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The CD Proton Picture

AcTrid & Sebastien PaArmEntien © 200& -

That nucleon has a Iérge anomalous magnetic moment proves that this is not
fundamental spin1/2 Dirac particle.

Nucleon Spin is Subtle: Quarks, gluons and their angular momentum caused by
their high speed motion within the nucleon are contributors to the Nucleon's spin.

Spin physics has open a box full of questions about matter, and it has also laid the groundwork
to a plethora of scientific advancements: from the medical field, to astronomy research.




What Else Carries the Proton Spin

Longitudinal Spin Sum Rule: -AG, Az=are the
probabilities of finding a
1 1 parton with spin parallel or
— =9 anti parallel to the spin of a

longitudinally polarized
nucleon.

W-production Exclusive

-L_ :orbital angular momenta

(Pp) . processes
Double Spin (DVCS etc) of the quarks and gluons
Asymmetries
(pp,SIDIS) -0 Difference of quarks with

parallel and antiparallel
polarization relative to

Transverse Spin Sum Rul
transversely polarized proton

Bakker, Leader, Trueman 1
Phys.Rev.D70:114001,2004 _ :S -
X

2

Chiral-odd Fragmentation
functions (Collins,IFF,A)

Sivers effect??

Astrid Morreale, GHP2009



Polarized proton proton Collisions: RHIC, A ©)C LAB

- RHIC provides abundant source of polarized protons and can collide
them at high energies.

-Each proton is an ample source of "glue”, can be used to probe the
gluon's role directly

-RHIC's High Energies keep the interpretation of results clean using

PQCD
-We have appropriate detectors to look at such collisions



FACTORIZATION —Accessing Ag with Asymmetries
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Hard subprocess asymmetries (LO)
Increasmg X, P

v

= Parton distribution Functions (PDF's): Probability density for finding a particle with a certain
longitudinal momentum fraction x at momentum transfer Q2. A non-perturbative object, it must be
measured!

" Fragmentation Functions(FF): The probability for a parton to fragment into a particular hadron carrying a
certain fraction of the parton's energy




A parficle or jets= Ao-par"ricle or jets / gparticle or jets
LL

Asymmetries:

“ For A%the tools are measurements of helicity cross section

asymmetries A |
A oL — 04— 1 N, — RN,__  (N)Partcle Yields
AL — — — — (R) Relative Luminosity
Oyr+oy B P, Nio+ RN{_  (P)Polarization
Measuring double spin asymmetries in certain final }—\ H :?m*%‘; ;5’“<
states are the most valuable ool o measure polarized P —— m——

gluon (and quark) distribution functions in the proton.
reaction LD subprocesses partons probed

The most accurate way to do so is the study of those pp— s X | q7.99.99.99 —Jet X | Qg Qg

processes which can be calculated in the framework pp—7X | 9@aaeg.00—7X | 8o A

pp — 54X qg — @y, 94 — gv Ag

of perturbative QCD.

pp— QQX | 90— Q0 97— QQ | Ag
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RHIC Relativistic Heavy lon Collider:
A CD Laboratory

Absolute Polarimeter (H jet) RHIC pC Polarimeters
T BRAHMS & PP2PP (§)

. v
Spin Rotators
PHT[i.H] Sif.‘h:riﬁ:ll S!LR]CE

Strong AGS Snake |
_ LINAC v

Pol. Proton Soures

500 wA. 300 ps
—h

2 % 10" Pol, Protens / Buneh

B
LB £ =20 T mm mrad

200 MeV FPolanmeter i

Rf Dipoles — ¥ AGS pC Polarimerers
2 counter rotating accelerator storage rings ruminoy | Polarization | Figure of
. . . . . . Year [GeV] P [%] Merit P2L
with collisions at six interaction points (recorded)
2003 * 200 0.35 27 | 25.5nb-1
Siberian Snakes: Depolarizing resonances 2004 * 200 0.12 40 | 19.2nb-1
are cancelled out by rotating spin by 180 2005 * 200 22 29 | 416 oA
degrees each turn. ' PR
2006 * 200 e 55 no-
2006 * 62.4 0.08 48 | 18.4 nb-1
2009 500 Machine development Begun this year->W Boson

**The applications of the AGS are not limited to RHIC physics.

NASA space science for example, uses AGS beams, to simulate cosmic rays radiobiological effects, to learn about the
possible risks to human beings exposed to space radiation. :

http://www.bnl.gov/medical/ NASA/NSRL_description.asp




RHIC's (D Detectors

PHENIX Design philosophy:
Fine Granularity, Mass Resolution
High Data Rate

Good Particle ID

Limited Acceptance in central calorimetry and forward muon detectors

STAR BRAHMS

Large acceptance with azimuthal symmetry

Good tracking, particle ID \
http://www4.rcf.bnl.gov/brahms/WWW)/brahms.html

Central & forward calorimetry
Both have collisions counters and zero-degree-calorimeters to characterize events

Visit:

http://www.phy.bnl.gov/rhicspin/
nttp:/www.onenix.onl.gov/WWW/onhysics/soin/
http://www.star.bnl.gov/central/experiment/

For more info on the past present and future of RHIC



http://www.phy.bnl.gov/rhicspin/
http://www.phenix.bnl.gov/WWW/physics/spin/

THE PHENIX DETECTOR

Central Detector Acceptance: (|n|<0.35 ¢ = 2 x w2).

y/Te/n detection

— Electromagnetic Calorimeter:

PbSc + PbGl, n<|0.35], o= 2 x 90°

« TU/TC

— Drift Chamber

— Ring Imaging Cherenkov Detector
Muon Arms (forward kinematics (~1.1<| n |<2.4).

