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Longitudinal Spin Sum Rule
%:SZ:%AZ@LZ

Quark+Sea Quark Spin

Gluon Spin

Orbital Angular Momentum

Not well measured yet!
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pQCD based theory fits
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Longitudinal Spin Structure

Longitudinally Polarized proton-proton Hadron
Asymmetry
Hellfl_ty pp — hX
p
=0/ = g
— £ O h -
Versus

P €= E'_Z &dependence

Fragmentatlon Function
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Subprocess of pp
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Gluon is the major player compared to DIS/SIDIS 6
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Gluon polarisation measurement@COMPASS

Direct gluon polarisation measurement

via tagging PGF process

Non direct measurement of gluon polarisation - QCD fits

To select PGF process two methods are used @COMPASS:

[aYaYalilNaYaYaYaYalalaYalilNaYalalaYallNaYaYalaYaYalaYaYaVYaY BN )

(Open-charm D meson production: A
charm quark pairs produced in PGF, “clean” channel
however with huge combinatorial background, low

N statistics but analysis less MC dependent y

4 )

High transverse momentum hadron pairs production:
light quark pairs produced, high statistics but physical
background; strongly model and MC dependent analysis
requires a very good agreement between data and MC/

OPGF =G®6PGF®H

Ac™ =AGRAG™ @H / from MC
/ Az%(fc; <a," >,

signal asymmetry from data

Krzysztof Kurek - Constraints on AG from COMPASS data SPIN2014 The 21st International Symposium on Spin Physics, Beijing, China



High traansverse momentum hadron pairs for large Q?

Large Q2 : Q2> 1 (GeV/c)?

Physical model: three processes (LO QCD)

PGF

AG
Aff ('xBj) =~ ? (xG)aLPLGFRPGF

000 00000000 00000 0000000OO0Oeee »

QCD-Compton LO-DIS

ALO (xC)aLL + AlLO (xBj )DR, AlLO = 3

Same decomposition for inclusive sample to determine A1-°

Optimization needed : “clean” (more PGF, “pure”) sample with limited statistics or
less PGF populated but larger sample

Krzysztof Kurek - Constraints on AG from COMPASS data

SPIN2014 The 21st International Symposium on Spin Physics, Beijing, China



The Relativistic Heavy Ion Collider
accelerator complex
at Brookhaven National Laboratory

Collision Energy : 62 ~ 510 GeV
Polarization : 50 — 60 %

10
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RHIC p+p accelerator complex

— RHIC pC “CNI”
absolute pH lp
polarimeter \ / polarimeters
_ BRAHMS
PHOBOS g & PP2PP
O
Siberian HHIC
PHENIX ©
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pin Rotators *
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RHIC p+p accelerator complex

~ Spin directjon spin direction
* f'i__l_—_ — 4+ 4+ collision + — + —

F—=

| o . — s\
Siberian
Snakes X
\ Siberian Snakes
5% Snake
(3 \
Pol. Proton Source 2\ AGS pC “CNI” polarimeter
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RHIC - The Current Main Experiments

PHENIX PHENIX “DNA”:
- high resolution and rate capabilities,

- central arms Inl<0.35,A¢p~11
with key strengths for ° and n

- forward muon arms 1.2<Inl<2.4

STAR “DNA”:
large acceptance and low mass,
full acceptance and PID for Inl< 1, Ap~2m,
complemented with forward E.M. calorimetry

key strengths for jets and correlations

Vigorous ongoing upgrade programs, e.g. PHENIX FVTX, MPC-EX
STAR FMS-PS, Roman Pots

Slide from Renee Fatemi, Spin-2014 14



Highlights of RHIC Spin Program (Outline)

Longitudinal Spin Structure
e Gluon Spin (this talk)

e Sea Quark (following talks)

Spin Puzzle

Transverse Spin Structure
 Sivers Effect

* Collins Effect
* Higher Twist ...

