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Proton Spin Structure

Spin Crisis : Origin of the proton spin?

Polarized DIS ~ 0.3

Poorly Constrained

—

1 1 a I
(SPYy==—= =AY + AG + (L?) +(L?Y)
2 2
AY = Au+ Ad + As+ AT + Ad + AS
0.4 S :
- Q' =2.5GeV’ XAG
03} AG =0 (Leader et al, PRD 75, 074027 (2007))
- AG <0
0.2} -----;’tianging in sign XAG Three recent fits of equal quality:
»AG=0.13%£0.16
0.1 » AG ~ 0.006

0.0
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0.01

>» AG =-0.20 + 0.41
all at Q2 =1 GeV?2



Proton Spin Structure at RHIC <R

(® i
0.75 |
> Polarized pp collisions at RHIC = New QCD lab: i

strongly interacting probes oy

> High vs and p; make NLO pQCD analysis reliable 0.25

» STAR longitudinal spin program = 0
Gluon polarization distribution I _

-0.25 } A g8 »28 D CHJ-*C“;
F B qq»qq E gg-qq

¢ Inclusive jet asymmetries are an excellent osf € gqsqq qq-gge
tool to study gluon polarization: Large cross- E qq'->qq’ qg-gvy
sections and relative independence from -0.75 |- qg->qg qq-q'q’
fragmentation functions F g 9g->9Y qq-I1
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Relativistic Heavy lon Collider
...worlds 15t p p Collider

RHIC pC Polarimeters

. R
—— e BRAHMS & PP2PP (})
L = 2%10%s o2 - Absolute Polarimeter
max ~ FI .et
70% Polarization (H jey
50 < /s <500 GeV

Partial Siberian Snake

BOOSTER

Pol. Proton Source

Solenoidal Tracker At RHIC (STAR)

500 pA, 300 ps e

200 MeV Polarimeter

1
¥~ AGS Internal Polarimeter
I\ Rf Dipoles

RHIC accelerates heavy ions to 100 GeV/A
and polarized protons to 250 GeV
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=Barrel EM Calorimeter, STAR Detector La yo ut =Beam-Beam Counters,

—1<n<1 2<|7|<5
Triggering & Calorimetry C : Triggering, Luminosity,
Special interest for spin local Polarimetry

/

n = - In(tan(6/2)

-l =1 Jr 1 -
— L_l =
—
Blue beam
[ | S [ | e [ [ [ q\
/ / \
Time Projection Chamber, "Endcap EM Calorimeter
n|<1.4 1.08<7<2
Tracking Triggering & Calorimetry
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STAR’s Trigger Natural | Elastic, single+double diffractive,
mix hard scattering (qQq+qg + gg +0q)

» To select hard scattering :

Beam Beam Counters (BBC)
coincidence of both sides of
the interaction

Interaction
Vertex

Bottom

BBC East

- BBC West

High Tower (HT) (4n = A4¢ = 0.095)
Jet Patch (JP) (dn=4¢=1)

M. Sarsour, TAMU — A, for Inclusive Jet Production



STAR Analysis Plan

O Cross-sections
» Establish validity of Next to Leading

Order perturbative QCD for RHIC jet
kinematics. %R
> Test understanding of detector, -
measured observable and quality of O
Ssimulations ofl

A,

O Asymmetries
» Provide access to polarized parton
distributions

1 N parallel R.N antiparallel N: Spin Yields
P: Beam Polarization

PY PB N parallel +R-N antiparallel R: Relative Luminosity

ALL —
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STAR'’s Jet Algorithm

Midpoint cone algorithm (Adapted from
Tevatron Il - hep-ex/0005012 )

v'STAR is capable of full jet reconstruction

BData Jets et direction MC jets *Seed energy = 0.5 GeV, Splitting/merging
g % fraction f=0.5
o . jus in n-
2 _n“DIf_DD I {I—D---_-E_--- 8 Cone radius in n-¢
s i e * R=0.4 & 0.2<717<0.8 (2005)
ot ) 70

Particle
A

T

e
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- R=0.7 & -0.7<7<0.9 (2006)

