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I. Brief tour of the
theoretical framework
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the pQCD approach to hard scattering

if hardness of probe is large enough (0. (Q) <<1), perturbative QCD
can be used to make guantitative predictions
(exploiting asymptotic freedom of QCD) Gross, Wilczek; Politzer Gl

starting point: factorization theorem & universality of pdfs

P

factorization

theorem

P
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the pQCD approach (factorized cross section)

. ) o long-distance
in more "mathematical” terms: . ... 6 do/an — 0 (pacd)

| | |
dAgPP—TX N /
dprdy Z;: | dwaduy dze Afa(@as jrr) Ao, 1) D (zes 1)
apc
/

dAa.a-bH(':X _ )\ .
X TolPy. To Py, P™ /20, 0, . 11,) + O(—)"

ded’T] ( at as Lbd b, / oy s | fs o ) (pT)

| T
short-distance power corrections :/)j(
calculable in pQCD: power series in «s neglected
“features":

- separation between short- and long-dist. not unique (fact. scheme)
* theory calculation depends on unphysical fact./renorm. scales
- factorized "picture” good up to power corrections
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the pQCD approach (scale dependence)

dAc
i*uf

= ()

measured cross section must not depend on theoretical scales: 1i

— dAG (g — py +dpy, 1) canceled by scale behavior of A fo p(xab, p1f)

catch: ... we work with a perturbative expansion in ay:

LO NLO NNLO

Midecone and inclusive k, algorithms

}ﬁ{f Cancenatiﬂ)n Only happen5 tO a” Orders 50 §||1‘||||||||||||||||||||||||||||||||||||||||||||._|.
40 E_ L0 ml.iv ;GG@?&.J;I =2 _g
. E Sprr 175GEV 3
LO . no cancellation whatsoever -
. = 30 "‘2\;‘\ Mm=pE= g =
NLO : cancellation starts to work S B N
20 }\Qh"‘-"‘;i..-f' s, NLO 3
NNLO better and better
10 i_ —— DMideone algorithm :_i
E -—- Inclusive k, algorithm E
SEITITIATERI ARTTARTRR] INUTARTRTINTRTI ANRRINUINE::
. . 02 04 06 08 10 12 14 16 18 20
— higher order calculations mandatory 4/Qas

typical example: 3-jets @ TeVatron (Z. Nagy)
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going beyond the LO is in every aspect
a major enterprise

LO NLO NNLO
AAG = dAFY) + o, dAGY + o2 dAG?) +

number of partons

P S—

complexity of calculation

.. pushes computer algebra programs to their limits
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NLO corrections in a nutshell (to-do list)

at O(a) (NLO) one has to consider:

e one-loop (virtual) corrections to all LO2 — 2 | processes
“box” “vertex” “selfenergy”
e all conceivable 2 — 3  |— parton-parton scattering processes

this includes additional gluon emission to existing LO processes
99" — 94’9, 47 — 999, 99 — 999, €tc.
as well as genuine NLO processes not possible at O(a?)

99 — 94'7, 99 — 497, etc.
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Cross sections relevant for RHIC-spin

A

AG

Dec. 3rd, 2005

[78]

| Reaction | Dom. partonic process | probes | LO Feynman diagram ‘
p— T4+ X 55 — g9 Ag M
[61, 62] T — 1
PP — Jet(s) + X 37 — 99 Ag )
[71,72] Ji — qq (as above)
p—r+X 47 — q Ag
pp—ytjet+X 79 — q Ag >—<
[67,73,74,75,76]

—N N

pp — DX, BX gg — cc, bb Ag
[77] }'rrr(
f’:ﬁ_) #‘+IU"_X (ftif_’—> ‘}f"‘ s ’u“‘,u— Aq‘ Ag—,
(Drell-Yan) [78, 79, 80] >\,\<
w— (2, W)X 77— 2° 73— W* | Aq,Aq
pp— (Z0,W*)X Gqg—-WEqq— W=

Jdger,Schdfer, MS,
Vogelsang: de Florian

Jdger,MS Vogelsang;
Signer et al.

Gordon, Vogelsang;
Contogouris et al.;
Gordon, Coriano

Bojak, MS

Weber; Gehrmann;
Kamal; Smith et al.

