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Outline :

² Near-term prospects for measuring ¢ g at RHIC

¤ high-pT jet / hadronproduction

¤ signof ¢ g ?

² Singletransverse-spinasymmetries



Near-term prospects for measuring ¢ g

– High-pT jets and hadrons –
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² nucleonspin structure ¢ f a;b

² for hadrons: fragmentationfunctions D h
c ; e+ e¡ annihilation



² NLO = state of the art

LO NLO

² lowest order : good for qualitative descriptions

² however,precisepredictionsa®ord higher-order NLO calculations:

· may be sizeable, in particular in polarized case

· reduction in scale dependence

¹
d

d¹
d¾phys = 0

6= 0 in truncated perturbation theory

• NLO corrections now known for all relevant reactions
Gordon,WV; Contogouriset al.; de Florian,Frixione,Signer,WV;Stratmann,Bojak;
de Florian; JÄager,SchÄafer,Stratmann,WV;. . .



² jet and hadroncaclulationsshare many features

² however:

 

  

  

 

² ¯nal-state singularities . . .

. . . cancelfor jets

. . . imply additionalnon-perturbative input for incl. hadrons

! fragmentationfunctions



² fragm. fct. analyses: Kniehl,Kramer,Pötter and Kretzer
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Unpolarized cross section



pp ! ¼0 X by

PHENIX
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(Why so good . . . ?)
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NLO Theory
µ = pT / 2
CTEQ4M parton distributions
Stat and sys uncertainties combined

π0 production
by proton beams

Apanasevich et al. (seealso: Aurencheet al.)



² contributionsby partonic scatterings: pions

qq

qg

gg



² contributionsby partonic scatterings: jets

qq

qg

gg

1-jet, LO



² contributionsby partonic scatterings:

qq

qg

gg
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1-jet, LO



² averagex and z :

<z>

<x>-jet
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² averagex and z in forward region: Kretzer
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Spin asymmetry



x

GRSV std.

Polarized gluon densities: Glück,Reya,Stratmann,WV



pp ! ¼0X ,
p

S = 200GeV , j´ j · 0:38 JÄager,SchÄafer,Stratmann,WV

L = 3 / pb
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² latest development: ¯rst preliminary data from PHENIX !

input

∆g = g

∆g = -g
GRSV
∆g = 0

PHENIX prel.
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² ) can A¼
LL be negative? How negativecan it be ?



² partonic subprocessasymmetries âLL ´ ¾̂++ ¡ ¾̂+ ¡
¾̂++ + ¾̂+ ¡

² gg ! q¹q hasnegativeâLL

² however, ¾̂gg! gg ¼ 160 £ ¾̂gg! q¹q (at ^́ = 0)



A lower bound on A¼
LL JÄager,Kretzer,Stratmann,WV

• integrate LO cross section over all rapidities |´ | ≤ cosh¡ 1(xT ),

and take mellin moments in x2
T ≡ 4p2

? =S :

∆¾¼(N ) ≡
Z 1

0
dx2

T

¡
x2

T

¢N ¡ 1 p3
? d∆¾¼

dp?

• obtain
∆¾¼(N ) =

X

a;b;c

∆f N +1
a ∆f N +1

b ∆¾̂c;N
ab D ¼;2N +3

c

• in terms of moments of ∆g :

∆¾¼(N ) =
¡
∆gN +1 ¢2 AN + 2 ∆gN +1 BN + CN

gg scatt. qg qq; qq0; qq̄; : : :



• a parabola – with a minimum given by

AN ∆gN +1 = −BN

∆¾¼(N )
¯
¯
¯
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= −
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• Mellin inverse :
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• resulting asymmetry : negative, but tiny

p? = 1:5 GeV: A¼
LL ¼ ¡ 10¡ 4

p? = 4:5 GeV: A¼
LL ¼ ¡ 10¡ 3



² the polarizedgluon that minimizesA¼
LL :

x∆g

x

µ = 2.5 GeV

GRSV
“standard“
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² a node { helpsby allowing ¢ g(xa) £ ¢ g(xb) < 0

² a full \global analysis"con¯rms :

pQCD at leadingpower predicts that a negative A¼
LL is small



pp ! jetX ,
p

S = 200GeV , 0 · ´ · 1 de Florian,Frixione,Signer,WV
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pp ! ¼0X ,
p

S = 200GeV , ´ = 3:3

max

-max

GRSV-std

² dominanceof qg ! qg setsin
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Single-transverse spin asymmetry AN



² correlation » i ~sT ¢(~pbeam £ ~l¼)

¤ large AN seenin ¯xed-target experimentsat
BNL,ANL,Fermilab,Serpukhov

¤ E704('96) :
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² AN is power-suppressedas 1=pT . . .