Ar from jet axis

= 3 -
P ULpsh. : ]
g 0_5__ p},u 3.0<p,<6.2 GeVic b 14.1<p,< 17.3 GeVic E
% St ® HT STAR Data E3 v+ —— HT Monte Carlo
o 0.4- [JMBSTARData & .. -MBMonte Carlo 7
Coova v b bvvr s b b v b v b b v b bovrs By v v 41
0.05 0.15 0.25 035 0.05 0.15 0.25 0.35

Ar from jet axis

“+ Data well described by MC




Inclusive jet cross section & A,

(2003+2004)

1& % T T T T T I T T T T T T T T I T T T I T ?
= (a) 7]
105 STAR E
= = p+p = jet + X =
4 'HJE EE \s=200 GeV ?E
g - midpoint-cone 3
210°E fone =04 E
& [ 0.2<n<0.8 ]
2 - _—
510 =
;;% =
e 10° =
__N_- =
WEE —=— Combined MB E
10" —e— Combined HT E
1é— —— MLO QCD (Vogelsang) _;'
f L 1 1 ! 1 1 1 1 ! L L 1 1 ! 1 1 L 1 ! 1 1 1 1 ! 1 If
=185 Systematic Uncertainty (b =
E 142_ .................. Tf'lEﬂF}-’SﬁEﬂE UI"ICEI"T,EIII"IT.}’ _E
Z 1.0 T =
o E E
§06E =
0.2E , , , , , B

0 10 20 30 40 50

p; [GeVic]
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%AR PRL 97, 252001 (2006)

Corrected PYTHIA JETS

X

DATA JETS

Jet Yield GEANT JETS

¢ Correction factor incorporates
detector resolution, and energy losses
due to fiducial cuts and undetected
neutral energy

*» 50% systematic shown in yellow
band comes from uncertainty in jet
energy scale.

% Good agreement with NLO pQCD over
many orders of magnitude
= pQCD works!



2005 Inclusive A, /¢ Analysis

« 2 pb-1 after run selection

* <PgPy>=0.25

» 2.38 M events (post-cuts), 50% from newly
commissioned Jet Patch (1x1 rad) trigger

« Jet cone radius = 0.4

* 0.1 < Neutral Energy Fraction < 0.8

* 0.2 < Jet Detector n < 0.8

A SR e Oy

Reconstruction + Trigger Bias | 2-5 (p; dep)

Non-longitudinal Polarization 0.1-0.8 (p; dep)

Relative Luminosity 0.94
Backgrounds 0.70
p;Systematic [-5.4%,+6.7%]

O Dominated by Jet Reconstruction & Trigger
Bias :

» Jet reconstruction bias: ~25% jet resolution and
steeply falling jet p; distribution causes measured p+ to
average 20% larger than true py

» Trigger bias : each trigger samples the sub-
processes (qq/qg/qq) differently.
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2005 Inclusive A, /°* Results

%AR PRL 100, 232003 (2008)

0.15

0.1

0.05

-0.05

. ¢ STARData pp—jet+X
| —— GRSV-std T
- = GRSV Ag=g
T GRSV Ag=0
s GRSV Ag=-g
B o — -—* — -
- | -
L e
- P $
B ;------i-. ; l‘-]I-‘““--““-__‘...---il--l---"""“-
- ¢
[ 19.4% scale uncertainty from
— polarization not shown L
—l | 1 | | | | | 1 | | 1 1 | | | 1 | | 1 | -I- 1 |
5 10 15 20 25 30
P, (GeVic)
1 ———
. ) ) Q°*=100GeV /2
< The inclusive measurements give 08
sensitivity to gluon polarization overa £°°I
broad momentum range el
0.2
0 o
107 107

T1 0.2 < 77<0.8
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%+ Data are compared to
predictions within the

GRSV framework with
several input values of AG.