2007 PHENIX Detector

PC3 Eicmm TF(_PC“
Pz SateE

J/
LIJMuon ID/Muon Tracker (p+p-
s, 1%
— L ETOZ Electromagnetic Calorimeter (MPC)
= .= — Global Detectors:
"y, Centrl Mgne 57 + Relative Luminosity
S SO — Beam-Beam Counter (BBC)
L A = Zero-Degree Calorimeter (ZDC)

R < Local Polarimetry - ZDC
LN BB L
ZDC South 5 M Dx ZDC North

= D =

MulDy MulD
] HBD
l I\-']u'!'r|r RxNP
Pseudorapidity
South Side View North " | Spatial coordinate describing the angle of a particle relative to the beam axis it
is defined as n  =-In(tan(6/2)) where theta is the angle relative to the

beam axis. n does not depend on the energy of the particle, only on the polar
angle of its trajectory

Astrid Morreale, GHP2009




THE STAR DETECTOR

New for Run 8:

Forward Meson
ﬁnﬂ | Spectrometer (FMS)

Solencid Magnet

Ganel LU

Electromagnetic
Calorimeter — |
(EMT)

Time Projection Chamber:
- Charged Tracks P,

- -1.4<n<1.4

l.J

, Beam-Beam Counter:
@ I—-::-mrard 1 | < MinBias Trigger
W Deecr |+ Relative Luminosities
= - 3.4<|n|<5

magnet L S
poletip —>» q{ Forwa |d TFC | H—
FOI’WZdPiOI‘] e EM Calorimeter (Pb/Scintillator):
_——— - Particle Neutral Energy

pera i T I00000000 - Barrel 0<n<1 (2003-2005)
-1<n<1 (2006)
* Endcap 1.09<n<2.0

Full Azimuthal Coverage 10




< Accessing Ad: Inclusive channels A SAX
measurablée at%{HIC (PP )

TP: wide p; range, mixture with gg —-X dominant at low p-
n, similar to 1@ different FF’s.

0)
0)
0 Jets, di-jets, multiparticle clusters (parts of jets)
o TE, mixture sensitive to qg -qgX at high p-

O

Direct photons: p; range 6-20+ GeV/c, dominated by qg -qy
o J/y, p*, e* (gg-cc)

% Other Asymmetries measurements

o Ay Left-Right Asymmetries of m%/t*/h*, J/Y, forward neutrons
0 DLL Longitudinal spin transfer to Anti-A
o K; azimuthal asymmetries of hadron Pairs.

Astrid Morreale, GHP2009
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Ed’c/dp® [mb GeVc?]

Aal o (stat)

(data-NLO)/NLQ

Are Perturbative Methods Valid at C

T | T T I T T T I LI I LI
STAR preliminary

- STAR Data

NLO KKP FF

-------- NLO Kretzer FF

—&— PHENIX FRL 91, 241803

T T T I T T T T T T
1 a)
o
107
102 : =
10 - ) MLO calculations by W. Vogelsang -
10 g
10° == =
10° == —=
107 = —=
10° = =
:I 1 1 ! 1 | 1 ! 1 | 1 ! 1 1 1 ! | 1 1 ! 1 1 } 1 I‘-I_-1-\1 I:
- b) point-to-point systematics 7]
pz2— —+ statistical errors —]
u_ T T ‘|' T T - T T T T -[ ‘{ .
] \ _
0.2— —
:i — i i i i i T i i i —— i i i — i — i:
15:_ c] ‘f total systematics # NLO KKPFF 3
~E 5 - Co O NLO Kretzer FF ===-KKP.p=2p 3
1 T O - KKPp=p/2 3
0sE o e e JUNN s RPLLL @ . =
S & i E
055 .- ' -
L I L R P T L
p. [GeVic]

Agreement between data and
pQCD theory

Shows that pQCD and
unpolarized PDFs determined
in DIS can describe pp data

Choice of fragmentation
function crucial (dominated
by gluon fragmentation)

Scale uncertainty still large
at lower p<5 GeV

YES!
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T® Asymmetries

Measured asymmetries for pp -10X Initial state parton configurations contributing

from Run 5 ,Run 6 to unpolarized cross section (Fractions)
Run3,4,5: PRL 93, 202002; PRD 73, 091102,

Phys. Rev. D 76, 051106 (2007), arXiv:0810.0694

Fraction of pion production
_lD.DE B - GHE.I.II ﬂd {fﬁ=nﬂq} D.DDE ! 08 T T T T | T T pI T F)l T T T T | T T
‘Teq_l - === GRSV AG=0 3 0 E; % n I
[ e GRSY AG=—1.05 i ]
0.04— [] Fam5 —0 (05— 0.6 L N
B 1 15 2 25 3 B qg i
= ® FRng p_ {GeV/c) I \ aeneTTTIITTTTII
0.02— 04 __ o . __
i I qq+qq+ |
oF 02 - -
-0 Cl"'__ 0 T T T
1 | | | | | I[al:I : 5 ! ©pr [GeV]
1 1 1 1 1 1 1 1 1 1 1 1 1 I-IDI 1 I-IE
. 4 ° 5 b, (GeVrc) W. Vogelsang et al.
eVic
met om in orlal o -
éﬁn rac ey |ma e %rom sidebands ** Dominated by gg for p;<5,

% qg for p;>5 GeV/c
309 Astrid Morreale, GHP2009 13




T® Asymmetries

Measured asymmetries for pp -~1°X Initial state parton configurations contributing
to unpolarized cross section (Fractions)

P+B — 7’ + X at\s = 200 GeV and -95 <1 < .95 Fraction of pion production
_|0.15 T | T T T | T T T | T T T | T T T | T T T | T T T | T T T | T T T
| — —
< T SRYYstendard «  STAR 2006 Preliminary . o L B
- — GRSVAg=-g - B -
01— — GRSVaAg=g s STAR 2005 preliminary ©° —
- —GSC . - 1
- / n 0.6 —
0.05 / __ : 4
[ __—-'--'_—'—.—__—___'_~ ] |
s S S = S . 04 |-
- — 7 [
-0.05— ] 02
0.1 — I
_I | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | I_ O
2 4 6 8 10 12 14 16 18 0

< BBC, TPC and Barrel EMC.

