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arXiv:0810.0020 [hep-ph℄, ANL-HEP-PR-08-59, NSF-KITP-08-46, SMU-HEP-08-16Longitudinal Parity-violating Asymmetry in Hadroni Deays ofWeak Bosons in Polarized Proton CollisionsEdmond L. BergerHigh Energy Physis Division, Argonne National Laboratory, Argonne, Illinois 60439, USAPavel M. NadolskyDepartment of Physis, Southern Methodist University, Dallas, TX 75275, USA(Dated: November 10, 2008)AbstratWe investigate the possible measurement of parity-violating spin asymmetries in jet pair pro-dution in proton-proton ollisions at the Brookhaven Relativisti Heavy Ion Collider (RHIC),with the goal to onstrain longitudinally polarized quark and antiquark distribution funtions. Ameasurable asymmetry ould be observed in the viinity of the massive weak W boson resonane,where the parity-violating signal appears above the parity-onserving bakground and is enhanedby interferene of the strong and eletroweak prodution amplitudes. We disuss the potentialfor suh measurements, perhaps the �rst opportunity to measure a parity-violating asymmetry inproton-proton ollisions at RHIC. Sensitivity of this measurement to the polarization of down-typeantiquarks is demonstrated.PACS numbers: 12.38.Bx, 13.87.-a, 13.88.+e
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I. INTRODUCTIONThe asymmetry in the rapidity-dependent ross setion for weak (W ) boson prodution inunpolarized high-energy pp ollisions is a valuable instrument [1℄ for measuring the Bjorken xdependene of the ratio u(x, MW )/d(x, MW ) of the up-quark and down-quark quark partondistribution funtions (PDFs) in a proton at the very hard sale set by the weak boson mass
MW . Demonstration of the utility of this predition awaited su�ient luminosity [2, 3℄,but it was not long before the measured rapidity asymmetries were used routinely in globalanalyses as important onstraints on unpolarized PDFs [4, 5℄. The method relies on theaepted Drell-Yan mehanism by whih the W± boson is produed in the standard model,e.g., prinipally u+ d̄ → W+ and d+ ū → W− at leading order in quantum hromodynamis(QCD) perturbation theory. Thus, at least qualitatively, a W+ moving with a large rapidity
y is produed from projetile u quarks arrying large x, whereas a W− moving with alarge y is produed from projetile d quarks arrying large x. The ratio of the unpolarized
W+ and W− ross setions at large y thus provides important onstraints on the ratio
u(x, MW )/d(x, MW ) at x between 0.1 and 1.Extension of similar arguments to polarized pp sattering [6, 7, 8, 9, 10, 11℄ adds apromise of diret aess to the longitudinal spin-dependent quark PDFs ∆q(x, MW ) via the
(V −A) oupling of the quark onstituents to the W . Only one of the inident protons needbe longitudinally polarized in order for this parity-violating measurement to be e�etive.In this paper we address W prodution in longitudinally polarized proton ollisions at theBrookhaven Relativisti Heavy Ion Collider (RHIC) at ollision energy √

s = 500 GeV [12℄.We fous on the dijet deay mode of the W , pp → (W → jj) + X, and ompute fullydi�erential ross setions in jet pair invariant mass Q, jet pair rapidity y, and jet transversemomentum pTj for all signal and bakground proesses.The parity-violating dijet prodution ross setion, ∆σ = σ(p→p) − σ(p←p), where p→(p←) represents a proton with its spin aligned with (against) the proton's diretion of motion,is dominated by the ud + du → W+ proess. The single-spin asymmetry
AL =

σ(p→p) − σ(p←p)

σ(p→p) + σ(p←p)
, (1)(as a funtion of the rapidity y ) is sensitive to ∆u(x, MW ) at x → 1 at large positive yvalues, and to ∆d(x, MW ) at x → M2

W/s at large negative y values, as we demonstratequantitatively. Both ∆u and ∆d PDFs are not known well in the quoted x regions, as theyare not onstrained by the existing data (mostly from polarized deep inelasti sattering).The dijet asymmetry AL may probe these PDFs with a relatively small event sample.Commonly one detets a W boson by observing a leptoni deay W → ℓ + ν, with itsharateristi Jaobian peak in the transverse momentum pT of the harged leptons ℓ = eor µ, and the missing transverse energy arried by the invisible neutrino ν.1 The leptondeay mode is observable at all olliders, inluding RHIC [14, 15, 16℄. Suh signals are leanand impose tight onstraints on the PDFs, but the small deay branhing fration penaltyis felt keenly in the event rate. The luminosity in polarized proton sattering tends to beless than in the unpolarized ase, and the W prodution ross setion at the envisionedRHIC enter-of-mass energy is not as great as at a higher-energy ollider. Correspondingly,1 For a general disussion of prodution and observation of W bosons at hadron olliders, see, e.g., Ref. [13℄.2