B. Jager et.al, Phys.Rev.D70, 034010

GRSV-std

v

p =28 GeV/c

x10°

dN /d(log x)

11



Confidence Levels
%AR PRL 100, 232003 (2008)

1

*Theoretical uncertainties
not included

-l —
Q =
~ . o e 8 8 8 8 @ Pol. uncertainty
— -
10 = 3
— A
B -
- | GRSVDIS |
2l I o |
WE P e >
— =9
- 3 5 3 9
> > > >
n n 0 n
3 o r o
107 & O (&) Qo U]
i . . |
-4- | | | | | | | | | | | | | | | | | | | | | | | | | | |
10 1 0.5 0 0.5

1
Ag(Q2=04GeV?)

1. AG > 0.45 95% [20]
2. AG>0.366% [10]

3. DIS best fit = 0.24
with ~1c range from
-0.451t0 0.7 at input
scale

PRD 63, 094005 (2001)

“» Significant new constraints on AG when compared to
predictions derived from one global fit to DIS data
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Other global analyses

®AG{x] OF = 10 (Savic)

DSV 2008

xAgat |
Q>=10GeV? |

— GRS ()
| —csm
LS80E (3)

| — AACDE (3

.........................................................................................................

/7
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10" 1
Bjorken x

> There are many other global analyses of the polarized DIS data



Additional A,, predictions for 2005

A 2005 Comparison

""" D535V 2008
‘50.16: — gg?:;m
ED.14:— - ﬁi%aaﬁ;
50'12;_ — 32?2{)2}

1 T | SRR SOSIE SRSURP 4 SRS SO 1S S S S
0.08 :_ ................................................
l].l]B_

0.04

0.02
u

-0.02 -

:l 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
-0.04; 10 15 20 25 30 35 40 45

Transverse Momentum of Jet (GeVic)

/7

“* Many predictions for A, vs. p;

O/

s Is the sensitivity unique to GRSV?
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Comparison to other global analyses

S g5
3 L DSSV Dz s
e S
S 04—
£ LSS3
s
© t LSS1STND
0.3
[ STAR Preliminary
- ] AAC1
0l 2005 pp—jet+X *
n.1:— AQC3
C MmN Aet2BB2 o8
n_ 1 1 | ] ] 1 ] | 1 ] 1 ] | 1 ] ] Bﬁl‘l M#x 1 IG§AI
-1 0.5 0 0.5 1

Integral AG (0.02-0.3) at Q%=1 (GeV/c)?

s The STAR data exclude a broad range of models that have AG
larger than that in GRSV-std

s 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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Run 2006 Data

Improved FOM

» Luminosity :

» Polarization:

» Barrel EMC 1 coverage:

In addition

Jet Cone Radius: 0.4 2 0.7
-0.7 < "Miet axis <09

Neutral Energy Fraction < 0.85

Increased trigger thresholds
Inclusion of Endcap EMC towers
Improved tracking at large |n|
Shielding from backgrounds

YV V VYV V VVY
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E, fraction

0.5

0.4

0.3

0.2

~ STAR Preliminary
= pp—jet+X
- 200 GeV
= -0.7<n<0.9
— R=0.7
- — <p,>=9.8GeVic
- — <p;>=16.5GeV/c
- — <p,>=28.6 GeVic
0.1 :_l——l 1 1 | | 1 | 1 | | | | 1 1 1 1 | | 1 1 1 | 1 1 1 1 | 1 1 1 | | 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

2 > 4.7 pb1
50% 2 60% (online polarization)
[0,1] 2 [-1,1]

AR from jet axis (rad)
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Jet pr Scale Corrections & Systematics
(Resolution and Efficiency)

()
(=)

Largest effects are Detector Related:

N
[

Inefficiency: ~10% + Resolution: ~25%

PYTHIA Jet pT (GeV)

20

true vs. observed

15
A A
&~ ) 10
= Efficiency éj Resolution
o 3 - 5
= N 1
v = 5 10 15 20 25 30
> > DETECTOR Jet pT (GeV)
pr(jet) pr(jet) | pT Shift (JP1 Trigger) |
: : : i

% Use PYTHIA+GEANT to estimate the p;
shift from detector jets to particle jets
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Jet pT (GeV)



Trigger Bias

(Dominates A,, Systematics)