% Resul_ts consistent between
experiments

=~ Long p+p run (NOW)---> Expect
a0 greater sensitivity. Astrid Morreale, GHP2009

Forward Time Projection Chamber




Information from 1™ Asymmetries

< Inclusive T A , cannot access Ag(x) directly

o Only sensitive to an average over a wide x range
0 No conclusions about moment of Ag(x) possible without a model for its shape
< More (indirect) information from varying cms energies
o Higher (5600 GeV) - lower x
o Smaller (62 GeV) - higher xéand larger scale uncertainty)
o Phys. Rev. D 79, 012003 (2009
VS. X;=2p,/VS

P+p o n° + X at\/s = 200 GeV and -.95 <1 < .95 < 0.1 i
j0.15 L T | T T T ‘ T T T | T T T ‘ T T T ‘ T T T | T T T ‘ T T T | T T T ] € : R 700 j 46 \..r
< . —— GRSV standard . . 0 . ~| —e— Run2006 62.4Ge
- — 8223 i g - -Og STAR 2006 Preliminary &t ] 0.08F _ -
01— — GRsvVag=g *  STAR 2005 preliminary n° — | —e— Run2005 200GeV
| —— GS-C // i 0.061
i / ] 0.04|-
— -
[ _ ..--—'——'—'__'—_'—_—_— _ -
SR S i _ L
0 e e 0.02
B —_—— —— L
-0.05— — 01
B i -0.02 P (200GeV)
01— ] 0 04: 1 2 3 4 5 B 7 8 & (62.4GeV) |
B | ‘ | [ L1 1 | T I R | | L1 1 i . —_ 1 1.5 2 2 r‘ :!' ) -‘-5
2 4 s 8 10 12 14 16 18 1 1 I ] L I I | I I:’l I | L L L 1 I 1 1 | 1 |J L
p. [GeVic] 0 002 004 006 008 01 012
xT

Astrid Morreale, GHP2009 15




T Asymmetries

1
- 2 2
- 0.7<1n<0.9 AG(Q?) =f Ag(z,Q*)dx
A, [ ¢ 2006 STAR Preliminary 0
01:_GRSV-Std — T T e
'l — GRSV Ag=g - 2 2
[ --- GRSV Ag=0 /1-” \ G(Q = lGeV ) ~ 1.8
0.08] — GRSV Ag=g e G(Q* =1GeV?) =~ 0.4
[ - GS-C ‘ :
0.06— —  AGQ*=1GeV?) ~ 1.0
’ C / )N —
- / -‘_,..-ﬂ
0.04— : -
C 7/ 0 o T Kol 20 30
0.02/% ‘' 1 ]
E-—"""l_* H-'?"i:,:_ ____________ it 0s _ dAc,, /dAc _
0 A7 e, cn L = miam = J
- ’ “%“"--. i
B -.-"""*-. 06 | -
0.02— Online polarization T ——— 1
_I 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 B T
10 15 20 25 30 35 L e ]
P, (GeVlc) : |
PRL 100, 232003 (2008)., Spin 2008 Proceedings 02 ]

Mixture of gg / gq / qq scatterings

-Inclusive Jet Signal: 0 S Gev) 15

Avoid fragmentation functions
-Sensitive to gluon polarization
-Large Cross-section — high statistics possible.

-STAR reconstructs jets via: Time Projection Chamber p; for charged hadrons , EMC E, for EM showers
28/04/09 Astrid Morreale, GHP2009 16
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q'“--,qw_...—

& _ PH ENIX
@k - Asymmetries

qg starts to dominate for p, >~ 5GeV and D" >D" >DF
Expect sensitivity to sign of AG, e.g., positive AT > AT > AT

0.8 T T T T T T T T | T T T T | T T
+ =01 L
< :_PHEN!)ifP_rgliminary A TE+ |
D'osg PH ENIX
0.06 i 7
0.04 ;_ GRSV - std e __ qg __
0.02 | | o zero L - .
e | i
-0.02; Ag =-g input 04 L . i
0.045 I qq T qq T
-0.06:— pp->7 X,\5=200GeV i
'0'08;_ A, scale uncertainty of +8.3% not included 0.2 — —
PN T IS ISV A AR AAE R AR B
gg
4 5 6 7 8 9 ;?(GeWcT I \
k{juj— Tc- 0 ] 1 \ ] I l 1 \ ) l ] L ) ) 1 | L I
E PHENIX Preliminary .
000 PHENIX 0 5 10 L5p. [GeV]
0.06 :_ Ag = g input
3 Charged pions above 4.7 GeV
02- | - - -
I ’ identified with RICH.
voal l At higher p,, qg interactions become
0045 dominant: AqAg term.
Y S — A,, becomes significant allowing
0.08" _ _ access to the sign of AG
oo Scale uncertainty of £8.3% nofincluded ...
"4 5 6 7 8 9

10 11
pi (GeVic)

asuta Morreale, GHP2009 17




BEMC
TPC

Tt~ Asymmetries is\“ﬁ n

qg starts to dominate for p, >~ 5GeV and D" > D" >D"
Expect sensitivity to signof AG, e.g., positive A[‘i > A'LTE >AT

B+P - 1+ X ats=200 GeV A< 1 P +p— 1’ +Xat\s=200 GeV << 1
-d:j 0.1. — g . 4j 0.1— — GRrsv-sTD
L fzsz"jm DSS FF [ — ac-o DSS FF
L —aG=¢6 L —aG=6
L e— AG=- — - T AG=-G
0.05— — G:sefcl; 0.05— — Gssetc
. N —-—3:-""‘_'_-_-_‘—_'_—-—.
0— Ung N
0.05 -0.05_
2005 STAR Preliminary 2005 STAR Preliminary
01_| 1 | . | | I L 01 1 L 1 1 Lol L | | L |
2 3 4 5 6 7 8 9 10 2 3 4 5 6 7 8 9 10
n Py (GeVic) 7* P; (GeVic)
5 0 4 04¢
40.03; < 08k
0.06F 0.06F
New Technique looks 0.04f Shit
at charged pions from 0.02f 002k
opposite side trigger jet of of- = ——————
-0.02 0.02F
- 8 - '{HM:_ - LO MC Evaluation
- - GRSY-STD
Compared to LO MC. e .06 — b
-0.08 8.3% pol. uncertainty not included [ = e
- -0.081- B cs setc
B I L N S W | X B K S ¥ S X B ,ﬂ-|11|11|1||11|1l1|11|1||1||1||l|||||||1|
6.2 0.3 04 05 06 07 zoéapTln(}?gTuet; 6‘2 03 0405 06