lepton deay events ome at a premium and most likely would require several years of RHICrunning. With this in mind, it is attrative to investigate the a priori disfavored alternativethat one ould observe W prodution in the hadroni deay mode W → 2 jets [17℄, preiselythe topi of this paper.An advantage of the hadroni W deay ompared to the leptoni deay is a larger rosssetion, enhaned by Br(W → hadrons)/Br(W → ℓν) ≈ 6. Another advantage is the possi-bility to diretly determine the invariant mass and rapidity of the W boson, approximatelyequal in this ase to the invariant mass (Q) and rapidity (y) of the high-pT jet pair. Theboson-level y distribution does not su�er from the smearing of the PDF dependene in theharged-lepton distributions [14℄ aused by spin orrelations in the ourse of the W bosondeay.The hadroni deay mode of the W boson has an admitted drawbak in that bakgroundontributions to jet pair prodution are substantial. Hadroni jets are produed most abun-dantly through QCD and eletromagneti (virtual photon) interations, rather than through
W interations, espeially via the sattering involving real gluons, whih grows rapidly withollider energy. The bakgrounds present a major obstale for observing unpolarized ele-troweak (W and Z mediated) jet prodution at the Fermilab Tevatron pp̄ ollider and theCERN Large Hadron Collider [18, 19℄. At the intermediate energy of RHIC, the bak-ground/signal ratio (25-30 or more) is omparable to that at the CERN pp Super ProtonSynhrotron (SPS) with the energy √

s = 630 GeV, where a 3σ enhanement from W and
Z bosons in the dijet mass (Q) distribution was observed [20℄ with very low integratedluminosity (L = 0.73 pb−1).We argue that the main bakgrounds an potentially be ontrolled at RHIC beause oftheir smooth (non-resonant) kinematial dependene and symmetry with respet to spatialre�etions. Due to the smooth behavior, side-band subtration an be used to advantageto estimate the unpolarized bakground aurately in the W signal region by extrapolationfrom the side bands of the Q distribution. The parity symmetry of the dominant bakgroundleads to its anellation in the single-spin ross setion, up to a small false asymmetry dueto the unertainty in the proton beam polarization. Thus the parity-violating AL preservesthe lear pattern of PDF �avor dependene typial of W boson prodution and allows usaess to ∆u(x, MW ) and to ∆d(x, MW ) in well-de�ned kinemati regions.It is not possible to distinguish W+ and W− ontributions in the jet pair deay mode.This apparent limitation does not disfavor the hadron deay mode with respet to theleptoni deay mode in situations in whih harged lepton identi�ation is not available,suh as at the earlier stages of RHIC spin program. Full separation of the W and Z signalsis not possible as a onsequene of limited jet invariant mass resolution (of order 5-10 GeV).However, the Z ontribution, with its relatively small event rate, has only mild e�et on thePDF dependene of jet pair ross setions.We evaluate all sattering proesses for prodution of jet pairs (approximated by a pair of�nal-state partons) at the leading order in the QCD and eletroweak oupling strengths, αsand αEW . Spin-dependent distributions in dijet mass (Q) and jet transverse momentum (pTj)at this order are reported in Ref. [17℄. In our paper, we fous on fully di�erential distributionsand omparison of dijet prodution hannels, issues essential for the observation of AL. Weompute these distributions using a modi�ed Monte-Carlo integrator MadEvent [21, 22, 23℄.The presene of both strong and eletroweak ontributions to the same �nal state meansthat their onstrutive and destrutive interferene is possible. We ompute the magnitudeof the interferene e�et in both the unpolarized and the single-spin ross setions. Although3



