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DESY 07-028The Sivers single-spin asymmetry in photon-jet produ
tionAlessandro Ba

hetta,1 Cedran Bomhof,2 Umberto D'Alesio,3 Piet J. Mulders,2 and Fran
es
o Murgia31 Theory Group, Deuts
hes Elektronen-Syn
hroton DESY, 22603 Hamburg, Germany2 Dept. of Physi
s and Astronomy, Vrije Universiteit Amsterdam, 1081 HV Amsterdam, The Netherlands3 INFN, Sezione di Cagliari and Dipartimento di Fisi
a, Universit�a di Cagliari, 09042 Monserrato, ItalyWe study a weighted asymmetry in the azimuthal distribution of photon-jet pairs produ
ed inthe pro
ess p"p ! 
 jet X with a transversely polarized proton. We fo
us on the 
ontribution ofthe Sivers e�e
t only, 
onsidering experimental 
on�gurations a

essible at RHIC-BNL. We showthat predi
tions for the asymmetry, obtained in terms of gluoni
-pole 
ross se
tions 
al
ulable inperturbative QCD, 
an be tested and 
learly dis
riminated from those based on a generalized partonmodel, involving standard partoni
 
ross se
tions. Experimental measurements of the asymmetrywill therefore test our present understanding of single-spin asymmetries.PACS numbers: 13.88.+e,13.85.Qk,12.38.BxSingle-spin asymmetries (SSA), parti
ularly in pro-
esses with transversely polarized targets, have beenmeasured in proton-proton 
ollisions p"p! �X (see, e.g.,[1℄) and semi-in
lusive deep inelasti
 s
attering (SIDIS),`p" ! `0�X [2℄. Di�erent theoreti
al approa
hes havebeen adopted to interpret these asymmetries and makepredi
tions for other pro
esses. In this paper, we make a
lear-
ut predi
tion for a simple pro
ess using the 
olor-gauge-invariant QCD formalism (see, e.g., [3, 4, 5℄) and
ompare it with the frequently used generalized partonmodel (see, e.g., [6℄).In general, nonvanishing SSA require the interfer-en
e between s
attering amplitudes with di�erent phases.Possible sour
es of phase shifts are initial- or �nal-state
olor intera
tions [7℄. When des
ribing high-energy pro-
esses, these 
olor intera
tions 
an be in
luded in partondistribution fun
tions (PDFs). In standard gauges, they
an be identi�ed with the Wilson lines required to makethe PDFs gauge invariant (see, e.g., [8℄).The form of the Wilson line is �xed by the hard part ofthe s
attering pro
ess and thus pro
ess-dependent. Forinstan
e, in SIDIS the Wilson line is future-pointing (itarises from gluon intera
tions with the outgoing quark),while in the Drell-Yan (DY) pro
ess (pp" ! l�lX) theWilson line is past-pointing (it arises from gluon inter-a
tions with the in
oming antiquark) [9℄. This has astriking 
onsequen
e for single-spin asymmetries. In the
olor-gauge-invariant approa
h, the asymmetries in DYhave exa
tly the opposite sign 
ompared to the gener-alized parton model expe
tation. This sign di�eren
eis a fundamental QCD predi
tion and its experimen-tal veri�
ation would be 
ru
ial to 
on�rm the validityof our present 
on
eptual framework for analyzing hardhadroni
 rea
tions [10, 11℄.When 
onsidering a pro
ess di�erent from SIDIS andDY, for instan
e p"p ! hadrons, the Wilson line stru
-ture be
omes more intri
ate [12℄. First of all, severalpartoni
 QCD pro
esses 
ontribute; se
ondly, ea
h pro-
ess has 
olored partons both in the initial and the �nalstate, resulting in a 
ompeting e�e
t of future- and past-

