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Quick Historical Review of the Spin Puzzle

Proton

Gluons

*Z‘Ff Contributions to the Spin Puzzle
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The Spin Puzzle — Key Question in
Standard Model QCD

99.9% of mass of the visible universe
composed of quarks and gluons -
the building blocks of the nucleon

spin 1/2 spin 1

U g

How do partonic d

<

degrees of freedom - s
mass, charge, color, ‘{#
SPIN - manifest as the
nucleon degrees of
freedom?

No access to free partons due to
confinement! The proton is a stable
and abundant source of partons

Renee Fatemi University of Virginia
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Initial (+30 years old now ... ) predictions for Parton
Helicity Distributions: 1

JproTon = 5 = <Sq>+ <SG>+ <Lq>+ <Lg>

Constituent Quark Model Quark Parton Model

Y Sgrk =0.58 ¢ !
2

E Sguarks _ %

I.  Nogluond.o.f .
) . Allows massless gluons
II. Iquuark =1/3 Ileroton

iii. Assume S-state . Mgy ~ 10's MeV

: Lo - lii. Assume no strange sea
Iv. Relativistic Effect ~ 75% constribution J
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Recipe for Measuring Quark Spins in Polarized DIS

1. Take one lepton beam with
it's spin aligned with it's
momentum

2. Scatter from proton target

whose spin is (anti)aligned
with the lepton spin

3. Count # scattered leptons
with spin (anti) aligned with
target

: . I , il
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it's spin aligned with it's
momentum
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whose spin is (anti)aligned
with the lepton spin

Nt N 3. Count # scattered leptons
with spin (anti) aligned with
Nt T+N™ target

ALL =

1 _
Ay *8(¥) =~ Y e[Ag(x)+Ag(x)]  pQCD + OPE

u,d.,s

12\/—]+C ,(a,,0° )

1
A, « fgl(x,Qz)dx =C1(O£S, 2)[a3
0
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30 Years of Polarized DIS Experiments Yield...

E?LL o Quark Spin ~20-30% of proton!

ﬁ & X =0025
£
* r:ol‘)s T T T T T T T I'-TI”“ LI R T T T T T

l lH—“—;‘ §_§#—!§ X =0.08

im;—ix!—!! X =0.125
l—: i—r‘—!‘*f'*i Iii—r 0.175
Ii—ii&'&f £y 3-E X=025

L x(Au+Au)

(\g ‘—%ﬂ—:i—ﬁ _!l‘ 035 .

4 54 R 7 X =045 | x(adead)
; e | - —fr 0.50 021 ST Q%=10 GeV? 0.2
OE 1 B / - | | 1

0.1 =055 X X
] de Florian et al., Phys. Rev. D71 094018 (20095)
T = E130
| o gl s Unlike unpolarized case, reduced
. EMC iy . s CM Energy, allows limited
e L constraint on_AG(@) - [str e
0.7 1 10 100 200

Q’[GeV?] *Does not include most recent 2007 Hermes/SMC g, results
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30 Years of Polarized DIS Experiments Yield...

; ;iil X = 0.007 Aq(Q2) — f::;[Aq(x,QZ) + Aq(x,Q2)]dx

X =0.025
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s x® X=005 R | R AR
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im;—IxH! X =0.125
l—: i—IHT“i Iii—r 0.175
:i—ii&‘&f £y 3-E X=025

L x(Au+Au)

(\g ;—gﬂ—:i—g _!t 035 .
4 54 S 7S X =045 | x(adead)
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OE '! B B I . . l
0.1 — = 0.55 X X
] de Florian et al., Phys. Rev. D71 094018 (20095)
T 2~ E130
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© EMC 3 . s CM Energy, allows limited
« SMC - . ) x=1 )
R Y constraint on AGQ*) = [ g(x.0%)dx
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em
F, -log,,(x)

Momentum

Parton Distribution Functions

HERAF,

Motivation for Large gluon contribution?

| x=6.32E-5

x=0.000161 —— ZEUS NLO QCD fit
7 & 4V H1 PDF 2000 fit
I 2/ x=0.0004 1
& "/ x=0.0005
Ry %/, x=0.000632 o H194-00

Y/ x=0.0008
& HI (prel.) 99/00
. x=0.0013 = ZEUS 96/97
A
 x=0.0021 pep

x=0.000102

_ x=0.0032 NMC
x=0.005

4 x=0.008

Strong W
violation of <
Pl
]

. Foon — ——— HI1 PDF 2000
scaling at low : E=SSS ZEUS-S PDF Q=10 GeV’

x and high Q2 08 BN CTEQ6.1

2 X(p,

Contrary to: [
Low Q2 high x! :

? nl 3 3
10 10 10 10

Tee 8080 el 45 8§94 x=04

R e n o 8o o X=0.65

| Lol L vl |
2 3

10 10 10 10 10

2 2

Q' (GeV)
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Note: g(x) scaled by 0.05! That means that at
x = 0.1 there are more gluons than quarks!