08 09 1
z= pT(-'S?thjet]

28/04/09



g g—
PH ENIX

Information fromy, W, n, e Asymmetries

STAR

“ Provide access different x range L2 e

o Thresholds 1 e
o JIY-pp n range (forward arms) (A) XAG(x,4 GeV?), NI
o Prompt y: no fragmentation z=1 0.8 L By -
o could help disentangle the contributions from the — (B) - prompt photon
different quarks and the gluons. X 0.6 :
o Rare channels with large background O
o Need more luminosity g 04
0.2
oal PMIX Rin & PHENIX Preiminary u} Tleegli BAENIRAETIRY 0 -
0.2:— D'u_ ] //,%:%3/' —0,2 33 nul g aauul R
o J | € T 0.001 0.01 0.1 1
O = i e i“ o B <
-0.2_— 04 ; PH: -ENIX
DA e e et o MR g T e 05— —————
— é —— é —— .llﬂ — . : 1'4 [ = PHENIX Runo
p, (GeVic) 0.1 e
Heavy Flavor Asymmetry | PH--ENIX Ag=GRSV-Max
3 1F o - 0.2 & © 1 e L
< F Heavy Flavor Asymmetr o —— AL(p}): GRSV std PH ENIX 0.05-
08 o 2 L0145 |- AT(p): GRSV Ag=0 L Ag=GREV-Min
u.s; STAR. preliminary....... S<_. : AZ(p°): GRSV max _ Ag=dltsv-std |
04F 0-13_ A5 (pS): GRSV min ar ++ Ag=0
0.2F { 0.05 T L
N 02 F T -0.05
24 RS f{: 0.05 + ‘ 01
-0.sf _‘_gj _0_1;PHENIXPreIiminary Z
_u_sf %’6 :ScIaIeUncelrtaintyo‘fH«fu)%notlncllllded | | -0.15 é 3‘ 4‘. 5‘ é "7 8‘ v 9
4 - 01595 115 2 25 3 385 P, (GeVie)
. 4 5 Pm p_le_ (GeV)

MANY OTHER PROBES! 19




Global Analysis of Polarized PDF's.

L)

o0

* Results from various channels combined into single results for AG(x)
** Correlations with other PDFs for each channel properly accounted

** Every single channel result 1s usually smeared over x [I global analysis can
do deconvolution (map of AG vs x) based on various channel results

“* NLO pQCD framework can be used

“* Global analysis framework already exist for pol. DIS data and being
developed to include RHIC pp data, by different groups

o0

o0

One of the attempts of global analysis by
AAC Collaboration using PHENIX 1¢
-Preliminary data

Now Run5* and Run6-TC and Jet data are
available. *Preliminary has now been used in
DSSV Global Fits

Astrid Morreale, GHP2009 20




AG(x) Global Analysis Latest Results

RHIC data set significantly A first demonstration that p-p data can be included
—constraints onthe giuonheticity N @ consistent way in a NLO pQCD calculation.
distribution -"Inclusion of theoretical uncertainties and the
S d"" T treatment of experimental ones should and will be
ooa | XAu - - 004 improved”-
o0 I 1"  -Flavor dependence of the sea. SU3
o ] 0 symmetry breaking. ??
0.0z . - 0.0z Machine development for this program
S g;s;- DSSV A& a8 . completed a few weeks ago->W Boson
ITITY S - o=l ] 4 -0.04
- —— GRSV DSSV :.f f 206 f 1
[ - RSV DA
[ T T ':
004 | XAS - _ _
I N — — 15
0.02 - B = 2
s ; i i Ehih
I:l -' - - —
i : — — 10
-0.02 - - -
-0.04 — 2 _ e _: E— = GRSV max. Ag : — -
[ Q B lﬂ GE" b - - - GRSV min. Ag _-. -0.2 B 7]
ST TTT] T T T T B S TTTT | N T T S T T BT : — — 5
107 T 107 'y - : :
FIG. 2: Our polarized sea and gluon densities compared to [ i _] 0
0

previous fits [6, 8]. The shaded bands correspond to alterna-

tive fits with Av® =1 and Av2 /2 = 2% (see text).
* X /X ° | ) 1.[005-02]

Ag
Global Analysis of Helicity Parton Densities and Their Uncertainties. Phys. Rev. Lett. 101,
072001 (2008)




Transverse Spin: Origin of the A Single Spin Asymmetries.?
(Sivers effect) (Collins effect)

Transversely asymmetric spin-dependent
ki quark distributions fragmentation functions

proton

Vs=19.4 GeV, Huge A, measured at E704-FNAL!!!
p=0.5-2.0 GeV/c

T T — E704, PLB261 (1991) 201.
04 LY {, - T - E704, PLB264 (1991) 462
Cpipan _ . |
¢ Increase linearly with Feynman x (x;).
0.2 - > @ -
N @ x ¥ ] *Extremely bigger than expectation!
- L
= o @ | *What is the p, dependence?
I o y |
—0.2 — o ® 3 ] *Measure at RHIC? Vs =62,200GeV.
- :rr°=J-E % =
—0.4 | ™=9° — _P.n_2E
% _ NN P N S LI Xp = = /s
EL TR 0O 0.2 0.4 0.6 0.8 P S

Xp




HOW tO measure AN? *Borrowed from H. Okada

Azimuthal asymmetry 1s measured by
Double arms detector (Left-Right)

1 N'NF - /NENE
A ~ pol. [NENF + /NN

Square-root-formula

Top view

* Normalized by beam
polarization

Astrid Morreale, GHP2009 23




Transverse Spin 1° A at large x;

