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major goal of RHIC spin program: measure Ag(x)

key advantages of RHIC:

e Ag can be probed in various processes

, can verify universality of pol. pdfs for the 15 time
1

foundation for predictive power of pQCD

candidates with a dominant gluon contribution in LO;

jets/hadrons

o,

prompt photons heavy quarks

e large c.m.s. energy 'S — high py accessible
— pQCD should be applicable
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scale dependence <

measure for reliability of pQCD:

i o a(io/2)/0(ta) 1 _
k. e 1 « ratio of x-secs for
i (hmdron pairs) 1
i 1 two choices of p
[ ) should be ~ 1
. ///JJ’;MP}LSS 7
f (hadron pairs) 4
-— J E706 (dir. 7) ~—'.
: — ML RHIC (dir. ¥) :
= 'E':RI-[I&'_'fJ {1—jet) CD{‘{::IE. 7) :
D 1 5 10 50 100
ps* (GeV)
i) 1
X v



general framework for inclusive-pion production:

starting point: factorization theorem
Libby, Sterman; Ellis.et al.; Collins et al.§ ..

requirement: a hard scale, e.g., pions with high-py

do

long-distance
from exp.; p-dep.: do/dp = 0 (pQCD)

i SETISRSISY | ST -
da.ppw‘rﬂ';-‘f '
g s > ] dzy dmp dze fo(@a, 1) fol@y, ) D (2, p)
} PT abe
da.:‘eb—n-.-‘t"
KT——(mﬁPmmbe, P"[/z..u) -+ Power corr.
DT

T
short-distance
pQCD: power series In .

- scale p ~ pr: separates long- and short-dist. physics
- formula valid for polarized case as well .

flz,pf) = Af(z,pp) and do/dpr —dOa/dpr
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experimentally relevant:. double-spin asymmetry

e df;m..m_x"(_!__]?) __dﬂ,.pp-ﬂrﬂi'“('_'i__) \
LL = Gom—nX (44 4 doPP (=) |
t 1 r

helicities of colliding protons

LO prediction for A7, (p3) at /S = 200 GeV:

very moderate luminosity!

0.08 ——+———— - " v
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: - : . | 1
estimate of statistical errors: 04 = 55 X 77—+

[with 1 = % = 0.5 (beam pol.) and =z = 1 (detection efficiency)]

sensitivity to Ag (with £L=7/pb !) — very promising
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breakdown into contributions from different subprocesses:

do™ /dpr (VS = 200GeV)

1.0
8-
0.8+

0.4

0.2

0.0 -
]

aq

A
Br / GeV

[unpol. NLO: Aversa et al.; pdfs: CTEQS5M,; frag-fcts: Kretzer]

— gluon-induced processes relevant up to large pr

polarized: ggq/qg/gg ratio depends strongly on Ag



NLO pQCD hard scattering works well at colliders —

in general, NLO QCD corrections are a must :

d
;Ld—!”f.icrp hys = O

- however, == 0 in truncated preturbation theory

- dependence on unphysical scale u strong in LO
— sizable theoretical uncertainties

- QCD corrections often important,

in particular for polarized cross section

- more reliable angular / ppr distributions, jet def., ...
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NLO QCD corrections to Af; - outline:

at O(a?) one has:

all LO 2 =+ 2 | parton-parton scattering processes

unpol.: 4 processes qq' — qq', 99 — qq. 94 — 99, 99 — 94
all other processes related by crossing

(however, need gg — qg etc.)

at O(«?) one has:

(1) 1-loop (virtual) corrections to all LO processes

T 9

‘hox’ ‘vertex' ‘'selfenergy’

(2) all 2 3 | — parton-parton scattering processes

qq¢’ — 94’9, 93 — 999, 99 — 949, €tc.

all contributions separately singular
= choose d = 4 — 2¢ dimensions
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Two strategies for NLO calculations :

(1) ‘Monte-Carlo approach’

v different observables, exp. cuts
v “smaller amount of work"

» delicate numerics

« relatively slow in evaluation

vy D. de Florian

I = lim (/D %iff( ) — _F(O))

&=l

&

T = F(0) In5+/ —F(rj [ = /D i [F(z) — F(0)]

“slicing method" “subtraction method"

(previous application ; pp'— jetsX de Florian,Frixione,Signer, WV)

(2) ‘analytical method’

% ‘only' single-incl. cross section
v numerically stable
v fast — useful for global fits

—» our approach
(previous application : pp — vX  Gordon,WV; Contogouris et al.)



technical details (I) - 1-loop virtual corrections:

O(a3): only interference of 1-loop and Born amplitudes
contributes:

{ Y % e T

IR+UV divergencies —+ work in 4—2¢ dimensions

can extensively make use of available results

we use two different methods:

(1) renormalized propagators and vertices

Nowak, Praszalowicz, Slominski

Y ff‘) | UV-divergent — tabulated in NPS

UV-finite — calculate from scratch

(2) one-loop renormalized helicity amplitudes

Kunszt, Signer, Trocsanyi

some ‘gymnastics' required to obtain desired results

[e.g., ‘color-linked matrix elements’ Kunszt, Soper]

v results for methods (1) and (2) fully agree

v' unpolarized results agree with Ellis, Sexton



technical details (II) - 2 — 3 contributions:

aim: calculation of single-inclusive pion cross section:
e.g. g9 — q (q9)

M

fragments: q - X integrated out

phase space integration performed in rest frame of the

two unobserved partons

N, (parametrized by two angles @1 2)