Dedicated DIS AG Measurements

...from SPIN 2008

‘,‘( COMPASS, open charm, prel., 02-06

() COMPASS, high P Q%<1 (GeVic)?, prel., 02-04
v COMPASS, high P Q?>1 (GeVic)?, prel., 02-04
A
v
[ |

HERMES, high P all @?
HERMES, single high pT hadrons, all Q2, prel. .»;’f\‘\
SMC, high p_, Q21 (GeV/c)* '

<] 06 T fit with AG>0, n?=3(GeV/c)?

; """""""""" fit with AG<0, p?=3(GeV/c)? W ,,-'/"';’;7
0.4 1
: 0.2 T s
* PGF is access of —_ !
to AG in DIS —— R
-0.2

 Jet Proxy - high 04
pT pairs

-0.6
* Golden channel -0.8
is Open Charm

||II|II||III|III
\
\
v
!
1 %

1
-2 1
10 10 X
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How do you access AG at a polarized pp collider?

v' At Leading Order Ag !

\[s =200 GeV LO QCD
- p+p — difjet+X

o
®

v Via g+g and g+g scattering

Ag

o
o0

v" Inclusive signals are

diluted by g-q scattering, but
relatively well studied in the Ag
kinematic regime.

Relative Contribution
o
N

o
N

B

10 20 30

v Underlying event jetpr [GeV]
complicates signal/scale
extraction p—a X At lower
v" Collider (theoretically) 0 luminosities
allows a wide range of CM pp =g X inclusive
energy scales pp —> jet+ X channels give
v/ Opposing strengths & P most bang for
weakness rgnake p% and Deep PP Jetin jes the buck
Inelastic Scattering (DIS)
programs very o't -0" Af Ay XxAO 5oy X D,
complementary ALL = = E

O +0 Fofate JaTp X Oupcx X D¢

BiinE
RS
T\IRGI
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How do you access AG at a polarized pp collider?

v" At Leading Order
v Via g+g and g+g scattering

v" Inclusive signals are
diluted by g-q scattering, but
relatively well studied in the
kinematic regime.

v Underlying event
complicates signal/scale
extraction

v" Collider (theoretically)
allows a wide range of CM
energy scales

v Opposing strengths &
weakness make pp and Deep
Inelastic Scattering (DIS)
programs very
complementary

Renee Fatemi

1 T
o8 é \[s =200 GeV LO QCD
208F p+p — dijet+X
Ag ‘g
(&)
© 0.6
=
©
0.4}
Ag 0.2
Aq 0 1 1 L
0 10 20 30
jetpr [GeV]

Tpp = " + X No trigger At lower
Cpp—a°+ X __OPHENIX does luminosities
it better inclusive

PP — jet+ X >STARdoes it channels give
better most bang for

the buck

pp — jet + jet

A = o -0 _ E Af Ay XxAO 5oy X D,
LL ++ +—
O +0 e Jafs XOupcx X Dc

=
giig
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How do you access AG at a polarized pp collider?

L] 1 !
v At Leading Order Ag \Su=200 GeV LO QCD
L ptp —> dijet+X

o
®

v Via g+g and g+g scattering Ag

o
o0

v" Inclusive signals are

diluted by g-q scattering, but
relatively well studied in the Ag
kinematic regime.

Relative Contribution
o
N

o
N

B

10 20 30

v Underlying event jetpr [GeV]

complicates signal/scale

extraction pp— " + X_> No trigger At lower

v" Collider (theoretically) E PHENIX d luminosities
oes

allows a wide range of CM ppon’tX O it better inclusive

energy scales PP — jet+X _>STARdoes it channels give

v Opposing strengths & better  most bang for

= jet + jet -
weakness make pp and Deep PP > Jet+ Jet_> Coming Soon!  the buck
Inelastic Scattering (DIS)
programs very o -0 E Af Ay XxAO 5 _.ox X D,

complementary A, =
fafafe fAfB X Oypcx ><DC

o +0"




Color Confinement — Jets!

In Quantum Chromodynamics (QCD) two % %
quarks feel an attractive force! The energy
stored in the strong field between is: g

E «<r
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Color Confinement — Jets!