NLO corrections known in all cases
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II. Single-incl. pion & jet production

PQCD expectations & resummations
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Unpolarized "benchmark” results

important to have an adequate and proven theoretical framework

— relevance of unpol. "benchmark™ results

* demonstrate applicability of pQCD methods
(or map out the regions where they fail !l)

* measurements at 200 GeV (and 500 GeV) never done before |
— energy dependence of cross sections at a given p+:

(fixed target) - RHIC — SPS — TeVatron — LHC

* valuable source of information about unpol. pdfs and frag. fcts

unpol. measurements should always precede A, measurements
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Unpol. "benchmarks” @ RHIC: pions

so far it works extremely well (down to unexpectedly small p; Il):

% 1
R a)
E 10
a 10°
,E, 3 EPHENIX Data
o 10
% 4 —KKP FF
B 10
o N Kretzer EE
ty 10
o ‘05 data up
to 20 GeV !!
" PHENIX ¥ '
C L L L | L L L L
To 40F
2 aE [ b)
© ot s1f.z3337 11 I 1 |
g -20 £ | \
-40 =
4 =
I %
S _F -
8 0 - F 3 r——1
g 4 F a
o] C
8 20 Aerimelie )
T oo i I S-S SO
0 5 10 15
pr (GeV/c)
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-t
Q Q

E d’c/dp® (ub c*/GeV?)

3%3 i ¥ (1)=4.00 - STAR Preliminary
A W (n)=3.8 - PRL 92 (2004) 171801
2 A (1)=3.3 - STAR Preliminary
NLO pQCD calc.
-—  KKPF.F.
3 Kretzer F.F.
s STAR
11 (M)=4.00
3 {m;=3.8
ol
L =3.3
£ Normalization R
[ Uncertainty = 16%
_3_
;‘(p.r} =11 13 15 17 19 GeVic - ¥
_(pT}_15 1.7 19 21 22 GeVic -1
(p.l-)_I 23 28 30 34 | QeWc -- A
25 30 35 40 45 50 55 60 65
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Unpol. "benchmarks" @ RHIC: photons

fg i - PHENIX Preliminary (Subtraction)
'% o PHENIX Preliminary (Isolation)
o Shaded box represents systematic errors
810 |
Hn_ E N — NLO pQCD (by W.Vogelsang)
L, - CTEQ6M PDF
e B u=1/2p., pr. 2p;
- L
w
10"
also for prompt photons |
10 =
Te
- PHENIX
4 6 8 10 12 14 16 18

p;(GeVic)
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Unpol. "benchmarks"” @ RHIC: jets

S
& 10" STAR Preliminary (2004)
310'2 —&— STAR Minimum Bias Data
a . —+— STAR High Tower Data
d ° 1. %10 — NLO QCD (Voglesang)
e o o an Je S 510‘4
~10°
10°
107
10° T
B It 10°
§0.83 ....é.STAHPrEIiminary(2004) ----------------- 10-10IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
Sosf...... —* STARMinimumBiasData : @ oo e R s ® b, liet) [Gevic]’
s [ —+— STAR High Tower Data
£ 04F-----. S E ek e
& B : Sys. from jet energy scale
) 1| U, VS S A R R A T Siessunty
T £ . :
0 .. BRIt W (RN e o R
E ] *
0.2F---% | | | - .
O S s SR L foundation for similar
C f | ° ° °
oef-- M - measurements with polarization
Bk o Grenscsd sl faces oo
B islmi byt bl gt
o) 5 10 15 20 25 30 35 40 45 50
P, (jet) [GeV/c]
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RHIC spin: inclusive pions (xsec & scale dep.)

S N e N
5 f}wwﬂg g}ﬁ'ir‘<
,{? ({?‘a -;5'2? .[‘5}' .