the interferene e�et enhanes the single-spin ross setion onsiderably, it does not alterthe sensitivity of AL to the polarized PDFs.In a reent paper [24℄, Arnold et al. also onsider jet prodution in polarized protonproton ollisions at RHIC energies. Our fous and emphasis are somewhat di�erent fromtheirs. In our work, we ompute fully di�erential ross setions of two jets, whereas Ref. [24℄investigates the single-jet inlusive double-di�erential ross setion dσ/(dpTjdyj), integratedover the full range of dijet mass Q. All bakground ontributions are inluded in the un-polarized denominator of AL in Ref. [24℄, reduing predited asymmetry values to about1% or less. In our study, we �nd that seletion uts on Q and other kinematial variables,ombined with the subtration of the bakground in the signal region 70 < Q < 90 GeV,are very e�etive in suppressing unpolarized dijet prodution. Owing to the use of thesetehniques our preditions for spin asymmetries are larger at least by an order of magnitude,and our appraisal of the jet pair mode is more optimisti.A tag on �nal-state harmed hadrons is proposed in Ref. [24℄ as a means to improve thesignal over the bakground. In priniple harm tagging eliminates the dominant gluonand light-quark parity-onserving proesses, while preserving a large fration [of orderBr (W → cX) /Br (W → all) ≈ 33%℄ of eletroweak signal events. In pratie, the util-ity of this approah is diminished by the low e�ieny of the experimental identi�ationof �nal-state harmed hadrons. Charm sattering ontributions are inluded in our Monte-Carlo alulation, so that harm tagging an be explored together with the other handles atthe fully di�erential level.In Se. II, we disuss the basi QCD proesses that produe a pair of jets. We show �guresthat illustrate the size of various QCD and eletroweak ontributions to the ross setion,as a funtion of the dijet invariant mass and other variables. To obtain our quantitativeestimates of polarization asymmetries in Se. III, we must adopt parametrizations of spindependent parton distributions. We hoose to work with the de Florian-Navarro-Sassotparametrization [25℄. Using these PDFs, we explore sensitivity of the preditions for AL tovariations in the spin-dependent PDF parametrizations.Conlusions are summarized in Se. IV. Our quantitative preditions show that thepredited magnitude of AL is su�iently large relative to the antiipated unertainties, sothat signi�ant measurements should be possible, with good prospets for disriminationamong di�erent polarized PDFs. We urge experimental study of AL(y) in hadroni deaysof W at RHIC.II. UNPOLARIZED JET PAIR PRODUCTIONA. General remarksWe onsider inlusive jet pair prodution in proton-proton ollisions at √s = 500 GeV,
pp → jjX, approximated by 2 → 2 exhanges of the standard model bosons (V = g, γ∗,
W±, and Z0) in the s, t, and u hannels, inluding the interferene between the amplitudeswith di�erent types of the bosons. The unpolarized and single-spin ross setions, σ and
∆σ, for prodution of an energeti jet pair are given by

dσ

d~p1d~p2
=

∑

a,b,c,d

dσ̂(ab → cd)

d~p1d~p2
fa/p(x1, Q)fb/p(x2, Q), (2)4



and
d∆σ

d~p1d~p2

=
∑

a,b,c,d

d∆σ̂(ab → cd)

d~p1d~p2

∆fa/p(x1, Q)fb/p(x2, Q), (3)where pµ
1 and pµ

2 are the momenta of the jets, Q2 = (p1 + p2)
2, x1,2 = Qe±y/

√
s, y =

ln [(Q0 + Q3) / (Q0 − Q3)] /2, (∆)σ̂(ab → cd) is the perturbative ross setion in the ab → cdparton sattering hannel, and fa/p(x, Q) (∆fa/p(x, Q)) is the unpolarized (longitudinallypolarized) PDF. The QCD renormalization and fatorization sales are set equal to theinvariant mass Q of the dijet. The z axis follows the diretion of the polarized proton beam.In some ases, we use the notation σ(V ) for the partial ross setion that involves the sameboson speies V in the sattering amplitude and its onjugate, without the interferene withother types of bosons.The lowest-order ross setions for s-hannel W+ (W−) prodution via qiqj → W± → qkql(the dominant parity-violating ontribution) are
dσ(W, s-hannel)

dQ2dy
=
∑

i,j

Cij

[
qi(x1, Q)qj(x2, Q) + qj(x1, Q)qi(x2, Q)

] (4)and
d∆σ(W, s-hannel)

dQ2dy
=
∑

i,j

Cij

[
−∆qi(x1, Q)qj(x2, Q) + ∆qj(x1, Q)qi(x2, Q)

]
, (5)where

Cij =
π2α2

EW

12s

Q2

(Q2 − M2
W )

2
+ Γ2

WQ4/M2
W

|Vij|2
∑

k,l

|Vkl|2 ,

αEW = g2
w/4π is the eletroweak oupling strength, MW and ΓW are the W boson mass andwidth, and Vij = Vji is the quark mixing (Cabibbo-Kobayshi-Maskawa) matrix. The indies

i, j, k, l are summed over �avors of quark-antiquark pairs arrying the net eletri hargeof the W+ or W− boson. At the energy of RHIC, where ontributions with initial-state s,
c, b (anti-)quarks are muh smaller than those with u and d (anti-)quarks, the W+ and W−ross setions are well approximated by

dσ(W+, s-hannel)
dQ2dy

= Cud

[
u(x1, Q)d̄(x2, Q) + d̄(x1, Q)u(x2, Q)