In Quantum Chromodynamics (QCD) two % %
quarks feel an attractive force! The energy
stored in the strong field between is: g
E xr

Three-jet events are

first direct evidence of @
gluons observed by 5

TASSO at DESY
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The Experiment

Silicon Vertex
Magnet ~Tracker

- 12000dock - BRAHMS & PP2PP ()

10:00 o’clock - =m—— 200 o'clock

E-M
Calorimeter

Time Projection
— Chamber

Time Of

PHENIX( PR
8:00 o'clock ks

S NASA-BAF |g
S 57

Electronics
atforms

Forward Time Projection Chamber
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Relativistic Heavy lon Collider

...worlds 1st pp Collider

Absolute Polarimeter (H? jet) RHIC pC Polarimeters
\ . //‘ A/
PHOBOS a——_ BRAHMS

Siberian Snakes

Spin Rotators
(longitudinal polarization)

Spin flipper

Spin Rotators
(longitudinal polarization)

/Helical Partial Siberian Snake

AGS Internal Polarimeter
/ AGS

Strong Helical AGS Snake

Pol. H™ Source Solenoid Partial Siberian Snake
LINAC

BOOSTER

200 MeV Polarimeter — )
pC Polarimeters

Rf Dipol/e'



Annual Longitudinal EE Data Summary for

year <pol> | Sampled pb) | Analyzed (pb)
2002 15 - -
2003 30 0.3 0.18
2004 45 0.4 0.12
2005 50 3.1 2.1
2006 60 6.8 5.5
2007 | - - -
2008 45 - -

Renee Fatemi University of Virginia
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Annual Longitudinal EE Data Summary for

year <pol> | Sampled pb) | Analyzed (pb)

2002 15 e -

2003 30 0.3 0.18

2004 45 0.4 0.12 é}Trigger Tested
2005 50 3.1 2.1

2006 60 6.8 5.5

2007

2008 45
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Annual Longitudinal EE Data Summary for

year <pol> | Sampled pb) | Analyzed (pb)

2002 15

2003 30 0.3 0.18

2004 45 0.4 0.12
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2007 | -
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Detector components used in jet
reconstruction

Barrel /I ! I TPC Charged

EMC In|<1.4 | particle
momentum

BEMC Neutral Energy
In|<1.0 High pT Trigger

EEMC Neutral Energy
1<n<2 High pT Trigger

BBC MinBias
3.4<n<5 | Trigger
Relative Lumi

Blue beam n = -In[tan(©/2)]

Aimg
R
JVIRGI

Renee Fatemi University of Virgini



R Trigger Composition of PP Events

Mother Elastic, single+doubly diffractive,
Nature hard scattering — qq+qg+ g8+ qq

| 'i.;
Minimum | Requires in-time hit in ExXW Very

Bias little change in hard scattering
process mix

Interaction

Vertex

High Tower |1 tower (An=A¢=0.05) above threshold
Requires hard neutral fragmentation

Jet Patch 400 localized towers (An =A¢p = 1) above
(2005/6 only) | threshold. Allows for cluster of softer
fragmentation

The study of how the calorimeter triggers change the sub-process
fraction is major contribution to the systematic error

: , ! : Aiilig




*ﬂﬁ Inclusive Jet Analysis




PARTICLE DETECTOR

PARTON

Jet direction

Renee Fatemi

[=)

GEANT JETS

PYTHIA JETS

University of Virgini

DATA JETS

AR
Jet Algorithm

Vi.

Vil.

Pv of TPC track, EMC tower
OR particle used as seed for
cluster formation

Cluster P* around seed inside
Jet Cone Radius = 0.4 (2003-
2005) or 0.7 (2006)

Look for additional stable
clusters at “midpoint” between
two clusters

Merge jets if Energy overlap >
50%

Sum of P* in each stable
cluster forms jet

Require Jet pT > 5 GeV

Same algorithm used for DATA,
GEANT and PYTHIA jets

£
]I

NARGE



What do STAR jets look like?

2006

T(A)

0.6F

0.4F

c F
. . 0 S 1= .
Midpoint cone algorithm g, o STAR Preliminary
(Adapted from Tevatron Il - hep-ex/0005012) N
0.8—
Seed energy = 0.5 GeV 07E PP>jet+X
E 200 GeV
Cone radius in n-¢ 081" 0.7<11<0.9
R=0.4 with 0.2 <7 < 0.8 (2003-2005) 05— R0
R=0.7 with -0.7 < < 0.9 (2006) 04— — <o =98 Gove
— e
Splitting/merging fraction f=0.5 02b — Thr T e
0_1::r_. N A R B R B
0 01 02 03 04 05 06 07
AR from jet axis (rad)
T 1 ; a) 1 ;
% wk 3 s 4: o 10k
.......... > fy ¥ — i
o P oA Bwf /.
i = ° :
EDEE‘ 3.0<p<6.2 GeVic % 14.1<p,< 17.3 GeVic % 10°F 6.2<p_<11.4 GeV/c - _4’ 17.3<p_<32.2 GeV/c
o I : E * HT1data g HT2 data
L @ HTSTAR Data P — HT Monte Carlo 8 10 . . JP1 data 0tk o JP2data
[IMBSTARData .0 = MB Monte Cado 3 = ' © MB data g
065|0|15|0125|0|35 065|0115|0|25|0|3 10502 0304 05 06 07 08 05 1 1°°0 0102 03 04 05 05 07 08 09 -
Ar from jet axis Ar from jet axis NEF NEF
: . I e
Renee Fatemi University of
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AR Jet pr Scale Corrections & Systematics
true vs. observed g 10"1 TYPE of JET Scale
R a o1 | Beam Pile Up 5/50
g‘.‘ Effici © 25 MeV
Icienc = 7
< Y 3 " Beam S
2 > 20! Backgrounds
v > - Trigger —-
A Py Detector )
& Resolution Resolution 0.2-10
=9
= - Detector 1 Gev
< Efficiency &
> 5 10 15 20 25 30 1 Fiducial Cuts )
pr(jet) DETECTOR Jet pT (GeV) Particle
_ (Hadronization + +4%,
Largest effects are Detector Related: Underlying Event) |b.sys
Resolution: ~25% + [Inefficiency: ~10% Beyond NLO
CORRECTIONS made to final pT distributions using (Fragmentation) J
STAR PYTHIA+ GEANT simulations. NLO W