NLO: Jager, MS, Schafer, Vogelsang; de Flarian

o e 10°
d(A)o / dpy [pb/ GeV] ' |
105 dAG / dp; [pb/ GeV]
10°®
10*
6 103
10 r NLO
IU'E'
104 LO (% 0.1)
10 3
1
1{}2 E- 1 1 1 1 I L 1 L 1 I L 1 L L
| 0 5 10 pT [Ge‘] 15
2 | ¢ dependence much reduced in NLO
. A
NLO corrections different for dAc and do
obla—— 1 L . : _ /
0 s 0 b [Gev] — do not cancel in Ay, = dAo/do

[figs. taken from Jiger et al ]
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RHIC spin: inclusive pions (A )

expectations for spin asymmetry:

Q.l I I I I I I 1 1 I I I I I I I I 1 I 1

05 F

0.05

.“-—

é T
A A

""""""""

A5 F |
O — 10 0~ w? x 1
_ | based on very different
[ V5 =200 GeV L : gluon polarizations Ag
o5 Lo v o 1y by 1w s 1
0 3 10 15

20
pr [GeV]
t} hote: A, positive at small p; (dominance of gg scattering)
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RHIC spin: inclusive pions (small p; region)

. . Jdger, Kretzer,
one can derive a mode/-independent lower bound on A : 1S vogelsang

dAo

d'pT

dAa—a.h (l asLby =
de

o Z Afu u X‘ Af (lb) C) & D(h(z()

(LJ(

2 )N—l N

take 27. = 4p7./S moments [ da7(z7. . — convolutions turn into products

Ac™(N) = (AQNH)QAN L oAGNTL BN N
! [

99 q9 q4

this is a parabola in Ag" — minimize!

i _(8Y)" |,y Mellin |negative, but tiny lower bound:
AN T T T verse | A= O(-104) at pr = 1.5 GeV.
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Interlude: resummations

Sterman; Catani, Trentadue; Laenen, Oderda, Sterman;
known that Catani et al.; Sterman, Vogelsang; Kidonakis, Owens; ...

at par"rom2c threshold: - just enough energy to produce high-p; parton
Ry = \I/)ET — 1 - "inhibited" gluon radiation

== IR cancellation leaves large logarithms from soft gluons
as a§ In2k(1 — i%) at the k™ order:

_ p:%(’ ab l 1 + AI R lnz(l—’l’;) -+ Bl g lﬂ(l_i;)
NLO

- resummation of thres. logs worked out for most processes of interest
- resummed logs = well defined class of higher-order corrections
- at fixed target energies of much phenomenological relevance
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Interlude: resummations

what about threshold logarithms at collider energies?

recall: convoluted form of cross section

do 1 dy déap (z7/y)
dpr Z/wz y ab(»y< dpr
a,b” T

| parton "luminosity” = (f, & f,)(y)

threshold regime may play an |
important role also at colliders |-=f |

but:
beware of subleading terms
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ResummGTiOn effeC'l'S C(T RHIC de Florian,

Vogelsang

S' pp — m+X prdo/dpy (nb=GeV™) 1 - pp — T+X Exd’o/dp” (mb/GeV~) ]

10 "= N E E

I . | am E

_ | overestimate! 4 0L ]
i "-——-___'_'__'_'___-_-_._.______________________ | _;

5 T ________‘ 10 3 3
104_—"-.._‘\ - .

I —— NLO | 3 E

T \\.‘h%‘ ------ Expansion - 0 5_ ]
107 I 5 -
- e & C

I ~4 soft gluons reproduce. .

- ~.exact NLO cross sec., -

Lk ot | i S

: " RHIC Vs=200 GeV |1 |<0.35 :

J MRST2002 KKP all| 7| JFMRST2002 KKP

S T (R N R T R S R R S SR ST

pr(GeV) p(GeV)

* subleading terms (w.r.t. LL & NLL) important @ RHIC
* NLL result should not be taken too literally (overestimate)
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& &y NLO: de Florian et al. (MC);
G RN g
S o« n @ Jdger, MS, Vogelsang (analyt., SCA)

jet = bunch of particles in a small pencil-like cone; all final-state sing. cancel

jet production proceeds through the same partonic subprocesses as m-production:

; 7's have roughly (z) ~ 0.5:
S ; — 7 with pr =~ jet with 2pp
os | : .
: ] comparison to hadrons:
04 - -
[ : v" much higher rates
U 7] . " . .
: v" no uncertainties from D(z)
’ - E x dependence on precise definition of jet
02 [ ]

[y
i
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RHIC spin: inclusive jets (xsec & scale dep.)

pQCD results for jet-production at VS = 200 GeV, Reone = 0.4 (SCA), |n| < 1:

L L L BN BN

F 3 6
L sE d@)o/dpy [pb/ GeV] ] 10 Ty

: sl dAc /dp; [pb/GeV] ]
107 4 ]

K i 104k J
10°F 3
= : 3-_ T
10 4 107k 3
% : 102k LO (X 01) ]
= E polarized 3 ?