]
+ small terms; (6)

dσ(W−, s-hannel)
dQ2dy

= Cud [d(x1, Q)ū(x2, Q) + ū(x1, Q)d(x2, Q)] + small terms; (7)
d∆σ(W+, s-hannel)

dQ2dy
= Cud

[
−∆u(x1, Q)d̄(x2, Q) + ∆d̄(x1, Q)u(x2, Q)

]
+ small terms;(8)and

d∆σ(W−, s-hannel)
dQ2dy

= Cud [−∆d(x1, Q)ū(x2, Q) + ∆ū(x1, Q)d(x2, Q)]+ small terms. (9)These resonant ross setions are ombined with non-resonant (t− and u-hannel) ontribu-tions to form σ(W ), the full W -boson ontribution of order α2
EW . In a similar manner, weonstrut pure Z and γ∗ ontributions, also of order α2

EW . In addition, one must inlude5



the ross setion for the interferene between the eletroweak bosons (of order α2
EW ), andbetween the eletroweak bosons and gluons (of order αSαEW ). Finally, there is a pure QCDross setion, of order α2

s. Expliit matrix elements for all these proesses an be found inRef. [17℄.Our fully di�erential spin-dependent ross setions for 2 → 2 jet prodution are om-puted in all hannels with the help of the programs MadGraph and MadEvent [21, 22, 23℄.MadGraph is a program for automati generation of tree-level ross setions in the standardmodel and its ommon extensions. MadEvent realizes phase-spae integration of these rosssetions. Internally these programs operate with heliity-dependent sattering amplitudesobtained using the HELAS library [26℄. In a typial setting, the amplitudes are summedover all heliity ombinations to produe spin-averaged ross setions. We modi�ed MadE-vent to also allow evaluation of single-spin ross setions for an arbitrary sattering proess,inluding jet pair prodution.2 This modi�ed program is employed to evaluate both thenumerator and denominator of AL.In hard-sattering ross setions, we inlude ontributions from four quark �avors (u, d, s,and c), in aordane with the default MadGraph hoie. The unpolarized and longitudinallypolarized PDFs are taken from the Martin-Roberts-Stirling-Thorne (MRST'2002 NLO [27℄)and de Florian-Navarro-Sassot (DNS'2005 [25℄) sets, respetively. The MRST'2002 NLOPDFs are hosen beause they satisfy positivity onditions with the DNS'2005 PDFs.B. Kinemati distributions of unpolarized ross setionsSpin-averaged jet prodution is dominated by the ontinuous event distribution fromQCD and eletromagneti sattering (involving only g and γ∗). These involve, in order oftheir magnitudes at 60 < Q < 100 GeV, qg → qg, gg → gg, qq′ → qq′, qq → qq, andsmaller sattering ontributions, where q stands for both quarks and antiquarks, and qq(qq′) stands for sattering of the same (di�erent) quark �avors. The two largest jet rosssetions produed by qg and gg sattering anel when a ross setion di�erene is taken toompute the single-spin asymmetry. Parity violation needed to obtain a non-zero numeratorof AL in Eq. (1) arises solely from qq ontributions with intermediate W and Z bosons. The
s-hannel parity-violating sattering amplitudes are enhaned resonantly when the dijetinvariant mass Q is lose to MW (MZ), in the Q range we will all �the signal region�.Even in this region, the spin-averaged W and Z ontribution onstitutes at most a fewperent of the full event rate, suggesting that the most straightforward measurement (notseparating the signal and bakground ontributions) would result in small spin asymmetries.The magnitude of AL may be enhaned by applying a �side-band subtration� tehnique,i.e., by measuring the large parity-onserving bakground at values of Q outside of the signalregion and subtrating it from the denominator of AL inside the signal region.Let us now turn to the �gures illustrating these observations. The spin-averaged di�er-ential ross setions for various ombinations of sattering hannels are shown in Fig. 1. Wefous on the distributions in the dijet invariant mass Q, the transverse momentum pTj ofthe jet, and the di�erene ∆y of jet rapidities, ∆y = |y1 − y2|, shown in Figs. 1(a,b,). Crosssetions denoted �W (α2