Renee Fatemi University of TR
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. . R=0.4, 2005 cuts, Total pT Shift |
Hadronization and ; TSh,;’t( Vo
: = LR i i B
Underlylng Event 5 25| « pT Shift (qo) 1o
Systematic T
g 15 :__..__________:__________Jl _________ 'a...- ________________________________________
Estimated completely from generator & ';_"
level Monte Carlo (PYTH'A) % 0.5 ;—E'E‘:';"_':"_'E'.'"""."_’E'_"_"_";"_‘E'_"_"_"_"_'i;".".'t""'!".".".' """"""
Uses same jet algorithm as used in 0 i_, ---------- .
data and GEANT simulations O N T U N B S D
' a 10 15 20 25 30 35 40
Compare jets found at the particle |_R=0.7, 2006 cuts, Total pT Shift
level with UE+HAD on to jets found at 2B ;
the parton level with UE+HAD off. R e e R T
Hadronization causes energy to fall i P — A O O P PR
out of the cone. Effect is larger for e S S A S R
R=0.4 than R=0.7 0 uf_' ................ f....I._..:.-.'..'.!.-..-.-..-.3.5:.:.:.;.:;:.:1:.2.:.:..:. ....... .
Underlying event contributes energy £ i—' ------------- - TSRS S S SRR SOSROS S—
to the cone for both R=0.4 and R=0.7 & _F .= i 37 . i ... - éh_ﬂ( =")
= et 1 i i| - pTShift(
Unfortunately there is a subprocess AS e T Shift (qq)
dependence Bl b 1) = PT Shift (gg)
2I] a 10 15 20 25 30 35 40 45 a0

Particle Jet pT (GeV)



Trigger Bias Dominates the Asymmetry Systematics

[Asymmetry (P1,5TD) || Particle jets ["Pythia[A_LL] - shifted Geant[A_LL] (JP1 Trigger) |
T . | Shifted detector | 4 003 ‘ TYPE of JET SPIN
Detectorjets ||| " | e | Beam Pile Up ---
SRR S S (| [P S S T T — GRSV-ZERO |
S — GRSV-STD Beam 0.7
002;_ ...................... ....................... ................... _GRSV-M105 ...... Backgrounds X1 0_3
nots Trigger h
o0tk 2-5
N S Detector or
|| voosp Resolution -1-3
. x10- .
" Detector 3p;
2005 Efficiency & dep
bbb H | Fiducial Cuts
Shifted Jet pT (GeV) Partl Cl e
1. Calculate MC Asymmetries for Particle and Triggered (UHa('jdr(l)n.'ZE'tE) f +t small
Detector jets using various GRSV AG scenarios nderlying Event) >Inc.
2. Shift pT of the Detector Jets Beyond NLO in pr
_ _ _ _ _ (Fragmentation) Sys.
3. Maximum difference in asymmetry of detector jet and particle NLO
agL

jet is the systematic.

Renee Fatemi University of Virginia
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[Asymmetry P1,5TD) || Particle jets ["Pythia[A_LL] - shifted Geant[A_LL] (JP1 Trigger) |
= | [ | Shifted detector | 5 003 ‘ TYPE of JET SPIN
0.06 ;_. ............ ............. ..... Detectorjets " y E ; : E : Beam Pile Up o
e S WS NS VIS~ T S | [y O — T T — GRSV-ZERO |....
| Asymmetry (JP1, ZERO) | E — GRSV-STD Beam 07
= 002;_ _______________________ ....................... ................... E_GRSV-I‘EMOS ...... Backgrounds X1 0_3
vatse Trigger h ot
e Detector or
0005 Resolution -1-3
F - x10° .
" Detector 3 p;
2005 Efficiency & dep
bbb H | Fiducial Cuts
Shifted Jet pT (GeY) || P3rticle
1. Calculate MC Asymmetries for Particle and Triggered (J:]Zdrﬁn.'ﬁatg f :t) small
Detector jets using various GRSV AG scenarios erlying tve >Inc.
2. Shift pT of the Detector Jets Beyond NLO in pr
_ _ _ _ _ (Fragmentation) Sys.
3. Maximum difference in asymmetry of detector jet and particle
jet is the systematic. NLO aL
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Trigger Bias Dominates the Asymmetry Systematics