STAR
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¤ higherpT : seeexpected1=pT behavior ?



² Sivers'90 :

-P
Tk Tk

f 1T
⊥ =

s

s

T

T
q q

asymmetry qp" (x; ~kT ) 6= qp" (x; ¡ ~kT )

² mechanismis

AN / f ?
1T (xa; k? ) q(xb) ¾̂qq! qq(k? ) D (z)

² howeverCollins'93 : for distribution functionscorrelation
~ST ¢( ~P £ ~kT ) ruled out by T invarianceof QCD

² recentdevelopment: gaugelinks that make pdfs gaugeinvariant
allow the \T-o dd" structure
(Brodsky,Hwang,Schmidt;Collins;Belitsky,Ji,Yuan; Boer,Mulders,Pijlman)



² AN for a single-inclusiveobservable:

¤ interpretation complicated: Sivers vs Collins vs Qiu/Sterman,Koike

¤ p" p ! ° X , p" p ! ¹ + ¹ ¡ X , p" p ! jet X . . .

¤ factorization with k? an assumption

² there is a classof observablesthat depend directly on a measuredkT :

¤ azimuthalasymmetriesin ep" ! e0¼X

¤ azimuthalasymmetriesin e+ e¡ ! ¼¼X

¤ p" p scattering?

² for these,k? e®ectsare not power-suppressed,
and more experiencewith factorization is available



² example: ep" ! e¼X Collins

sin(Á + ÁS)
P

q e2
q ±q(x) H ? ;q

1 (z)

sin(Á ¡ ÁS)
P

q e2
q f ? ;q

1T (x) Dq(z)

² HERMES

² only moderateQ2



What's a similar observablein pp ?

² example: near back-to-backjets in p" p ! jet jet X Boer,WV

j2j1
∆φ = φ  − φ

T
k
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² A simpleestimate: Boer,WV

² Gaussiank? distribution for partons in unpolarized proton :

f (k? ) =
e¡ (k? )2=hk 2

? i

¼hk2
? i

(mostly gluons)

² leadsto distribution
/ e¡ a (1 ¡ cos(¢ Á))

² ¯t to STAR back-to-backdata :
q

hk2
? i ¼ 1:3 GeV



STAR



² Siverstype correlation :

f ?
1T (k? ) / k? e¡ (k? )2=hr 2

? i

² leadsto spin asymmetry

AN ∝
³
|~P?

c | sinÁc + |~P?
d | sinÁd

´ 2〈r 2
? 〉

(〈r 2
? 〉+ 〈k2

? 〉)
2 e¡ [~P ?

c + ~P ?
d ]

2
=(hr 2

? i + hk 2
? i )

² for ~P?
c k ~S?

/ sin(¢ Á) e¡ a (1 ¡ cos(¢ Á))

² useparametersof Anselmino,D’Alesio,Murgia

² very sensitiveto gluon Siversfunction

² future : perturbativetail, Sudakov e®ects



² d'Alesio,Murgia
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p
S = 200GeV, 8 · pT1;2 · 12 GeV,¡ 1 · ´ 1;2 · 1 Boer,WV



Conclusions :

¢ g

² a lot can be learned from jets and hadrons

² signof ¢ g from forward region?

² most theoretical tools in place{ somechallengesremain

AN

² look for 1=pT behavior of p" p ! ¼X

² large potential for back-to-backobservables



² physicsimportance of Siversfunction :

¤ interferenceof Jz = + 1
2 and Jz = ¡ 1

2 amplitudes
! orbital angular momentum

� �

� �

¤ Burkardt : connection q(x; ~kT ) $ q(x;~bT ) $ H ; E \GPD's"

¤ universality ?

f ?
1T jDY = ¡ f ?

1T jDIS Collins; Brodsky,Hwang,Schmidt;

Belitsky,Ji,Yuan; Boer,Mulders,Pijlman; Anselmino,D’Alesio,Murgia