EW )�, �Z(α2
EW )�, and �γ∗(α2

EW )� represent the pure W boson ontri-2 The modi�ed MadEvent program for the alulation of polarized ross setions is available from one ofthe authors (P.M.N.) by request. 6
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bution, the Z boson ontribution, and the γ∗ ontribution, without the interferene terms.The sum of all eletroweak and interferene ross setions is shown by a lower solid line la-beled �αsαEW +α2
EW �. The full ross setion, whih also inludes the pure QCD ontributionof order α2

s, is shown by the upper solid line with the label �α2
S + αsαEW + α2

EW �.In most �gures, we impose onstraints pTj > 25 GeV and |yj| < 2 to reprodue ap-proximately the aeptane of the STAR detetor [28℄.3 As seen in Figs. 1(a) and (b),
W (Z) prodution reeives a resonant enhanement at Q ≈ MW (MZ) and pTj ≈ MW /2(MZ/2). The QCD and eletromagneti bakgrounds fall smoothly with both Q and pTj.To fous on the parity-violating asymmetry, we impose a seletion 70 < Q < Qmax, with
Qmax = 90−100 GeV, in Figs. 1(b) and (). A value of Qmax below MZ is generally preferredin order to suppress the Z ross setion (onstituting about 1/6 of σ(W ) at their respetivemass poles aording to Fig. 1(a)) and emphasize the PDF dependene typial for the Wboson ontribution.In 2 → 2 sattering, ∆y is related to the sattering angle θ∗ in the jet pair rest frame as
tanh(∆y/2) = cos θ∗. Signal and bakground proesses are haraterized by di�erent spinorrelations between the initial- and �nal-state partiles and, therefore, di�erent shapes of
dσ/d(cos θ∗) [or dσ/d∆y℄. The kinemati di�erenes between the signal and bakground
dσ/d∆y distributions are traed largely to real-gluon emissions present in the QCD bak-ground proess, but not in the eletroweak proesses (see below). Figure 1() shows that thefull O(α2

S + αsαEW + α2
EW ) ross setion is peaked strongly at large |∆y| , while the signal

O(α2
EW ) and O(α2

EW + αsαEW ) ross setions have �atter |∆y| dependene.In the dijet restframe, the O(α2
S + αsαEW + α2

EW ) ross setion peaks more strongly at cos θ∗ → ±1 asompared to the O(α2
EW + αsαEW ) ross setion.The full eletroweak+interferene ross setion onstitutes 2-3% of the full ross setionat |∆y| = 0, but it drops below 1% at |∆y| ≈ 2. This di�erene ould be exploited toenhane the signal/bakground ratio. For simpliity, we don't impose this seletion in therest of the paper.In Fig. 2 we examine the �avor omposition and angular dependene of QCD satteringhannels (proportional to α2

s). In the relevant region of Q, QCD jet prodution is dominatedby quark-gluon sattering, qg → qg, and, at lower Q values (not shown) by gluon-gluonsattering gg → gg (f. Fig. 2(a)). Both types of ontributions are peaked strongly atlarge |∆y|; see Fig. 2(b). The quark-quark sattering QCD ontributions, qq → qq and
qq′ → qq′, have a �atter dependene on Q and |∆y| than the gluon-sattering ontributions.Similarly, the eletroweak O(α2

EW + αsαEW ) dijet prodution, also proeeding via quark-quark sattering, has a �atter dependene on |∆y| than the gluon-sattering-dominatedQCD bakground.The qq → qq and qq′ → qq′ QCD amplitudes an interfere with the eletroweak am-plitudes having the same initial and �nal quark states. The largest ontributions to theinterferene, together with the full interferene term, are shown in Fig. 3 as a funtion of Q.The magnitude of the O(αsαEW ) interferene is similar to that of the O(α2
EW ) ross setion.Its shape is determined by the interplay of the partial interferene terms.We lassify these partial terms aording to their initial-state quark omposition. Thatis, the ross setion �uu, dd� orresponds to the sum of the interferene ross setions withtwo initial-state u quarks or two d quarks, i.e., uu → uu and dd → dd; �ud� orresponds3 Our results for an asymmetri ut −2 ≤ yj ≤ 1 on jet rapidities (exatly orresponding to the STARaeptane) are qualitatively similar. 8
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to the interferene ross setion for ud → ud, ud → du, du → ud, and du → du; and soon. Smaller interferene terms involving strange or harm quarks are inluded in the totalinterferene, but not shown separately.It is useful to distinguish between the interferene terms that possess resonant propertiesand those that do not. The resonant interferene ours between an s-hannel W or Zboson amplitude and a di�erent onjugate amplitude with the same external states. The realpart of the heavy boson propagator in the s-hannel amplitude hanges sign at the boson'smass pole, Q = MV . Consequently a resonant interferene term exhibits a pronounedenhanement slightly below the W or Z pole and a omparable enhanement of the oppositesign immediately above the pole. In our ase, the �ud̄, dū� ross setion (dot-dashed urve)is the most prominent resonant term dominated by the interferene with the s−hannel Wboson amplitude. It hanges sign at Q = MW . Despite its large magnitude, its ontributionto the integrated event rate in the signal region 70 < Q < 90 GeV is small, due to theanellation between the ontributions of the opposite sign from below and above Q = MW .Similarly, a resonane driven by the s-hannel Z boson amplitude ours in the �uū, dd̄�ross setion (long-dashed line) at Q = MZ .The largest interferene ontributions to the integrated rate in the signal region arisefrom non-resonant uu, ud, and dd proesses (short-dashed and dotted lines). These rosssetions do not ontain a large resonant propagator, but rather are enhaned by a produtof two large valene-dominated quark PDFs, u(x1, Q)u(x2, Q), et. From this disussion, weonlude that the ud̄ and du interferene ontributions anel when integrated over the signalregion. The largest surviving interferene is due to the uu, ud, and dd terms. As a resultthe interferene strongly a�ets dependene on u and d quark PDFs, but only marginallyon the d antiquark PDF.C. Parton �avor omposition of dσ/dyIn Fig. 4(a), we show partial ontributions to the O (α2
EW ) ross setions dσ/dy at 70 <