Pu  prp— n°+X at vs=200 GeV

p p'+p-TP+X at Vs=62.4 GeV 0.15 Run 8 dat
un ala
*rm P(blue)=45.5+3.3%

< PHENIX Preliminary

20% polarization uncertainty on A, scale

0.15 :_ 10% energy calibration uncertainty on x_ scale 0. 1 25 f_
- * 3.0<n<4.0 o - Preliminary L~6.2 pb in plot
0.1 L
- r 2.5<n<4 (FMS
- i } 0.075F n<4 (FMS) +
0.05~ s 0,05 F ; t
i l * ip,) = 0.560.67 0.84 098 0.025 :_ EE
0 T . -
-] ’ :} $ . L
i ) o a®______________ % I
_-unE_ L v b v v by v by o by |P—|I:I\|.F’..E|_NI|x E } E !
0.6 0.4 -0.2 0 0.2 0.4 0.6 -
X, —0.0251 est, O = 1.20 0
_0'05:..I...I...I...I...I...I...I..
PLB 603,173 (2004) —0.6 04 02 0 02 04 06
b T ] XF
- ’ A, as a function of x_ integrated over
e 7 the FMS acceptance.
AT 'sts for
Plots from Nikola Poljak, for STAR collaboration, “Spin-dependent
process contribution to ¢, N=3.3, Vs=200 Forward Particle Correlations in p+p Collisions at vs = 200 GeV,” hep-

GeV ex/0901.2828, to be published as Spin 2008 conference proceedings.
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0.15

0.1

0.05

-0.05

Transverse Spin 1° A at large x.

Yellow Beam Single Spin Asymmetry

Pt pl+pTO+X at Vs=62.4 GeV L R N N N N MU WU N N A
| PHENIX Prelimi , - :
B Eﬂ%polarlzat:-:nlun:::naa::tyunAuscala {p,)=028034 044 054 L STAR 2006 PRELIMINARY B
| 10% energy calibration uncertainty on x scale - : :
v 1>35 0.8 S s -
4 1<35 i :
__ { 0-6_ ................................................................................................ |——| ........................
[ AN
L % i { 0.4 =
] l i ¥ - {p,)= 064077 057 1.16 0-2;
- f L
[ PHENIX - i 5 : :
B | | | | | | | | | | | | | | | | | | | | | | | | | 0»— PIO
0.6 0.2 0.4 0.6 - i ; i : :

xF —IIIIIJE!IIIIIIIltlliIIIIIIIIIIIIII;IIIE][II]
B30 35 40 45 50 55 60 .65 .70 .75
o PLB 603,173 (2004) XF

K

t qq+qq + ...
0 L L 1 1
30 AOEK (Gev)™®

1
60

sts fo

process contribution to ¢, N=3.3, Vs=200

GeV

v AWVIU T VUG TV W T U UUHUN VT ULIVE . WV MU U uvT I

Forward Partlcle Correlations in p+p Collisions at Vs = 200 GeV,” hep-
ex/0901.2828, to be published as Spin 2008 conference proceedings.
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Transverse Spin 1° A at large x;

p4

< PHENIX Preliminary

0.15

0.1

0.05

¥ 11>3.5
4 <35

p'+p -»T0+X at Vs=62.4 GeV

20% polarization uncertainty on A- scala
10% enargy calibration uncertainty on x scale

’-fp_ri==ll.28|].34 0.44 0.54

Ii

{pTI!O.Bd- 077 097 116

!
I

=
-

——

e —f—
e
e B

-0.05

06

04

0 L 1
30

PLB 603,173 (2004)

mE’E (Gev)™®

—-v.__

I I I I I IF'I.I ENII)(
-u-ﬁl | | | | | | | | | | | u-2 | | | 0-4 | | | u-ﬁ

X

GeV

process contribution to ¢, N=3.3, Vs=200

sts fot

A f
() pt+p — 7+ Rt sdam2 00 Gev
D'OE'E A x>+0,35 (B |

F e %< —0.35 (Y)
0.03F Fitto gay + by <cos{g)>

0.04

0.0k

001E 2 — 17 (v)

0 ——I' """"" IS A ¢

-0.01F

-0.02F

-0.03F *ﬁm

_'3"042‘ X»=0.3(8) Preliminary

008l
<cos(g)> |

A, versus <cos ¢> for positive (blue
beam) and negative (yellow beam) X:

v nUIG o vijun,

Forward Part|cle Correlations in p+p Collisions at Vs = 200 GeV,” hep-
ex/0901.2828, to be published as Spin 2008 conference proceedings.

IV W U UVHUN VT ULIVE . WV MUV uvT I
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Transverse Spin 1° A at large x;

Y
z 04— |o 707 PRL101, 042001 (2008) il
B ) TE- p-"
} 0 !
0.15)
0.2 — T Lo .°
B ® e | L.
“‘QZ 0:- o e 5@@
" 02 g O ) 5 o)
d - BHAHMS =
04 — S 5
208 06 04 02 0 02 04 08
Xf b'”.'zs

BRAHMS Collaboration (l. Arsene et al.)

"Single Transverse Spin Asymmetries of ldentified Charged Hadrons in Polarized p+p
Collisions at s = 62.4 GeV"

Phys. Rev. Lett. 101, 042001 (2008)

arXiv:0801.1078

For More Results: http://www4.rcf.bnl.gov/brahms/\WWW/publications.html

|
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Transverse Spin 1° A at large x.

Ay Vs. P.I. for o A 0.4 Gov Black points: arXiv:0801.2990v1 [hep-ex]
< n

- + + " . [nner errors:

) | + statistical
0.04— + Quter errors:

B ' + . ’ statistical and

| 1 .
sl T systematic in

& uadrature

i . 9 p+p — 1°+X at \s=200 GeV 1

0— 2 B Runs3, 5 and6
L : ® Run 8 STAR Preliminary
L e a1 4 4y a1 4 ¢ 3 3 1 5 3 3 o 1 ¢ & 4 3 14
1.5 2 25 3 3.5
P, (GeVic)

|
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Transverse Spin

Mid-rapidity A, of T® and h* for y~0 at Vs=200GeV

= 0.2

N e .
[ he PRL 95, 202001 (2005)  ppenix 03
0.15/ v h- p'+p ->T0+X at Vs=200 GeV/c? _
| o x0 06 _
0.1F :
ﬂ.ﬂEf— O 04 -
P4 T S
: 5 % ﬁ L 1
-0.05[—
E 0_111.:|11.,|1.IJ|.1
-0.1 = 0 5 10 15p, [GeV]
0.15F. A, scale uncertainty of +35% not included process contribution to 1,
- n=0, Vs=200 GeV
0.2LC P N T N T N N T T T T N AN Y A L O A
0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
p- (GeVic)
o

« Mid-rapidity data at small p; sensitive to gluons, constrains magnitude of gluon

Sivers function (Anselmino et al., PRD 74, 2006)
*‘What happens if qq sets in (valence quarks) at high pT?