[ Asymmetry (JP1, STD) | isymmetry (JP1, ZERO) | Asymmetry (JP1, M105) |

| 0030 S S O S I S @ 0025

Particle
Shifted detector
Detector

0.06 [
: 0.02

5 | 25
0.05 : :

| 002f- | oosE

0.04 =

o015 0.015

0.03 é
: | 0.005

: =
0.02 = :

| 005

001 | -0.005

| Pythia[A_LL] - shifted Geant[A_LL] (JP1 Trigger) |
» Simulate the difference in A,_,_ between QO3 S S EEE
particle and detector jets for various BOSE [ GRSVZERD

gluon polarization scenarios - - |TeRswsD
Q02 o R — GRSVAIO5 |-

L

. T — e —

“ Maximum deviation determines A,, systematic

X/

«» Confidence level calculations take account of :
any residual o

Py WU S NN SR T

0.005F

||1o| Ll |15| L Izol |||25| Ll Isol Ll |35
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Estimating the non-jet background

| bemc-jp1-mb / 21.30<pT<26.19 | | bemc-jp1-mb /21.30<pT<26.19 |
W .~ Monolets 57 70— MonoJets
& 0= -
S @, — DiJets o N — DiJets
_D_
DOOOD ....n... o +_._—I— e O
o . 4+ -
= - F ] ] —a
o o’ *
- - -8
C e a —»C-
E ..«I. a o
N Data ‘* % Monte Carlo
= ¢
= ) | ﬁ}
| bemc-jp1-mb / 21.30<pT<26.19 | 2 I ndf 3377117
0.3 p0 2.868 + 0.150
:E.: p1 nLMﬁmin‘Ml‘aga u" IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
¢ f p2 0178800386 | 100 01 02 03 04 05 06 07 08 09
0.25— 1 Charged Energy Fraction
- *» Non-jet backgrounds stand out in the
0.2 Data data as single-jet events that have a
0151 . small charged energy fraction
: +* *m ¢ Isolate the background in the ratio
o1 ++ + of mono-jet to di-jet events vs.
o0st t * charged energy fraction
_I L1l 1111 | | | | | | | | | | | | | | | | Bk d =
E ﬂ|.1 u.lz u.la u.|4 u.ls ﬂ.lﬁ u.l'r u.la u.lg o) Lg ~ 4x104
Charged Energy Fraction 19



Effects of Residual Transverse Polarization

BBC measurements of residual transverse

components during longitudinal run
(analyzing power 6~7 x 10-3)

| Yellow Asymmetry: LR: Longll |

R
o
o
Y]

(=]
(=}
=y

& Yellpw Asymmedry: LR
=

002; l |
0903 I Spin rotators
0.004" were adjusted
0.005 150" " "200 S

‘Wed Jun 27 22:55:80 2007

Relatlve Measurement No.

T Ty
| Blue Asymmetry: LR: Longll ]

9.002_ /
Y % o ]l ______ [
E ]
P
ﬂ.oo ......... J J_T 1 3 1 J-
0.002} g — _
- Horizontal spin
0003 components
0.004- similar
0005~ ~55 =505 —"300 408500600 700"

‘Wed Jun 27 22:58:02 2007

Relatlve Measurement No.

Measured sensitivity to transversely
polarized protons

32 f ndf 1377/8

p0 -0.001776 + 0.002561

As b

Gt
-u.usf—

-u.1f— “
-0-15f STAR Preliminary
_ﬂ__,_z....|....|....|....|....|....|.

10 15 20 25 30 35
P, (GeVic)

Combine them to set an upper limit on the
contribution to the A;, measurement from
non-longitudinal polarization components

SANnonPol_ an 9 tan 6, cosld, — g JA|
~104
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Relative luminosity Systematic