Q < 90 GeV involving only W+ and W− ontributions in all hannels. In this �gure,we identify ontributions proportional to u(x1), d(x1), u(x1), and d̄(x1). The pure W±ontribution is dominated by the resonant terms. Hene the urves in Fig. 4(a) losely followthe rapidity dependene suggested by Eqs. (6) and (7). Only one term [proportional to u(x)or d(x) at x → 1℄ survives on the right-hand sides of these equations when y approahes itskinematial limits, y → ± ln(Q/
√

s).The ross setion supplied by W− ontributions onstitutes about 1/3 of that from W+ontributions. Consequently, the ombined W± ross setion is dominated by u(x1) and
d̄(x1) ontributions at large positive and negative y, as in resonant W+ prodution.Figure 4(b) shows the quark �avor deomposition for the eletroweak+interferene
O(α2

EW + αsαEW ) ross setion. In this ase, the ombined u(x1) ontribution is roughlyequal to the sum of the W+ ontribution in Fig. 4(a) and uu, ud interferene ontribution(symmetri with respet to y = 0). The ombined d(x1) ontribution is similarly made ofthe W− and dd, du interferene ontributions. Both u(x1) and d(x1) ontributions remaindominated by the resonant W± terms, as the interferene involving sea quarks is quite small.The essential onlusion to be drawn is that the ombined eletroweak+interferene rosssetion largely preserves the PDF dependene of the resonant W+ prodution, notably, thesensitivity to u(x1, Q) (d(x1, Q)) at the forward (bakward) y values.10
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(a) (b)Figure 4: Quark �avor omposition of the unpolarized ross setion dσ/dy: (a) W (α2
EW ) rosssetion only; (b) full eletroweak+interferene O(α2

EW + αsαEW ) ross setionIII. THE SINGLE-SPIN ASYMMETRYIn Fig. 5 we present the single-spin asymmetry AL(y), evaluated as a funtion of rapidityfor two sets of DNS'2005 leading-order polarized PDFs and MRST'2002 NLO unpolarizedPDFs. The statistial unertainty δAL in the measurement of the asymmetry is evaluatedas [12℄
δAL =

√√√√ 1

Lσ

(
1

P 2
beam

− A2
L

) (10)for the integrated luminosity L = 160 pb−1 and proton beam polarization Pbeam = 0.7.The asymmetry AL and its projeted statistial unertainty an be determined in twoways. In the �rst (most straightforward) method, the spin-averaged ross setion is takento be the full O (α2
S + αsαEW + α2

EW ) ross setion. The resulting rapidity (y) dependeneof AL in the signal region 70 < Q < 90 GeV is shown in Fig. 5(a). The value of AL isgenerally small, and the statistial unertainties (evaluated based on the total number ofevents for both beam polarizations in eah bin) do not allow disrimination between the setsof polarized PDFs shown.In the seond method, we set the unpolarized ross setion equal to the O (αsαEW + α2
EW )ross setion both in the denominator of AL and δAL. This proedure is roughly equivalentto the measurement of AL in whih the bakground ross setion (dominated by the O(α2