pointing Wilson lines. It is therefore more 
hallengingto derive 
lear-
ut predi
tions for the sign of the SSA inthese pro
esses [11℄.In this letter we shall 
onsider hadroni
 produ
tionof a photon and a jet in opposite hemispheres. This isthe simplest 
ase to test the formalism in pro
esses withQCD hard s
attering. After des
ribing the kinemati
sof the pro
ess, we de�ne a suitable weighted azimuthalasymmetry that 
ontains the Sivers fun
tion [13℄. Wethen present quantitative studies in a spe
i�
 kinemati-
al region and predi
t the sign of the asymmetry, whi
hturns out to be opposite to the generalized parton modelexpe
tation, based on SIDIS results. The experimental
on�rmation of this predi
tion has the same signi�
an
eas measuring the relative sign di�eren
e of the Sivers ef-fe
t in SIDIS and the Drell-Yan pro
ess, and has theadvantage that the 
ross-se
tion for photon produ
tionis larger than for Drell-Yan.The pro
ess under 
onsideration is (see also [14℄)p"(P1) + p(P2)! 
(K
) + jet(Kj) +X: (1)This pro
ess is similar to p"p ! jet jetX studied in[4, 11, 15℄, to polarized DY (see, e.g., [16℄), and to p"p!
 X (see, e.g., [17℄). We �x the z dire
tion along P 1 inthe 
enter-of-mass frame (
.m.). We use the pseudora-pidities �i = � ln tan(�i=2), where �i is the 
.m. polarangle of the outgoing photon or jet. The 
omponents ofthe outgoing momenta perpendi
ular to P 1 are denotedas Ki?. We introdu
e the variables xi? = 2jKi?j=psand the azimuthal angles (see Fig. 1) [18℄
os�i = (P̂ 1 � S)jP̂ 1 � Sj � (P̂ 1 �Ki)jP̂ 1 �Kij ;sin�i = (P̂ 1 � S) �KijP̂ 1 � Sj jP̂ 1 �Kij ; (2)with P̂ 1 = P 1=jP 1j, where all ve
tors refer to the 
.m.(or to any frame 
onne
ted to the 
.m. by a boost alongP̂ 1). Finally, we introdu
e the ve
tor r? = K
? +Kj?;
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FIG. 1: Azimuthal angles involved in the pro
ess. The ve
torsK
?, Kj? lie on the plane perpendi
ular to P1.
FIG. 2: Cut diagrams for qg!
q s
attering.and the angle Æ� = �j � �
 � �. We fo
us our attentionon the 
ase in whi
h jr?j � jK
?�Kj?j, i.e., when thephoton and the jet are approximately ba
k-to-ba
k in thetransverse plane. We retain only leading-order 
ontribu-tions in an expansion in jr?j=jK
?j. In parti
ular, thisimplies that x
? = xj? � x?. For 
omparison's sake,we will 
onsistently make the same approximation in thegeneralized parton model [6℄.We now 
onsider the following azimuthal moment [4℄M
jN (�
 ; �j ; x?) = (3)R d�j d�
 2jK
?jM sin(Æ�) 
os(�
) d�d�j d�
R d�j d�
 d�d�j d�
 � �A+BC :We expe
t the above integral to be dominated by thesmall-Æ� region. Note that a positive value for this mo-ment means that the sum of the photon and jet trans-verse momenta, r?, has a preferen
e to lie on the rightside of the transverse plane (as de�ned in Fig. 1), i.e.,the photon{jet pair has a preferen
e to go to the right.In terms of PDFs and partoni
 hard 
ross se
tions, thedenominator of the above moment 
an be interpreted asC = x?x1x2Pqhfg1 (x1) fq1 (x2) d�̂gq!
q + fq1 (x1)� �f �q1 (x2) d�̂q�q!
g + fg1 (x2) d�̂qg!
q�i; (4)where f1 are the unpolarized PDFs and the sum runsover quarks and antiquarks. The standard partoni
 
ross

FIG. 3: Cut diagrams for q�q!
g s
attering.se
tions appearing in Eq. (4) 
an be obtained from the
ut diagrams of Figs. 2 and 3 and readd�̂q�q!
g = ���Se2qŝ2 N2
 � 1N2
 � û̂t + t̂̂u�; (5)d�̂qg!
q = ���Se2qŝ2 1N
 �� t̂̂s � ŝ̂t�; (6)d�̂gq!
q = ���Se2qŝ2 1N
 �� û̂s � ŝ̂u�; (7)dÆ�̂q" �q"!
g = ���Se2qŝ2 N2
 � 1N2
 (�2); (8)where the last term has been in
luded for later use. Themomentum fra
tions x1 and x2 and the partoni
 Man-delstam variables 
an be expressed asx1 = x?2 (e�
 + e�j ); x2 = x?2 (e��
 + e��j ); (9)ŝ = x1 x2 s; � t̂̂s � y = 1e�
��j+1 ; � û̂s = 1� y: (10)The 
ontributions A and B in Eq. (3) are given byA = x?x1x2Pqhf?(1)gd1T (x1) fq1 (x2) d�̂(d)[g℄q!
q+ f?(1)gf1T (x1) fq1 (x2) d�̂(f)[g℄q!
q (11)+ f?(1)q1T (x1)�f �q1 (x2)d�̂[q℄�q!
g + fg1 (x2)d�̂[q℄g!
q�i;B = x?x1x2Pqhq1(x1)h?(1)�q1 (x2) dÆ�̂q"[�q℄"!
g; (12)where the transversity fun
tion (h1), and the �rst trans-verse moments of the Sivers fun
tion (f?(1)1T ) and of theBoer-Mulders fun
tion (h?(1)1 ) [19℄ appear. Note thatthere are two di�erent gluon Sivers fun
tions, 
orre-sponding to two distin
t ways to 
onstru
t 
olor-singletthree-gluon matrix elements, using the symmetri
 dab
and antisymmetri
 fab
 stru
ture 
onstants of SU(3), re-spe
tively [20℄. The modi�ed partoni
 