AT oz i /d!’?ldﬁ'g sin*—25 9 8in=*¢ Hﬁ!&ﬂ-’fg_-,ﬂz

calculation requires extensive partial fractioning to get

ir{.i.r.fj e / dﬁl Siﬂl":zf [}l df}? sin 2e 92
] (14 cos;)k(1+ Acosé, + Bsinb; cosby)t

which can be done analytically

subtlety in polarized calculation: s in 4—2¢ dimensions
-5 (and e.w,0) are genuine 4-dim. — use HVBM prescription :

{795y =0 (p=0,1,2,3) [v#,~v5] = 0 otherwise

v all 2 = 3 matrix elements computed ...
(agreement unpol. case with Ellis, Sexton)

v' ...and integrated
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some typical NLO 2 —+ 3 Feynman diagrams:

Ly

gEq g=4gq
qq¢ — qqd'q

different flavors identical flavors F:::‘ % =
s lr f

qq — ¢'q'g
q9 — qq9'q q9 — 499

it el A =
e TES

99 =+ 999 99 — 949

i
g
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technical details (III) - cancellation of divergencies:

final step: adding up all real and virtual contributions
before taking the limit ¢ — 0 all poles have to cancel:

UV 1/e-singularities

removed by renormalization of a;

introduce arbitrary renormalization scale pu,

IR singularities (1/e%, 1/¢)

cancel in sum of 1-loop and 2 — 3 contributions

collinear 1/e-singularities

have to be removed by factorization

65

e.q.: % - R ~ i[ dx A Py(2) AT yg—qq

introduce two arbitrary factorization scales uy and

initial-/final-state singularities
A N

AL

‘&f(m'#““f) DJ-'I‘(E'! ;':-*I"_F")

Final answer finite | — good check of results

166



final results (I) - O(a?) parton-parton processes:

16 different inclusive cross sections contribute:

fragmenting parton

g+ X
g+ X
q+ X
G+ X
g + X
g+ X
g A
q+ X
g+ X
g + X
g+ X
g+ X
qg—+ X
g X
g+ X
g+ X

-

!
q4q

—
qq

b P

qq

qq

q9

94

Fdbdksdddddd i

v : all done & unpol. results agree with Aversa et al.

— full NLO results available



final results (II) - importance of NLO corrections:

V'S = 200 GeV

do/dpy (pb/GeV) NLO
fe. =
108 | \ \\\x‘ynpol . |
X}\-“‘*c;_h____ E S,
104 S P
HHH"\-\-.__ - :\_:-:._ =0
pol e TS
]. DH - -tht: _:'-'-"::— -—
B.D: | - T } 4 I 1 i ]l ¥ I ~ ]
o5 — llx N0 /510 —
2.0/ 5, -
1L5F ST EEE T RS aes TSR Smesay g
0.5 = =
- 1 & L L | i | L | . . 1 i e A | —
0.0
0.0 2.5 5.0 7.5 10.0 12:5 15.0
Bt (GEV)

lower part: K-factor: oN-Q/otC, AgNLO/ALMC

pdfs: CTEQ 5M (unpol.), GRSV std. (pol.)

frag. fcts: KKP
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final results (III) - A7, in NLO:

very moderate luminosity!

} V8 = 200 GeV
A?IT..L - - | - v ' T T T
oo L=7/pb = ]
NLO ,,-”f -
-
oo —— —— LG /GFLSU-ma}{ -
S/
P4
0.04 |- S/
{}.GE-— L == :_J:, :"‘f;rliéﬁf-sl;d
P M ~asiill |
T et :J;,, - '
i ;:—;—Ji,—lt'f" = |
0.00 ; e e R U 5 L . I LT
0.0 2.5 0.0 i ) 10.0 12.5 15.0
py / GeV
pdfs: CTEQ 5M (unpol.), GRSV std. (pol.)
frag. fcts: KKP
. . . ; £ 1
estimate of statistical errors: A ~ PE X T

[with F, = % = 0.4 (beam pol.) and = = 1 (detection efficiency)]

good sensitivity to Ag even with £L =7/pb |
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final results (IV) -

scale dependence:

V'S = 200 GeV

(pb/GeV)

106 — i — ; =% —
dAg/dpy
oMy
g NLO
o T
- k: My -Mﬁ
3 “ SRR
p ™ x. s
109 |- o e
Lo % 0,1 ~_ =
109
L A ] i | i |
0.0 25 5.0 75 10.0

variation of scales: uy = py = pr = pr.

pdfs; GRSV std.; frag. fcts: Kretzer

|

15.0

oo 2P

NLO results much more reliable
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comparison with other calculations :

also very recently:

NLO QCD MC-code for hadron production at RHIC
D. de Florian

1072 £ sefub/bin] RHIC-PHENIX (200 GeV) - 107%
[ | ns24
_LL“ NLO + b D52+ /Kratzer
104 —|—— LO (x G.1}—'L:|L"L._q {10 4
= __.-l'_i | P =
I - " ma l _‘_‘:]_l
108 —gs b=y - l——,_L-‘1 - 1076
| e L O =y T
— HR=Hn == 2 IL;—L[ tg= 2 Py ]_ﬁ ST
1w 8 - - ;e — Lo @
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10~% L 102
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e ]
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[from de Florian's talk at “Current and future directions at RHIC"|

so far:

gross features of both calculations look very similar

e detailed comparisons are under way

e More quantitative results will be available soon



dependence of 42 and A[_ on fragmentation functions:

er'K F'L'F/dgffretzer
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