C = ] R=04 ]
0°F o E 10 F 5=200Gev 3

C [ 7 ] | I | L1 | |
mz;“\:sl ?O?ﬁklxl T TP 5 10 15 20 25

TR L O R R BN R Ay py [GeV]
BE el 1+ dependence much reduced in NLO
1E " '
os B dAcTdAc™ E theoretical uncertainties even smaller
0 B b e L than for hadrons

5 10 15 20 25

[figs. taken from Jager et al ]
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RHIC spin: inclusive jets (A )

expectations for spin asymmetries:

j A}i 200 GeV

0.1 |- -

0.05

0 10 20 30 40 50

pr [GeV]

again: no sensitivity to sign
of Ag at small p+
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ITI. Towards a global analysis

Mellin technique
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Extraction of spin-dependent pdfs

the strategy is simple ... extract from e*e” data

measurel p

Q)

>
<

-~
/
A S
~

le.arn C.(bOLIT compute as a power
hadronic/spin structure| |seriesin o, in pQCD
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Extraction of spin-dependent pdfs

run a y2 minimization procedure to determine pdfs

outline of pdf analysis:

model ansatz for pdfs . .
with initial set of parameters ObJeC.“VQ .
evolve pdfs to relevant scale * extract each and every
with DGLAP aspect of helicity-dep. pdfs

Y

calculate observable
and 2

* error estimate on each pdf

all data points

adjust parameters

=2 2
Xz minimum? —
yes
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pdf analysis: complications

highly non-trivial exercise:

* recall: pdfs reside inside complicated convolutions

dAo = Z / Af, @ Afy 2 dAGL

a.b

— not directly measurable; no 1:1 relation between data and Af

* all processes should be analyzed in NLO (or beyond):

- less dependent on unphysical scales (i.e. smaller theor. errors)
* NLO corrections are often sizable

* NLO closer to experiment (jet definition, cuts, ...)
* not a priori clear which/where processes can be described by pQCD
— unpol. benchmark measurements |
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pdf analysis: complications & a way out

main technical challenge of a NLO analysis:

* NLO expressions for most processes are fairly complex
* many different processes needed to pin down all aspects of pdfs
* usual "K-factor trick" dAc™Y = K- dA¢c™0 often is a bad approximation

computing time for a multi-dim. fit becomes excessive

possible way out: get rid of convolutions — Mellin-N moments

]
/ dr 2V~ U hUg(/;ﬁ — / dr o™ L/fﬁ// d(r —yz)
= /H’UU (U)/ dz 2" 1(2)
J0 J0

— éxcx simple product
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pdf analysis: Mellin fechnique s veoclon

see also Kosower; Berger,
Graudenz, Hampel, Vogt

e apply to convolutions in cross section formula:

dAo ~ Z / daeg dey Afo(xq) @ Afy(xy) @ dAG (24, )

a,b T T
N1 . P £ n . P m
Mellin inverse: [, dnx " Af; Jo dma, " Af}
n m , = n . —m A .
— E / dn / dm Af) Afy [ / drgdry, v, " v, " Aoap(xa, ) ]
Je Je, .
(1-..b n m p ~ _/
| AN TT
10
n,m

e pre-calculate time-consuming A ;" on a suitable n_x m grid for all

subprocesses and data pts. once and forever before the fit
e fast numerical inverse Mellin transformation \\\

fc dn | o dm on n x m grids in complex n, m plane //
“n “wm
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Mellin technique: accuracy & performance

1.1

pr‘eC|S|On' - qq °T4qg T 8g+qq+qq
(example: prompt photons) Los L ° T T ]
64x64 grids do - t T
. —_—p ] —ir 4 * . & 8 ol ye » 8 3 s ' |
a very good job E - 1 ° oy °
0.95 |- L e Gaxeaerid -
i T 2 56x56 grid T 1
: 0 48x48 grid
0.9
15 30 15 30 15 30
py [GeV)
performance:

* generation of grids: ~ 12+24 hrs/grid; parallelization possible
- after that: 1000 eval. of cross section only take about 10 sec

ideal tool for global analysis
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IV. Ag revisited

impact of the new data
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Ag as of earlier this year ...  unconstrained