ross se
tions inthe above equations are the so-
alled gluoni
-pole 
rossse
tions [4℄. They are gauge-invariant sums of Feynmandiagrams weighted with multipli
ative prefa
tors, 
alledgluoni
-pole strengths. These 
an be 
omputed using thepro
edure outlined in [4, 20℄ and are a dire
t 
onsequen
e



3of the presen
e of the Wilson lines. They generalize the�1 prefa
tors appearing in SIDIS and DY and are en-tirely determined by the 
olor topology of the involvedQCD partoni
 diagram. Gluoni
-pole 
ross se
tions areparti
ularly simple in the 
ase 
onsidered here be
ausethe photon is 
olorless and all the subpro
esses in Fig. 2have the same 
olor stru
ture, and so do all the subpro-
esses in Fig. 3. Therefore, the in
lusion of the Wilsonlines results simply in 
ommon prefa
tors:d�̂[q℄�q!
g = N2
+1N2
�1 d�̂q�q!
g; (13)d�̂[q℄g!
q = �N2
+1N2
�1 d�̂qg!
q; (14)d�̂(d)[g℄q!
q = d�̂gq!
q; d�̂(f)[g℄q!
q = 0; (15)dÆ�̂q"[�q℄"!
g = N2
+1N2
�1 dÆ�̂q" �q"!
g: (16)The most signi�
ant di�eren
e between the standard par-toni
 
ross se
tions and the gluoni
-pole 
ross se
tions isthe minus sign in Eq. (14). This sign, entirely due tothe 
olor stru
ture of the partoni
 pro
ess, is a straight-forward 
onsequen
e of QCD. In parti
ular, the di�erentsigns in Eq. (13) and Eq. (14) are due to the fa
t thatwe have in the �rst 
ase an in
oming (anti)quark and anoutgoing gluon and in the se
ond 
ase an in
oming gluonand an outgoing (anti)quark. In the large-N
 limit, inthe �rst 
ase the 
olor 
ows from the in
oming quarkinto the �nal state as in SIDIS, while in the se
ond 
asethe 
olor 
ows ba
k into the initial state as in DY.To have an idea of the impa
t of the negative sign inEq. (14), before presenting a detailed numeri
al study ofEq. (3), we dis
uss a simpli�ed situation. We 
onsiderthe high-x1 region, where the sea-quark 
ontributions inthe polarized proton 
an be negle
ted. We also negle
tthe Boer-Mulders fun
tion and assume a symmetri
-seas
enario, i.e., f �d1 � f �u1 � f �q1 . In this way the azimuthalmoment we are studying 
an be written asM
jN � �54 4 f?(1)u1T (x1) + f?(1)d1T (x1)4 fu1 (x1) + fd1 (x1) (17)� f �q1 (x2) �1� 2y + 2y2�� 38 fg1 (x2) (1� y) �1 + y2�f �q1 (x2) �1� 2y + 2y2�+ 38 fg1 (x2) (1� y) �1 + y2� :We �rst analyze the behavior of the last term of the az-imuthal moment as a fun
tion of the two variables x2 andy. We use the GRV98LO set of PDFs [21℄ at the indi
a-tive s
ale ŝ = 200 GeV2. The result is plotted in Fig. 4 forx2 = 0:01. The behavior is similar for any other value ofx2. In most of the x2 and y spa
e this 
oeÆ
ient is largeand negative, due to the dominan
e of the gluon distri-bution fun
tion over the sea quark one. The result holdstrue for any set of PDFs at any reasonable s
ale. Weemphasize that if standard partoni
 
ross se
tions wereused, this 
oeÆ
ient should be equal to one. Parameter-izations of the Sivers distribution fun
tions indi
ate that