: Measured at RHIC!



Transverse Spin

004_ RA vwAnrniAdib., A ~Af ) A A Lt A I') at .\/S=200Gev
. = AN- h*/h- 4  pos. Hadrons (2005)
< 0.03 ' #  nieg. Hadrons (2005) 08

- O pos. hadrons (2001402, publ. [ PLB 603,173 (2004)

0.02 G neg. hadrons (2001/02, publ.)

001:_ ] & pos. hadrons mean (pt-shifted) 061 E j

E k 4 4 neg. hadrons mean (pl-shifted) - -

oE— 4 1 1 RN :

I LR ] N
0.01 - I .

~ ) 02 . i
002 i -

— ]

_—p ’ - P
'ﬂﬂ@g HENIX pr " 0 5 10 15pT [GeV]
= ehmin process contribution to 1,
Q055 ary =0, Vs=200 GeV

:I | | | | I I | | | 1 ] | I - | | | | ] | | | ] ] | | I T | | I I | | | 1 ] |l | I - |
00605 1 15 2 25 3 35 4 45 &

0:0

« Mid-rapidity data at small p; sensitive to gluons, constrains magnitude of gluon

Sivers function (Anselmino et al., PRD 74, 2006)
*‘What happens if qq sets in (valence quarks) at high pT?

Measured at RHIC!




s | |
Summary

< RHIC is well suited to the study of spin physics with a wide variety of probes.

o Inclusive 1 and Jet data for A | has reached statistical significance to
constrain AG in a limited x-range (~0.02-0.3).

eaerc]jnn]or% statistics (RHIC running time) to explore different (rare)

o Different gluon kinematics
o Different mixtures of subprocesses

“ Global Analysis o[ man chang Eogether with DIS, SIDIS data will give
us a more accurate picture of (Sx

“ cqulﬁ)aC&mmg W program will give more information about anti-quarks,

“ NIX+STAR ha | h
Vettex information that we Reed foF pracioe Tutire mbasUrementsIdes and

of AG, Ag and new phyS|cs at hlgher Ium|n03|ty and energy

Nuclear spin physics is a worthwhile endeavour we can all benefit from.
Theory-Experiment Development: Discovery: Society->Applications.
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Thank You for Listening
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P?%X(:E_NIX Intrinsic Spin Violates our intuition:

How can an elementary particle such as the e be point like and
have perpetual angular momentum?

The Proton also has violated our intuition.
The Proton is composed of quarks, gluons and anti quarks.

We should expect the proton's spin to be predominately
carried by its 3 valence quarks

But as the EMC* Collaboration Found in 1980's
The 3 quarks are only responsible for a small part.

Which means the Proton is a more complicated object.
*Nucl. Phys. B238, 1 (1990); Phys. Left. B206,364 (1988).
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SPIN Dependant Parton Density Functions

In a proton with positive helicity we can find a parton:

e .
a( @)=

*We then Define Ag, Aq ., (Af) as the pr'obablll‘ry of finding a quark, gluon
or antiquark with spin parallel or anti parallel to the spin of the nucleon.

At :
s :

These integrals of A f multiplied by the spin of the parton f will give the
amount of spin carried by each parton*.

*i.e for gluons :  Amount of carried spin ~ A g*1

Astrid Morreale, GHP2009 34




*(hep-ex/0005012)

STAR Jet Reconstruction _
midpoint-cone algorithm*

e Adapted from the Tevatron

¢ 0.5 GeV seed energy, split/merge fraction = 0.5

4
;
v

e Cone Radius:

Jet Direction .4 (2003-2005)

.7 (2006)

(||
(==

STAR Preliminary

Detector
N
||'II '_
m
I:i
o)
INVID

E.r fraction

0.9
N 0.8 i—
9 075 PP—jet+X
O = 200 GeV
.-IE o) 0.6 E_ -0.7<n<0.9
m<€,V,y, | > < 055" R=0.7
[« 2-. 0.4 <p.> = 9.8 GeVlc
ﬂ,p,etc o 035_ <p,> = 16.5 GeVic
TE <p.> = 28.6 GeVic
0.2F
\ / 0-1 E—I 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 0.1 0.2 0.3 0.4 0.5 0.6 0.7
AR from jet axis (rad)
CCD B
+© correct data to theory
o q b g . #
o * Use Pythia+GEANT to quantify detector response

- i * Estimate corrections to go from"“detector”to the
“particle” level

35



Y~Asymmetries:The Golczn Channel

E‘L\‘L[ﬁ\irectfﬂ

- Y iy KUnSPHENU Prebinary| e
0.4+ PHE{EN'X un reliminary L i
i " : i ]
- 0.8 | L -
0.2~ | - ag ]
] LIJ l I GRSV-max e [ 1
0 ----:Tl;;::::tl‘.'.'.'.'.'.'.'. - ]
- | 04 _
02 T i :
I 0.2 qq+ gg+ -
0.4 | 8.3% scale unce tainty nat included B 1
"L 9.7% scale uncertainty net included o T LT

1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1

6 8 10 12 > 10 P p, [GeV]

14
p, (GeVic)

Dominated by qg Compton:

- Small uncertainty from FFs

- Better access to sign of AG (AqAG)
-Clean “Golden Channel”.