[Asymmetry P1,5TD) || Particle jets ["Pythia[A_LL] - shifted Geant[A_LL] (JP1 Trigger) |
= | [ | Shifted detector | 5 003 _ _ ‘ _ _ TYPE of JET SPIN
0.06 ;_. ............ ............. ..... Detectorjets " . E Beam Pile Up e
e S WS NS VIS~ T S | [y O — T T — GRSV-ZERO |....
[ Asymmetry (JP1, ZERO) | ' - — GRSV-STD Beam 0.7
0_03; ............. ............. ............. ............. ............. i 0.02 ;_ """""""""""" """""""""""" """"""""""" _ GRSV'WOS """" Backg rou nds x10-3
|Asym_n'.|etry (JE1,M1§5) | . 0.015; Trl er \
0.025 E_ N NS SN S N . 001: gg 2'5
ot | Particle | P Detector or
wost| Shifted detector | 7 ] oosp Resolution -1-3
~ £| Detector F x10- .
[ e Detector 3 p;
Q005 Efficiency & dep
e Jh o | Fiducial Cuts
Shifted Jet pT (GeY) || P3rticle
: : : ization +
1. Calculate MC Asymmetries for Particle and Triggered (Ul_:lgcijirﬁl)nil:atlliovnent) small
Detector jets using various GRSV AG scenarios ying >Inc.
2. Shift pT of the Detector Jets Beyond NLO in pr
_ _ _ _ _ (Fragmentation) Sys.
3. Maximum difference in asymmetry of detector jet and particle
jet is the systematic. NLO aLL
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2003/2004 Inclusive Jet Cross-Section Results

E™ I\ = 2
E (a)é I do 1 N, 1 1
s [ & STAR (hep-exiososozn) | |2 4Ndpr 27 AnAp, f Ldt_<(pr)
©10°= - p+p = jet + X =
92 F . \5=200 GeV " «3point D bet HT and
i .Y midpoint.cone ] point overlap between HT an
B "o one=0.4 - MINB show good agreement.
£10% . 0.2<1<0.8 o
3 L .+ 50% systematic shown in yellow
§1o e . band comes from uncertainty in
102 — . Jetenergy scale. Need " or
—8—C i i . .
ombined MB - ' gamma-jet to reduce this error.
10k —&— Combined HT =
L L0 G (vopstsang) — .« Application of hadronization
= ‘ = . .
: NLO + Ronperturbative | correction removes systematic
: . A B
> 1.8] Syetematio unceranty (b) offset from NLO and data
B14E 0 o e Theory scale uncertainty = .
O — g -+ Agreement -within-
ST S ik St e S =~ systematics over 7 orders of
0-2E = magnitude!
0 10 20 30 50
Pr [GeV/c]
Renee Fatemi University of Virgin o
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Inclusive Jet Asymmetries (2005) PRL 100:23, 2008

- 4 1
E 4 STARData pp—jet+X ° c e o 0 8 8 8 8 Pol. uncertainty
015~  — GRSV-std 200 GeV L N
A - — GRSV Ag=g AL b
LL C ...GRsvag=0 02<n<0.8 17 GRSV DIS
01— — GRSV Ag=-g —_— e —_— e — C e | ‘ >|
- - - GS-C - =
0.05— ' 107 g o 3 -
- - b Loz L
C 1 Coo4 4 9 4
o~ S - B 2 B 2
: T m—— ] 3l 14 19 14 14
C 10°E O 0 O O
‘0-05:_ 1+9.4% scale uncertainty from { E I ; | |
= polarization not shown + ~
:I 1 | 1 1 1 1 | 1 1 1 1 I 1 | 1 I -4 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 I 1 1 1 1
5 10 15 20 25 30 10 1 05 0 0.5 1
p, (GeVic) Ag (Q: =0.4 GeV?)
A | systematics (x 10 -3)
Reconstruction + 2-5 (py dep) Quantifies the effects from non-longitudinal
Trigger Bias components of spin in the colliding protons.
Non-longitudinal 0.1-0.8 (p; dep) P Includes a measurement of Ay in transverse.
Polarization - o _
Relative Luminosity |0.94 Quantifies the limitations in measuring the
luminosity associated with each spin state
Backgrounds 0.70 : '
9 Based on BBC-ZDC comparisons.
pr systematic [-5.4%,+6.7%]
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Inclusive Jet Asymmetries (2006) provide significant new constraints on AG!