0 0.2 0.4 0.6 0.8 1
y

-1

-0.5

0

0.5

1
x2=0.01

FIG. 4: Behavior of the last term of Eq. (17) at x2 = 0:01.f?(1)u1T is negative and f?(1)d1T � �f?(1)u1T [14, 22, 23℄.Therefore, we expe
t the azimuthal moment to be nega-tive, i.e., we expe
t the photon-jet pair to go preferablyto the left, opposite to the expe
tation of the general-ized parton model, whi
h uses standard partoni
 
rossse
tions both in Eq. (4) and Eqs. (11), (12).To 
on�rm the above expe
tation, we perform a moredetailed numeri
al study of Eq. (3). We use the unpolar-ized PDFs at the s
ale ŝ = x1x2s. For the up and downSivers fun
tion we use the results of the �t of [22℄. We sat-urate the transversity distribution fun
tion using the Sof-fer bound [24℄ with the GRSV2000 [25℄ polarized PDFs.For the gluon Sivers fun
tion and the Boer-Mulders fun
-tion we saturate the positivity bound [26℄��f?(1)g1T (x)�� � Z d2pT jpT j2M fg1 (x;p2T ) � hjpT ji2M fg1 (x);whi
h holds also for h?(1)�q1 . We use hjpT ji = 0:44GeV [27℄. We negle
t the sea-quark Sivers fun
tions.In order to emphasize the e�e
t of the sign 
hange inEq. (14), we need to sele
t small values of y, where thepartoni
 subpro
esses q�q ! 
g and qg ! 
q dominate.Moreover, in order to have a sizeable quark Sivers fun
-tion, we need to sele
t x1 � 0:2 � 0:3. These two 
on-ditions 
an be ful�lled by 
hoosing large positive valuesfor �
 and small or negative values for �j . In Fig. 5we present our estimate for M
jN at ps = 200 GeV(RHIC kinemati
s), as a fun
tion of �
 , integrated over�1 � �j � 0 and 0:02 � x? � 0:05. The solid line rep-resents our predi
tion when taking into a

ount only theup and down quark Sivers fun
tion. The maximum 
on-tributions from the gluon Sivers fun
tion and the Boer-Mulders fun
tion (dotted and dash-dotted lines) turn outto be negligible at high �
 . Thus, we 
an robustly pre-di
t M
jN to be negative in this kinemati
al regime. In
ontrast, the generalized parton model (dashed line inFig. 5) predi
ts the opposite sign.In 
on
lusion, we have examined the azimuthal mo-ment M
jN , de�ned in Eq. (3), for the pro
ess p"p !
 jetX . We have shown that in the kinemati
al regimeof large and positive photon pseudorapidities and neg-ative jet pseudorapidities, the moment is dominated bythe quark Sivers fun
tion 
ombined with the gluon un-
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FIG. 5: Predi
tion for the azimuthal moment M
jN at ps =200 GeV, as a fun
tion of �
 , integrated over �1 � �j � 0and 0:02 � x? � 0:05. Solid line: using gluoni
-pole 
rossse
tions. Dashed line: using standard partoni
 
ross se
tions.Dotted line: maximum 
ontribution from the gluon Siversfun
tion (absolute value). Dot-dashed line: maximum 
ontri-bution from the Boer-Mulders fun
tion (absolute value).polarized distribution fun
tion. The involved partoni
subpro
ess is qg ! 
q. The two fun
tions have to be
onvoluted with a gluoni
-pole 
ross se
tion instead ofa standard partoni
 
ross se
tion, to take into a

ountthe presen
e of past-pointing and future-pointing Wilsonlines arising from gluon intera
tions with the in
ominggluon and the outgoing quark, respe
tively. The 
olorstru
ture of QCD implies that the gluoni
-pole 
ross se
-tion for qg ! 
q is equal to �5=4 times the standardpartoni
 
ross se
tion. This leads to the robust predi
-tion of a negative sign for the azimuthal moment M
jNin the 
onsidered kinemati
al regime, opposite to the ex-pe
tation of the generalized parton model, obtained usingstandard partoni
 
ross se
tions. The experimental mea-surement of M
jN , possible at RHIC, will therefore be of
ru
ial importan
e to deepen our present understandingof single-spin asymmetries.This work is part of the EU Integrated Infrastru
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