s)term) is measured preisely in the side bands (Q < 70 GeV and Q > 90 GeV), extrapolatedinto the signal region (70 < Q < 90 GeV), and subtrated from the measured unpolarizedrate. Using this approximate side-band subtration tehnique in Fig. 5(b), we see that thepredited magnitude of AL is inreased substantially, and di�erent parametrizations of the11
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Figure 5: Parity-violating asymmetry AL in the dijet mass interval 70 < Q < 90 GeV withoutand with side-band subtration of the parity-onserving QCD bakground, plotted for two sets ofleading-order DNS'2005 polarized PDFs.polarized PDFs an be disriminated, given the projeted statistial unertainties.The asymmetry AL inludes both the W+ and W− ontributions, as a result of summationover all jet harges. At large positive y, AL approximately follows −∆u(x)/u(x) at large x,expeted to satisfy ∆u(x)/u(x) → 1 in the x → 1 limit. At large negative y, AL mostlyre�ets the behavior of sea quark PDFs at x → 0.02, notably of ∆d(x)/d(x).We now examine the region of negative y in greater detail in order to gauge the sensitivityof AL to variations in the polarized PDFs within the limits tolerated by urrent parametriza-tions. We plot the values of AL obtained after side-band subtration for the DNS'05 NLOPDF sets with varied �rst moments of ∆u(x), ∆d(x), ∆u(x), and ∆d(x). The results areshown in Fig. 6. When y < −1, AL is learly sensitive to the variation in the �rst moment of
∆d and, to a smaller degree, of ∆u. It is nearly insensitive to the variations in ∆u and ∆d.This result suggests that the measurement of AL will onstrain ∆d(x), given the projetedstatistial unertainties.We remark that the pronouned sensitivity of AL to −∆u(x)/u(x) and ∆d(x)/d(x) arisesbeause of the dominane of the W+ ontribution to parity-violating dijet prodution, nearlyindependently of the PDF set hosen. Equations (1, 6-9) state that the resonant parity-violating part of AL behaves at large |y| approximately as

lim
y→− ln(MW /

√
s)

AL(y) ≈ −
∆u(x1)
u(x1)

+ ∆d(x1)
d(x1)

r(x1, x2)

1 + r(x1, x2)
, (11)and

lim
y→ln(MW /

√
s)

AL(y) ≈
∆d(x1)

d(x1)
+ ∆u(x1)

u(x1)
r(x2, x1)

1 + r(x2, x1)
, (12)12
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r(x1, x2) ≡
d(x1)

u(x1)

ū(x2)

d̄(x2)
. (13)The fator r is small (of order 1/3) in both limits, as a onsequene of the smallness of the

d(x)/u(x) ratio at x → 1 (see, e.g., Figs. 3-6 in Ref. [29℄). Unless ∆u(x1)/u(x1) is muhsmaller than ∆d(x1)/d(x1) in absolute magnitude, it dominates the numerator of AL(y) inEq. (11). Similarly, ∆d̄(x1)/d(x1) dominates the numerator of Eq. (12), unless it is muhsmaller than ∆u(x1)/u(x1) in absolute magnitude.In the lepton deay mode, the positron from a W+ deay tends to satter into the entralrapidity region, hene smearing the x dependene of the underlying d parton distribution[14, 30℄. In jet prodution, the smearing does not our as a result of the diret measurementof the rapidity y of the jet pair.Observation of AL in the jet pair mode, after the bakground subtration, appears toguarantee a large asymmetry assoiated with ∆u(x) at x → 1 for forward jet pair rapiditiesand to test ∆d(x) in the region of negative jet pair rapidities.13



IV. CONCLUSIONS AND DISCUSSIONData on W prodution obtained from longitudinally polarized proton-proton satteringat RHIC an be used to extrat spin-dependent quark and antiquark parton distributions
∆qi(x, MW ) and ∆q̄i(x, MW ), providing information omplementary to that obtained frompolarized deep-inelasti lepton sattering. The longitudinal spin asymmetry AL(y) of therapidity (y) dependene of W prodution is partiularly sensitive to the spin-dependentquark PDFs. In this paper, we examine the prospets for de�nitive measurements of AL(y)when the W boson is deteted at RHIC in its hadroni deay mode, W → 2 jets, at theollision energy √