A, [ # 2006 STAR Preliminary
0 1: —— GRSV-std e — = . ——
' — GRSV Ag=g -
[ --- GRSV Ag=0 -
0.08f — GRsVag=g -~
[ - GS-C s
0.06—
0.04—
0.02/~
Lo
0 —
-0.02[— Online polarization e
_I 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1

BET) 15 20 25 30

O 2005 STAR Final

2006 Improvements:

> Full BEMC

> Jet finder extends into EEMC

> Cone radius enlarged to 0.7

> Increases in luminosity and polarization

> Statistical uncertainties are 3x-4x smaller for
high pT (pT > 13 GeV).

Renee Fatemi University of Virginia

o % b neg . E L ] 2006 STAR Preliminary
07 | $RSY. pis ~ >l
° 3 il T .5|. i
.= @ | 3
h o s N IO'SAQ(Q§=10.4Gev2)
A, systematics (x 10 -3y
Reconstruction + [-1,+3]
Trigger Bias (p; dep}
Non-longitudinal ~0.03
Polarization (7 dep)
Relative Luminosity 0.94
Backgrounds 1stbin ~0.5
all others ~ 0.1
p; systematic +6.7%




xAg(x) at

Q? =10 GeV?

{ | —cRev i)

il — s

Pl Lese )
EH— aacos gy

| — ons i)

3 — 88 (2)

xAG{x) 0F = 10 (GeVic)

e DSSY 2008

There are many
predictions for Ag(x) vs x
which can be translated
into predictions for A,

)

vs. jet pr

A, 2005 Comparison
DSSV 2008
— GRSV (4)
— GS(3)

Lo i1i0_2
Bjorken x

Sensitivity to GRSV is not
unique! STAR data
constrain several models

Renee Fatemi University%

—— LSS06 (3)
—— AACO6 (3)
—— DNS (2)

—— BB (2)

-0.02

_ 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1
-0.045 10 15 20 25 30

Thu Apr 3 18:20:02 2008 Transverse Momentum of Jet (GeV/

r
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Comparison to other global analyses

% 05
3 DSSV NSz s
8 o eran EEE
S 04—
R LSS3
o [
© L LSS1STND
0.3—
_ STAR Preliminary
- ] AAC1
02l 2005 pp—ojet+X *
01F- AAC3
- MIN ALC2Z BB2 GSB
0_ | | | | | | | | | | | | | | | | B§1 Méx | IG§AI
-1 0.5 0 0.5 1

Integral AG (0.02-6.3) at Q%=1 (GeV/c)’
1. The STAR data exclude a broad range of models that have AG larger
than that in GRSV-std

2. The counterexample is GS-C, which is negative at large x, has a node
near x ~ 0.1, and has a large first moment at small x
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New Global Analysis with all World
Data - including RHIC Results!

DeFlorian, Sassot, Stratmann and Vogelsang, Phys.Rev.Lett. 101:072001, 2008

1 I I I I I 1 1 1 ] I

-, 403
L XAg Q2=10GeV2 |\ -

L L LI LI I
| | | |

_— ] —01

- — — GRSV max. Ag ; ]

-+ GRSV min.Ag R ) . Lo L .
10 -2 10 -1 '0.2 0 O 2

X .
Agl, [0.05-0.2]
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Final States Sample a different <x> range
Pt Exr 7] & with 500 GeV running

jet 08—

3 3 P Q° =100 GeV*
4 4 P L
70 Jjet C} 06— , \\l"'\
0.4 —

Access partonic kinematics
via Di-jet and photon-jet
Provides mapping of Ag(x)

- -'

Har« SMC CEVA PRI 12002 (band shows statisigal uncertal o
Cur d. M E. Reya, M. Sran n, W. Vogelsarg, PRD 63, 034008
Poi AR p ot u nly projections: 200 (320 pb”', 70%) ang 500 GeV (B0O pb ' 70%)
nttpiw 1 QoVIprch spnisichlarmann/grsv-siar pg

08 1 1 lllllll 1 1 lllllll 1 1 lllllll

3 -2 -1
10 10 10 1

X

=
aiig
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Summary

e From DIS: QUARKS = 20-30% of total proton spin, while
the gluon spin is poorly constrained.

 The RHIC spin program aims to access AG directly

 STAR inclusive jet measurements rule out substantial phase
space compared to DIS, but cannot be translated easily into a
direct AG value.

* A recent Global Analysis of all DIS, SIDIS, STAR and PHENIX
data has indicated AG is small and doesn’t appear to provide

remaining spin of proton.

e This initial conclusion needs to be verified by probing the lower x
region of the integral - where the gluon density increases rapidly.

e The STAR Spin program is entering a very rich phase of
correlation and direct photon measurements, while continuing to
expand the p; reach of the inclusive channels.
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RHIC and JLAB — Diverging Paths?

JI: L, 1/2 AZ and J, terms

Measured in DVCS are each gauge invariant.
But the separate gluon
spin and OAM terms are
NOT gauge invariant.