><1I]
- -,
900 — . “Te o .
— L
. . . — P Wt N, a0 i o
Relative luminosity suu:—:r'-'-.' o e sy ) Fo, e
systematic is calculated from ;o F.e ‘
comparisons between the - o ,
BBC and ZDC asymmetries EUUE BBC coincidence hits . 4+
sooE In East & West BBCs . -
A 1 N.-RN_ 400 . .
L — . -
PP, N . +RN__ 300 *
— ® Excluded
200
gR3 | 221 ndf 759.7 / 342
3 - p0 0.0009341+ 7.773¢-05 | -cmand 1 L r ] ] | 1 L & | L 1
= .02 40 60 80 100 120
& - BXing#7
S.o1s-
s § -
< 0015
0.005 !‘-ﬂ .!I s ,|| i l i I
ATl M peltes Gl T AHET el I
I!I"!" .!!li.',l _'-..:lﬂf -l !l A e | e, .--...lrl iLu i Ili il
l| I,,.iliug? j - ]Iilm.lnj--.l '. _F-.u""‘i"b?'-' fJ: o r' Hh-...r'.-I_:. ]!"Iu.. II Rel Lum
skt R AL TR o k3G b o) 9.4x10+4
00057 | ' i 30
i | | |
0.01]
0.015
111 1 I 111 | | [ 11 I 11 1 1 I | | | 11 1 1 | 11 1 1 I 1 1
0 50 100 150 200 250 300 350
Run Index
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Effect of Beam-Beam Interactions on Beam Lifetime

| Fill#7863 / Run#7136017 |

g E ¢ ]
& oE .- Total wall clock time from the
8 E ] o beginning of the run 017 to
6000 — 6 *°
- the end of run 042 was ~7:14
5000 5%s
-° | Fill#7863 / Run#7136031 | . o
4000:— © — . -
3000 — gsoouf— . : :
- @ .
— — 'y . t..f # Excluded
:emmE 50002_ ’._a..f....ﬂ-... v.-...a. A )
1000— - « 00
- 4000p"*
D: 1 1 I ! C
1] 20 4( —
3000[— Fill#7863 / Run#7136042 .
- 2 - e -
2000 — éSﬂﬂD_— .‘.¢ﬁ . . o+
- 2 L * le ’ o
1000:_ o E "“ﬁ‘ » ”y # Excluded
- 4000 — ,ﬁ.o"..ﬁ:..‘ - n..".n‘ . * e s, ot
0_= Lo o - . ™ LY »
0 20 e «
3000 72-79
. 2000_—
> Yellow and Blue beams overlap -
with Blue and Yellow abort gaps 1000—
at PHENIX, respectively -
D_= 1 1 | b | | | | g 1 r 1 | | | | | | | | I*
1] 20 40 60 80 100 120
BXing#7
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False Asymmetries

| Yellow Beam | ¥2 I ndf 5.99/8 | Blue Beam | ¥2 I ndf 8.92/8
.| p0 -0.0005822 + 0.001206 .| p0 0.0008647 £ 0.001214
< [ < [

0.05 0.051 .

- STAR Preliminary - STAR Preliminary

0.04— 0.04—

0.03 —— 0.03 ,

0.02— 0.02—

0.01- 0.01F T

-0.01— —— -0.01—
-0.02 -0.02
-{].03_—.| cao b vv e b b v v v by -ﬂ_ﬂE_T| RN RN RN
10 15 20 25 30 35 10 15 20 25 30 35
P, (GeV/c) P, (GeV/c)

s Consistent with zero
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A,, vs. Run Index

¥2 | ndf 280.7 / 242
- — po0 0.003842 + 0.001954
< n
0.3— o
n STAR Preliminary
B .
0.2—
u.1_i

L
— iy JNINE, i1 T3 -u
0 i |':"!I l#i"! | il ! ||!:_ y _“f"lll [0 4 I e nr'"l L) "T"“.ﬂ '1 F u”! '|!|| ] I!!'l J!I:I o I'!|
14 i @] "! ; E' II|I || I||||| I| |"|| |I|||. || :ll" | L : i i II:|I:4|||! |21:l 1i Ih |I|
| |

1t B

0.1

-0.2

-ﬂ_a:l—llllII|III|III|III|III|III|III|III|III|III|III|I

0 20 40 60 80 100 120 140 160 180 200 220 240
Run Index
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2006 Inclusive A, s