].5_ T T T T T T T T T T T T T T I T rrrrrr 1 rrrrrm T LI
- . 2 ;2 B #EXn
glf | :_ s | Q™ =5GeV ] . 1 X&() s .‘ -
: analysis of| =
05 F 1DISdata|l (F=5Gev? :
— ] B - BB o I‘ """ (:.
0 L 2
B | I I I g IIII I I I Coad e TOOG e
[ R I
d [ i PBIOIST o e e i
gl i | N 4 B e e S R L K R
T e i, O
0 B f + a i 4 BRGNS I PSR K ISR R R e
-1 :— NLO std. scen. —: GRSV
f - 0 AgZOilll)llt i -G.f’ 1 L 1 131l 1 L 1 1l |‘-| ||||||_
: | | |1 | |||| | | 1 1 IIII | | - III: -3‘ '2 'l
SRR A 10 10 10 X 1
S ag- i - Asymmetry Analysis Collaboration
: o] (Hirai, Kumano, Saito)
2 Fl43 (set up like unpol. CTEQ fit)
3 £ SMC S - Gliick, Reya, MS, Vogelsang
* HERMES - eye .
. > ] (errors set by positivity bound)
-4 B eIRI.HI.IcI‘-Il_) 1 L1 1 ||||_1 1 L1 1a o Blumlein & B.O.TTCher'
10 10 10 X 1

(statistical errors)

Dec. 3rd, 2005 Pion & Jet Production @ RHIC and the Extraction of Delta g 32



new data from RHIC: A, for pions & jets

Ol T T T T T T T T | T T T T
T iput
Arp
NLO
0.05 - —
0 0.2
E L STAR 2003+2004 PRELIMINARY S TA R
PHENIX run 5 (prel.) 0-15E srevere ¥) 05 results still coming up
| 1 1 1 1 | 1 1 1 1 - AG=G
01—
" : 0 opGevl ' F
T 0.05—
-Of % % """"""""""" R
-0.(]5;
-0.13—
plus: 2-hadrons COMPASS E ) Predictions:
015 ’
HERMES - B.Jager et.al, Phys.Rev.D70(2004) 034010

| J | 1 | l 1 | 1 ‘ | | | | | 1 1 | 1 | | | | 1
| I 0.2 6 8 10 12 14 16
(no NLO available yetl!) fet p_ [Gevicy
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new data from RHIC: implications

global NLO analysis still ongoing ... MS, Vogelsang

status: Mellin technique set up for DIS, SIDIS, pions
(many subprocesses for pions — lots of grids; jets much easier!)

I T T T T I T T T T T T 01

5 B 2 . i : T mput
Y Xpion Ag=g ] i ALL
: el : f NLO
00 | extreme, large i 00T T i
: Ag disfavored ] :
b T e
L . . : PHENIX run 5 (prel.)
o Lb0——1 - v L A R S I B
-1 0 lAg(“GRsv) 0 5 10 p, [GeV] 15
very flat x2 distr.
around zero bad news for anomaly aficionados
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analysis of new data from RHIC: to-do list

,,2005 Projections (based on data)

* include STAR jet 05-data once available o=

0.06

(very easy to do in Mellin technique) "

—” combined constraint on Ag

-0.02 :

-
:
|

0.04- (fr‘om J KIPYIUkS TCllk at PANIC:)

1 1 1 1 1 L L I
0.08 g g e e e 20 22 4
Jetp [GeV]

* systematically check more sophisticated gluons in the fit
(one or more nodes & non-standard shapes)

— how large can Ag be ?

* proper error propagation & error correlations in global analysis
(AAC already embarked on a proper CTEQ-like error analysis)
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Ag semantics: what does “large” mean?

we always talk about things like “large Ag” - but what does it mean?

we should probably compare 4 % -
with 3 - the spin of the proton / L,
pion data: -0.5 < Ag(input) < 0.5 N e
still pretty largel! Zj:
"anomaly inspired” Ag's are really large: o: _
Ag(input) > 1 3
o 10 R (')
input scale Q™ (GeV")

beware of pQCD evolution: small Ag can turn asymptotically into large Ag

however, only J = Ag + L, is phys. meaningful
Ji
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Summary

= exp. results sensitive to Ag start to emerge

= pQCD calculations will now be challenged by experiment
exciting

so - what can stop us now from making rapid progress ?

more stupid
budget cuts
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