B 505, 321
(1997); N. Kidonakis, G. Oderda and G. Sterman, NucL Phys. B 525,299 (1998); Nue!. Phys. B 531,
365 (1998); R. Bonciani, S. Catani, M. L. Mangano and P. Nason, Phys. Lett. B 575, 268 (2003).

10. N. Kidonakis, G. Oderda and G. Sterman, Nucl. Phys. B 525, 299 (1998); Nucl. Phys. B 531, 365
(1998); N. Kidonakis and 1. F. Owens, Phys. Rev. D 63,054019 (2001).

11. S. Catani, M. L. Mangano, P. Nason and L. Trentadue, Nucl. Phys. B 478, 273 (1996).
12. D. W. Sivers, Phys. Rev. D 43,261 (1991); for review, see: V. Barone, A. Drago and P. G. Ratcliffe,

Phys. Rept. 359, 1 (2002).
13. l.W. Qiu and G. Stennan, Phys. Rev. D 59,014004 (1998).
14. H. Eguchi, Y. Koike and K. Tanaka, Nucl. Phys. B 763,198 (2007).
15. X. Ii, J. W. Qiu, W. Vogelsang and F. Yuan, Phys. Rev. Lett. 97, 082002 (2006); Phys. Rev. D 73,

094017 (2006); Phys. Lett. B 638, 178 (2006).
16. Z. B. Kang and 1. W. Qiu, Phys. Rev. D 79, 016003 (2009); 1. Zhou, F. Yuan and Z. T. Liang,

arXiv:0812.4484 [hep-ph].