-Rare Probe:Luminosity Hungry

prompt photons

Astrid Morreale, GHP2009




PH ENIX
Information from 11~ Asymmetries

+ 101 . 9.15 F
<  PHENIX Preliminary _ + < [ TC
0.08— —~— Ag =g input Tc B Ag = g input
- PH- -ENIX B
0.04— u
E » [ ] GRSV - std B
0.02— L4 I— pN— 0.05— GRSV - std
e R e T
o B
C Ag = -g input B
-0.02— D BEE=—sam oo et eSS
C L Ag = -g input
0.04— L
-0.06 ;— pp->1 X,y5=200GeV 0.05 :_
0.08 - A, scale uncertainty of +8.3% not included B
- L1 | L | L1l 1 L | | - ‘ | - ‘ | - | L L1l 1 | L L1l 1 —
-0'14 5 6 7 8 9 10 1 -0 o b b b b b b b by by
p* (GeVic) 10 2 4 6 8 10 12 14 16 18 20
T p_ (GeVic)
w2 01F - T
< - . .
o_nngHENL&fL‘?l'm'"ary T e
= PH ENIX JF _
0.06 :_ Ag =g input B TE
0-04; Ag =-g inpu D'1j
0.02 __j__,__-——-——'_'__'_—__ C Ag = g input
0: —— GRSV - std 0.05—
E T Ag = Zero B Ag = -g input
-0.02— B
- o GRSV-std .~ |
0.04 :_ B Ag = Zero
-0.06— pp->nX,\s=200GeV B
- -0.05—
-0.08— B
AL scalle uncertainty of ‘i3.3% not includeld | -
_0.1 | - L L1l 1 L | - | - | - L L1l 1 L L1l 1 — ‘ | ‘ | ) | ) | ) | | | L ‘ L
4 5 6 7 8 9 10 1 0.
2 4 6 8 10 12 14 6 18 20
pj (GeV/c) p, (GeVic)

< Inclusive 1% A | has access to sign Ag(x) directly
* "Model independent” conglugign. pogsiblgsnce enough data is available. 5,
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PH-<ENIX

Accessing Different Energies

4 0.05
g [ YT
r PHEENX e
§ I
.07 §
Fo * GRSV standard
B GRSV Ag=0
-0'057 — GRSV Ag=-g
i PHENIX Preliminary ¢ AL()
= pp— h'X
04 \5=624 GeV
L No correction for ~7% contribution
r from short-lived particle decays
) 15; +13.9% polarization uncertainty not included
7\\ ‘ ‘ \‘\\ ‘ ‘ \\‘\\\\‘\\\\‘\\\
0 0.5 1 15 2 25 35 45 5
P (GeVic)
40.05
< [ ~—
r PH-ENIX
L T """" GRSV standard
r GRSV Ag =0
'0'057 —GRSVAg=-g
i PHENIX Preliminary L AL
L p+p— h+X
01 \5=624 GeV
L No correction for ~7% contribution
r from short-lived particle decays
045 ; +13.9% polarization uncertainty not included
7\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
0 0.5 1 15 2 25 3 35 45 5
8 (GeV/e)

-4 0.05

- # l ‘
B |

-0.05— .
B * A, (h)
B o Ay (h)

01— A, (° at 200 GeV)

m Comparison With n’° AL *

-0.15—
B | 1 1 ‘ | 1 1 | | 1 | | 1 ‘ 1 | | 1 | | 1 1 | ‘ 1 1 |
0

0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
Xr

-Comparison with x; scaling of n° A,

-Consistency of asymmetries with results at
different center of mass energy.
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Sivers effect and/or Collins- Heppelmann effect?

Theoretical approaches to
explain huge SSAs:

0
O Sivers effect ( kq is

connected to quark orbital Available Probes at RHIC
angular momentum). p'+p=> h+X Both mix
p'tp=2 di-jet+X Sivers?

O Collins effect (Analyzer of

. +p—=>h+h+X (far side Separate?
transversity 0q). PP ( ) P

p+p—=2>h+h+X (near side) | Collins

O Twist3 effect which is related pHpDjet+X Sivers
to both 1nitial and final states.
Relation of Twist3 to Sivers
effect 1s introduced.

N W N =

N

p+p—=2>direct y+X Sivers
6 |ptp=2I'l"(Drell-Yan) Sivers

Relevance of Twist3 and Sivers effect 1s studied.

PRL97, 082002 (2006)
PRD73, 094017 (2006)
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BRAHMS Experimental Setup

= —
i

28/04/09

Taken from F.Videbaek.

DIS2008

Astrid Morreale, GHP2009

Time Of Flight Waill
Multiplicity Arrays
Beam-Beam Counters
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Unifying 62 and 200 GeV

BRAHMS Preliminary

0 GeV

e n
DN
No

#*H

W+
i T

&
&

4 GeV ﬁr

&

0.5<pT(n)<0.8 GeV/c

K

BRAHMS
0.2—
0.1
E o
< T
<
-0.1_—
0.2
dl

28/04/09

0.1 0.2 0.3 0.4
Xe

0.5

Astrid Morreale, GHP2009

Taken from F.Videbaek. DIS2008
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Unifying 62 and 200 GeV

BRAHMS RAHMS + E704
BRAHMS Preliminary
L 200 GeV
021 e 62.4 GeV Hi? ; jf
0.1 #*M %
—_ ﬁi i ;g
% 0 : Boog l}
£+
< - o
0.1 *i 3 T
- &
02 |0.5<p (1)<0.8 GeVic ** + ¥
I R |

=1 1 1 |1 | | I | L 1 1 1 L 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6

E704 data — all pt (small star) pt>0.7 red star

28/04/09 Astrid Morreale, GHP2009

Taken from F.Videbaek. DIS2008

42



sraHms  Kaon SSA at 62 GeV

BRAHMS Preliminary

04— |e K* '
B o K- ant
02 | | {
- T g &
<Z 0 :— + e----@ ? ?
0.2 —
0.4 —
| L L | 1 L L | I I L L 1 L | L 1 L | 1 L 1 | L
-0.6 -0.4 -0.2 0 0.2 0.4 0.6

A, ~0 at negative x:
A (K*) ~ Ay(KY): positive ~20% at x-<
0.5-0.6

28/04/09 Astrid Morreale, GHP2009

Taken from F.Videbaek. DIS2008
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BRAHMS