0.1

0.08

0.06

0.04

0.02

-0.02

» Using jet patch trigger (AnxA¢ = 1x1 patch of towers) only

-0.7<1<0.9
& 2006 STAR Preliminary
 —— GRSV-std e —— — - GRSV curves with
- gg:ﬂ A7 - cone radius 0.7
__--- GRSV&.S:-Q \"""1 and 'O.7<T'|<O.9
~ -
- /s
- e -
B y : o ¢ A Sysiematies | 10 )
- / ' Reconstruction + | [-1,+3]
i‘ ‘ Trigger Bias (p; dep)
- — + ______ | SOUTRRE D Non-longitudinal | ~0.03
- - '"&' . é e O i Polarization (p; dep)
N Relative 0.94
— Online polarization Luminosity
_I 1 | 1 | | | | 1 | 1 | | | | | | | 1 | 1 | | | | | | 1 | | | | BaCkgrounds 1St bln = 05
10 15 20 25 30 35 _
P, (GeVic) Else ~ 0.1
p; systematic sty (00

«»» Statistical uncertainties are 3-4 times smaller than
2005 in high p, region (p;>13 GeV/c)
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2005 and 2006 Inclusive A, /et

0.2—
A ~ ™ 2005 STAR Final /0.2<1<0.8
L [ ® 2006 STAR Preliminary / -0.7 <n < 0.9
0.15— T
0.1—
L | |
0.05— | ’
- . Ta @ : 1
D:‘H‘i_L‘I!'_-_Fl I J_
0.05—
: | 1 | | | | | | | 1 | | | | | | | | | | | | 1 -I- | | 1 | | | | |
5 10 15 20 25 30 pT {GE%G}

“» Consistency between 2005 and 2006 A ¢t

< 2006 A, J¢'s extends the precision to higher p, region
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2006 Inclusive A, s

*Theoretical uncertainties not included

a 1 B 2005 STAR Final
Q —
- .nygl : ® 2006 STAR Preliminary
B EmE
— e ® u .
1 » b A - olenalics (x 10 -3)
10
- . Reconstruction + [l k8]
[ = » | GRSVDIS I Trigger Bias (pr dep)
102 | s = | Non-Ipng_itudinaI = 003
S Polarization (py dep)
[ Relative Luminosity 0.94
K Backgrounds 1st bin ~ 0.5
10° ® Else ~ 0.1
- f'n T i temati =6 [
B o p systematic =6 (5
-3 S A L
=4 | | | | | | | | | | | | | | | | | | | | | | | | | | |
10 -1 0.5 0 0.5 1

Ag(Q:=04GeV?

s Within GRSV framework:
> Ag_std excluded with 99% CL
» Ag<-0.7 excluded with 90% CL

M. Sarsour, TAMU — A, for Inclusive Jet Production

GRSV DIS best fit=0.24
15=-0.45 to 0.7
PRD 63, 094005 (2001)
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DSSYV - first global analysis with polarized jets

de Florian et al., arXiv:0804.0422 [hep-ph]

B T T | T T T T | T T T | T T ]
0.0s - 7 STAR -
C 4 STAR (prel) .
jet ~ F &, | ]
AJLLO :¢¢'L' £ e E
- DSSV ]
-0.05 DSSV .e,xj=12 =
C | | | DSISV ‘Iﬁx JIII‘Ix =2'I':}?{}. | 1 | | 1 1 N
10 20 30
D [GeV]
[ T T T T | T T T | T B T | T T T | T T T | T
4210 n all data sets Elm —+—— PHENIX _
Xt x-range: 0.05-0.2 - -~~~ STAR
405 [ =8
400 [ Ik
395 [ s
1 1 1 |(a|) : y
-0.2 10[ -0.2 0.2
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s The first global NLO analysis to include inclusive DIS, SIDIS, and RHIC pp

data on an equal footing
» Finds a node in the gluon distribution near x ~ 0.1, but with the opposite

o
*%

phase from GS-C
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Summary

J NLO pQCD describes inclusive jet cross section at RHIC

J Within GRSV framework, 2005 results constrain AG to less than 65%
of the proton spin with 90% confidence

) Significant increase in precision in Run 2006 data provides even
stronger constraints on gluon polarization

L STAR inclusive Jets rule out substantial phase space but do not yet
determine sign of AG

O STAR inclusive Jets results are in good agreement with other
competitive measurements

U STAR inclusive jets play a significant role in the first global NLO
analysis to consider DIS, SIDIS, and RHIC data together
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