s = 500 GeV.To take advantage of the inrease in the event rate and, in priniple, of the diret mea-surement of y o�ered by the hadroni deay mode, one must �rst address the hallenges ofthe large parity-onserving bakground from QCD and eletromagneti prodution of jetsin the viinity of the W signal. In Se. II of this paper, we report our tree-level omputa-tion of the amplitudes for all eletroweak and strong interations proesses that lead to apair of jets in proton-proton sattering. We treat arefully all e�ets of interferene amongthe subproesses. As shown in Fig. 1, the bakgrounds in unpolarized sattering appearadmittedly daunting. Most of this bakground is due to subproesses with emission of oneor two �nal-state gluons, as shown in Fig. 2. Nevertheless, even at the unpolarized level, anexperimental side-band subtration proedure ould be used to reah aeptable sensitivityto events ontaining two �nal-state quarks from eletroweak sattering or QCD-eletroweakinterferene. With this proedure in plae, the unpolarized event rate is dominated by pro-esses involving the u quark PDF in the forward region of the dijet y, and by proessesinvolving the d̄ antiquark PDF in the bakward region of y, even without separation ofdijets from W+ and W− prodution [f. Fig. 4(b)℄.Turning to the longitudinally polarized ase, we remark �rst that the largest QCD andeletromagneti bakgrounds anel in the parity-violating numerator σ(p→p) − σ(p←p) of
AL(y). This means that the desired sensitivity of AL(y) to ∆u(x, MW ) and ∆d(x, MW ) ismostly preserved. The magnitude of AL(y) an be enhaned by applying the above sub-tration proedure to the spin-averaged denominator σ(p→p)+σ(p←p) of AL(y). The strongand eletromagneti bakgrounds may be measured in the dijet invariant mass distribu-tion in side-band regions next to the W signal loation. An appropriate extrapolation andsubtration of the bakgrounds may then be performed when de�ning the denominator of
AL(y).Our quantitative preditions for the asymmetry are presented in Figs. 5 and 6. In Fig. 5,we demonstrate that, one the side-band subtration tehnique is employed, the preditedmagnitude of AL is su�iently large, when ompared to the expeted unertainties. Thedata on AL(y) would thus be a very valuable omponent of a global analysis leading tode�nitive longitudinally polarized PDFs.At large positive y, AL approximately traks −∆u(x)/u(x) at large x, ommonly assumedto satisfy ∆u(x)/u(x) → 1 at x → 1. We �nd that AL an drop as low as−0.5 at y = 1.2−1.5(Fig. 5(b)). The statistial error in this range of y is still small enough to allow a meaningfulmeasurement.At large negative y, AL re�ets the behavior of the sea quark density ∆d(x)/d(x). Oneway to estimate the power of disrimination is to ompute the hanges in the predited
AL(y) that result from varying the polarized parton densities within the bands of toleraneof urrent parametrizations. As shown in Fig. 6, the most pronouned predited variations14



in the bakward rapidity region result from hanges in ∆d̄.In an e�ort to inrease the magnitude of AL(y), several tehniques may prove to behelpful. Seletion of events at entral ∆y = |y1 − y2| (or entral cos θ∗ in the dijet restframe) helps to suppress the gluon-dominated QCD bakground, as follows from Figs. 1()and 2(b).One may onsider seleting jets ontaining a �nal-state harmed partile [24℄. In thisase, the QCD bakground is redued muh more than the W signal rate by exluding manysoures of light-�avored jets. Using realisti e�ienies for harm detetion, we annotonlude that the harm tag learly improves the expeted signi�ane of the measurementsof AL(y). An alternative approah ould involve a tag on a leading harged partile inthe jet (e.g., a harged pion arrying at least a third of the total jet energy) to emphasizeontributions of the quark-initiated jets over gluon-initiated jets. As with the harm tags, theredution in the bakground over signal in this ase must be balaned against the substantialsuppression in the total event rate. We therefore defer our onlusion about the feasibilityof harm and leading-partile tags until a more detailed study.The analysis reported here uses hard-sattering ross setions omputed at the lowestorder in perturbation theory. Next-to-leading order (NLO) ontributions in QCD inreasethe predited rates for hadroni jet prodution [31, 32℄ and are essential for reduing largesale dependene of the lowest-order ross setion. This inrease means that the bakgroundsin the denominator of AL(y) an be larger than our estimates. On the other hand, asshown by Moretti et al. [33℄, omparably large enhanements are predited in the single spinpolarized ross setions at RHIC, meaning naively that the predited magnitude of AL(y)ould remain largely una�eted. A quantitative statement about the ultimate e�ets of NLOterms on AL(y) would require a onsistent treatment of NLO ontributions to all ontributingproesses, in both the unpolarized and polarized ases, as well as onsistent appliation ofkinemati seletions that we �nd advantageous. We leave this task for future work, but wenote here that omparably large enhanements of both the polarized and unpolarized rateswould lead to a derease in the projeted statistial unertainty δAL, Eq. (10), sine δAL isproportional to 1/
√
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