Jg ;élg+AG

Jaffe: Measured in

DIS+RHIC

1 Ig, Iq, 1/2 AX, AG terms are
- - gauge invariant. But no

= l + l AZ @ clear experimental way to
2 measure |, or |, yet!

£
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Residual Transverse Polarization Systematic

BBC measures blue and yellow residual transverse components during longitudinal run

| Yellow Asymmetry: LR: Longll |

2.002
T F

Foo1l

E —

£ ]

> fl

:

2.

£

0.002f l \

: T
-0.003

C l ]
oo0ak I Spin rotators

- were adjusted
0005%"""fo0 200 300 400 00700

[ Blue Asymmetry: LR: Longll | /
@-002r %

F: Lo A 1

E L | ;

£

a. 0 R Y I

P . z
-0.002f ' ;

- Horizontal spin
0003 components
0.004 1 similar
R LR T R
Wed Jun 27 22:58:02 2007 Relatlve Measurement No.

Renee Fatemi

(analyzing power 6~7 x 10-3)

2 I ndf 137718
p0 -0.001776 £ 0.002561
A1 l
ﬂ%
: | [ ]
-0.05__
B .
-0.1_—
- STAR Preliminary
0.15—
-02_|||||IIII|IIIIIIIII|IIII|IIIII|
- 10 15 20 25 30 35

P, (GeVic)

Measure A 5 in transverse running. Combine
with transverse components to set an upper
limit on the contribution to the A,;
measurement from non-longitudinal
polarization components

T\IRGI



Relative Lum|n03|ty Systematic

x1
E -
1 N - RN _ 900/— . ae o, S
- ‘o’ E P R
A_L PP N + RN 800:—"f0’.:.. o ..Ov “p e ® e M "
70054;'
AA, | (BBC&ZDC) 600~ BBC coincidence hits -
400 i— *-
2 1 ndf 759.7 / 342 -+
02 — p0 0.0009341= 7.773e-05 Excluded
S F
0.015—
0.01 :_ M 1 1 r 1 1 | 1 L& | | | qumbdian
T 40 60 80 100 _ 1
0.005 % ¢ Mt ol " i ,|| y 1] ] !.-.. | I | BXing#i
Illij~ I! N ..|'1| IIr ll A ||.’ | 'il e l !il‘. Ili =il
0 - I:Ii I ---.] !IE.'..-I- b"'f-j.-“l"r-:j? I’ ;J: T (' NL-,..I'-!';‘ ::"!!" Ll N -I- . . . .
sosl B | ey L 2080 Relative luminosity systematic
TR | | } calculated from BBC and ZDC
o asymmetry comparison
0.015
050" i00 150 200 250 300 350
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JP1 Data (21.30< pT<26.19)

T, Wonolets Beam Gas Background

,-.n'":-p_‘ U{".
e st "o — Didets
10° ﬁp.;j:ﬂ . o L o]
- Feeen o* % © | bemc-jp1-mb / 21.30<pT<26.19 | 22 I ndf 33.77117
e r(j::p .'. o o 0.3 p0 2.868 + 0.150
Ao o’ . 2k Pl 0.008543 + 0.004393
100 ® R e O e [ p2 0.1788 + 0.0386
- .‘¢¢¢¢¢' . 0.25] $
- o . -
10 v 0.2
; + (L:Il) E
e + 0.15:—
‘1]:“||0|1|||6|2|||b|3|||b|4|||6|5|||b|6|||'|]|7|||'|:l|8|||b|9|||| - m
. . . . . . . . . IR, 0-1:_ +++++
JP1 Simulation (21.30< pT<26.19) oosf- H
E _(_‘_(:)_—C)—A:H}_—(:)—_‘ — MonoJets &_ﬂ|||0|1|||6|2||||0|3||||0|4|||6|5||||0|6||||0|7||||0|8||||0|9||||
10° o "~ — Didets 1R
; ) —C)—_O_ +—.—++++_{}_ i ]
I S 1. Measure Background A, in monojets
e s (R;>0.95)
—&
6 = [ [ [
VE 4y 2. Determine fraction background/signal
: —\J)—
10°E bkg bkg sig sig
A T | bk f X (AALL + f AALL
C + 0A* =
10° v v by b b b b b e Lavas LL Slg
0 01 02 03 04 05 06 07 08 09 (1 - f )
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A, Systematics: 2005 Background Estimate

Background manifests itself as jets ;Brackgmunc
with large neutral energy deposit wl |
g | Removed
: T from
bg | .
Ameas(p )_ ALL (pT )+ jfbg (pT )X ALL (pT) 10° i analysis
wo TS 1+ f, (p ) 5 i
bg T & i i
JetE.\,~/E
Background Fraction®  Background Asym Mot
2500_ 0.6
- Difference between High _L éo_s —=— SK5[0.00.8]:0.014 +i- 0.012 JP2
moz_ Background and Low | = §0.4 .
1s00f- Background Samples & %, A% =0.00837 +0.00639
: < .
1000—
: AL S
500:_ / \ o ----l___;:__'l__r__I*ﬂl_":_- ________
E-..-'I||L||||I| :: o
of st LT e I 0.2 frg =0.0014 +0.0012
N B S S K- S NS A k- B35 92"03 04 05 06 07 08 089
EEMC’ET E, :-:Er EME TG