04 °K' 62.4 GeV
- ok

— Twist 3 wio sea

<zl)2— g

L T B
0 01 0.2 0.3 04 0.5 0.6 0.7
Xe

If main contribution to AN at large x: is from
valence quark: A (K+) ~ A(mer) and Ay(K-) ~0

Observation clearly different

Show different models comparisons (only p->1)

28/04/09 Astrid Morreale, GHP2009

Taken from F.Videbaek. DIS2008
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PHENIX Transverse Spin

A, of J/Y at Vs=200GeV

E_ ys = 200 GeV 1
§ op— Jiy X e For open charm production
MSE <p > 156 Govie foutr ponts o --quark Sivers function set to its maximum
0T <p,> =15 GeVic central point) relminany gluon Sivers function set to 0
0.05F- }
of {-
-l].ﬂSf—
C L |
01
- « 0.3
-0.15;— fﬁ]_zﬁ | Al inax fnrt:l hadrons
b = PRD70(2004)074025
’ : || 11 1 | | I I L1 1 1 L1 1 1 L1 1 1 ﬂlz
0.15 el]!.1 eD.lt]S Ill I].(|]5 0[1 0.15 o y .,
X B SEEEEEES aq
. . . 0.1
< May provide insightto ]
J/PSi production mechanism, [ S /
“ Sensitive to gluon Sivers as produced o T —
through g-g fusion _ o0sE
< Charm theory prediction is available 0% =1 5GeV/
o How does J/ production affect 015 Pr=1.0L&V/C
prediction? P T . DT D
"i& 068 04 02 0 0.2 04 06 08

s

Phys. Rev. D 78, 014024 (2008)
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First Look at Transversity with IFF (Interference Fragmentation Function)
Phys. Rev. Lett. 80, 1166 - 1169 (1998), Nuclear Phys. B 420 (1994)565

3 0.05¢ -
: ;0-042_ PHCENIX Preliminary 2006 p+p \& = 200 GeV - ::;:f'
0.03F N, h:p >1GeVic, i <0.35 ESEP
0.02 +
*Find all hadron pairs 00t | ﬁ l #ﬁ
0_ | | | )
(h*/7Y), (h-/79), (h*/h) = T +EF T | *
. 0.01—
on the same side of the detector b
-0.035—
*Assume all hadrons have a plon mass 00— (scate uncertainty 5% not nclude)

TtO:pr} | GeV/c, h: lipl-{4-7 GeV/c R S Y S Y R R F I Y S T

m, (GeV/c?)

-Calculate the asymmetry and the
analyzing power: 0.1

_"‘-v.—_ .
PH:-ENIX Preliminary 2006 p+p \'s =200 GeV —*— n'y’
%, b, 2 p > 1 GeVic, |1l <0.35
0.5<m_, <0.78 GeV/c’

sinl
(s
AIJT

0.05

1 N, () — RN, ()

[=]
IIII|IIII|IIIIIIII|IIII|IIII
3
+

4 (P) =% = Ay sing tor |
P Ny (@)1 RN, (@) 005 ! ﬁ
-0.1
(Scale uncertainty 5% not included)

Astrid Morreale, P, (GeVic)




Transverse Spin
Other asvymmetries at Vs=200GeV

T B Taien e G Lo

- 22/ ndf 496/5 | 721 nat 134715
S 6ot <14 and Lo <40 Results for AVSE?> |0 aomsroouna Results for AV<kiiz  oerosamms
C « 0.6<p <1. A<p <4, r A .. L | .
015 PHAENIX . 0.6<BT<4.0 a Py - PH>SENIX Preliminary _ [ PHZFENIX Preliminary
= Systematic Error 0.3 S 3
0.1F - 8 ¢
AL - o I
- o 02 = -
0.05/— s T e
- S ot . x f
e R (e o " ! s .
= = f g r 1
= < r L L [
-0.05 — Je ' 1 Nor
Z o % [
-0.1 E 0.4~ T
= >
_ - F
015 S r o
- A—pr* Js=200 GeV p+p BeamPol=0.32 -0.3<n<0.3 -0.2 2k
_0_2;— 18%Scaling“ﬂcertaintyduetﬂbeampﬂlﬂrizatio“ 27“":‘5”“4"”‘5‘””6““‘7'””8‘””9"”‘10 S ;\\|\Al\\\5\\\|\6\\|H-\I\H|8\H|\;|\H1u
0.25 TR RN AR RSN SRR NS AT AR S Py [GeVic] Pr, [GeVic]
- 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8

pT(GeV/c)

0:0 Stra nge qua rk Components Via Spi n Tra nsfer ‘ Neutron asymmetry x. distribution with neutron trigger & MinBias

P4
1~ I~ imi Scaling error of 20%
0.1f PHENIX preliminary ot meluded.

<In PHENIX the Self-analyzing decay channel (anti-N)

has been found to be sensitive to the polarization of the PHENIX Statistial error is corrlated
anti-strange sea of the nucleon (See: hep-ph/0511061) 005F o i ue to unfolding.
-5

<*Probing Orbital angular Momentum with k;
Asymmetries (See: Phys. Rev. D 74, 072002 (2006)

-0.05

“*Neutron asymmetries. (See:ap conf.Proc.915:689-692,2007 )

charged
iciheutron
L tot o

L4||\|!1|r\|f

o4l 0.03x.<p,<0.22x. (GeVic)
58 e 04 03 0 0z 04 0808
Xe
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LUMINOSITY

Luminosity is the number of particles per unit area per unit time times the

Opacity of the target, usually expressed in either the cgs units cm? s or b-! s,

The integrated luminosity is the integral of the luminosity with respect to time.

The luminosity is an important value to characterize the performance of an accelerator.

L= pv dN I do 1 d®N

di dQ L dQdt

Where
L is the Luminosity.
N is the number of interactions.

p is the number density of a particle beam, e.g. within a bunch.

o 1s the total cross section.

dQ is the differential solid angle.
da

d$} is the differential cross section

For an intersecting storage ring collider: ; _ anlNz
A

f1s the revolution frequency
n is the number of bunches in one beam in the storage ring.
N. is the number of particles in each beam

A 1s the cross section of the beam.

28/04/09 Astrid Morreale, GHP2009
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