Renee Fatemi University of virgn R;%;

IRGI]



A, Systematics: Random Pattern Analysis

The random pattern analysis randomly creates new spin
states for every run. 1000 random patterns were used.
The RMS of the distribution of the ¢, s is smaller (within
error) than the statistical error, so the systematic error
from bunch-dependent correlations is zero.

Random Pattern Analysis Means, all, PROPLUMI, ALL Ihhistoo ‘ Run Asymmetries for One Random Pattern, all, PROPLUMI 657 / 593

Enfries 1000 Prob 0.03474
:;;n 66_30602:(;2: . po -0.000463 = 0.0006694
12 I ndf 19.05/17 0-1 __ ......... ........................... ......................... ........................... ............................
"\ Prob 0.3255 -
o Y| Constant 121+ 4.8 L : i : : : :
T S O N ST, Mean 8.66-05 = 2 1e-05 0.05 __ JUUTUUUUUURUURURURURPURUR o SUURUUR " Y 1 -OUUUORY U -3 I U SO  SUURURRNY (SRR JUUTUUUNNS oF: S0 ISR
[ R R B Sigma  0.000648 + 0.000016 C ?
: : : L HE
E
i

EESSVSUIOS ISNSIPINE SHPISION SV | ST SIS | OIS SIS S S 0.1

C Ve 1t RitAL!
10 — s e I e _0_05__ ......... .................................................................. ............ { ...........................

-0.15

-0.01-0.0080.0060.0040.002 0 0.0020.0040.0060.008 0.01

I
RS
T\IRGI
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False Asymmetry Systematic Check

| Yellow Beam | ¥2 I ndf 5.99/8 | Blue Beam | ¥2 I ndf 8.92/1
o p0  -0.0005822 + 0.001206 o p0  0.0008647 + 0.00121
< <

0.05 o 0.05 i

- STAR Preliminary - STAR Preliminary

0.04— 0.04—

0.03:— —— 0.03:—

0.02 0.02

0.01 0.01

-0.01 —— -0.01

-0.02— -0.02—

003l b b b b b 0030l b b b b b

10 15 20 25 30 35 10 15 20 25 30 35
P, (GeVic) P, (GeVic)
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How RHIC works for pp

1. Optically pumped Polarized H- source

2. H- source is stripped and pumped into Booster - a fast cycling cyclotron

w

Injected into Alternating Gradient Synchrotron at 2.35 GeV and
accelerated to 24.3 GeV

Injected into RHIC ring at 24.3 GeV and accelerated to 100 GeV
The H- jet target was installed in 2004 to calibrate the CNI polarimeter

Two Siberian Snakes are used to preserve polarization of beams

N o o &

Challenge for the future is to overcome expected resonances and
preserve polarization beyond beam energies of 100 GeV.

8. CNI provides 10% error

9. Absolute normalization from Jet Target provides 20 % error per beam.



Deep Inelastic Scattering

e (k) A = Resolution he
e (k) // Increased E, means Ey = A

increased resolution

At = lifetime 7
. — X, Increased E, means AEyAt o —
v shorter interaction time 2
A (fm) 1 0.2 0.05
2
Q2 (GeVv?) 0.04 1 Q" =2myx, E,
XB Pparton
proton
\4 \4
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Color Confinement forbids the isolation of free quarks and
gluons. The stable and abundant Proton is an excellent
“partonic laboratory”

The Proton is “bag” of
3 spin 1/2 quarks
Proton which are constantly
interacting via spin 1
gluons. Gluons also
interact with each
other and produce
Gluons quark + anti-quark
pairs which make up
the “sea”.

Question: How do the quarks and gluons combine to form
the quantum numbers of the hadrons which form 99% of the
visible universe?
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A Quick Review of Nucleon Spin Structure Physics

] Longitudinally polarized lepton-nucleon

Deep Inelastic scattering probes spin structure of the nucleon
— g1 (X,QZ)

E 9y X =% Nucleon Momentum carried by Parton
oy *fﬁ\ ° '

Scattering

Q? = Momentum Transfer of y !Resolution!

If Q2 >> M, then y interacts with only 1 “free” quark with spin anti-
aligned with that of the photon

Quark 1 a, = AS=
Parton = (g (x)= —Eeé [Aq(x) +Ag (X)] Au+Au+Ad+
Model 2 q Ad+As+As

Measured in n and hyperon decay

90 g 107 f s (10) - e, NP B it 0

2 G
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