Future Upgrades

15



RHIC Polarized Spin Program

RHIC Polarized Proton Runs
1200

1000
500 (510) GeV

(0]
o
o

200 GeV

600 62 GeV

400

Delivered Integrated
Luminosity [/pb]

200

. «——— Transverse
Ct. Transverse

0 L= — -
Run5 Run6 Run8 Run9 Runll Runl2 Runl3

o [
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RHIC Polarized Spin Program

1200

1000

(0]
o
o

600

400

Delivered Integrated
Luminosity [/pb]

200

Beam Polarization

RHIC Polarized Proton Runs

il 59
55 56
5
47 8 “ 500 (510) GeV
Q
O e w200 GeV
g 24 g
c e 62 GeV
© ©
— —
v v
— - —— — L

Run5 Run6 Run8 Run9 Runll Runl2 Runl3

. Aq *F AG
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The PHENIX Detector

* Philosophy

T — high resolution & high-rate at
the cost of acceptance

2011 PHENIX Detector

PC3
Central
Nﬁangnet TEC

— trigger for rare events

weL

e Central Arms
— In| <0.35,Ap~m
Y — Momentum, Energy, PID

U9t

West Beam View East

RPC3

i [ Central Magnet "\ | ¢ M uon Arms
| —12<|n| <24
— Momentum (MuTr)

weol

ZDC South
=

|||l
[
Ly

 Muon Piston Calorimeter
—3.1<|n| <3.9

Y 9¢

) & South Side View North
18.5m= 60 ft




AG

==

Versus

B

DOUBLE HELICITY A,, RESULTS

70
n
7t° - 0 correlation

charged

heavy flavor decay e
MPC cluster

Jet

Jet-Jet

Statistics

Different fragmentation
Kinematic constraint
AG sign

Lower x, g-g dominant
Lower x

Statistics (STAR)

Kinematics Constraint (STAR)
19



0 [1] RHIC data
Central Arm 7t°, M E70™ Gomoen g 0
) . 'XAg 0.02<x<0.2 | 1
i I
[0 Production cross section is high ' 1
and from gluon interaction : A\ 4 o.1
0 PHENIX EMCal trigger friendly : bV
O Found in 2 photons invariant mass | s
. - — -0.1
AT _ ATYPC — wpgABC - — — GRSV max. Ag ]
LL 1 - wBG :_ .l. .I cl}§$llv mifl- lAlgl lllll 1 l. 1 III:_- -0.2
o 10 107" x
> 08 M T T T
- Fractional Contribition to &t
production (n is similar)
1045 0.6 — qe —
04 .
Qqtqqt.. |
103; 02 I \ __
(; 0.05 0.1 0.15 0.2 0.25 0.3 I — 7
M, (GeV/c?) I R e H R R
5 10 15p. [GeV]

Phys. Rev. Lett. 101, 072001(2008)



A, : Central Arm 7t°,

% Run-5 < 0'072— —~— 1/] A
< .04 0 0.06F~  PH ENIX Prelimi
004: © Run-6 T ALL E  —e—ndata ('osi'g:s:'gg LL
0.02-* Run-9 0-05F GRSV-std
i ; 0.04F -ee GRSV Ag=0
0:—'.9‘Q0§O§% U, « F—. F—— 0_032— — - bssv *
- 0.02
-0'022_ 0005¢ 0.01- ]
-0.04:_ N<d or % q q’ % 0E—*?—-*—-{»-.....-m%rnm-..u.-le.u-..a.-.-ee.r.v-.-.-.‘.t.‘.-.':':.‘.‘.".':':f_'."._'_'_'f'_"_‘_'_‘
-0.06|- 005 ‘2) feiv-:?::) :J] -0.01;—
T N T S 0.02 | | Ll Ll | !
2 4 -8 10 12 2 3 4 5 6 7 8 9
PT (GeVic) P, (GeVic)
& Statistically enriched U AG through
observable o adifferent flavor structure

* fragmentation function
Need to control Systematic

uncertainties (relative @ Statistically Challenging
luminosity) 21
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Relative Luminosity
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Run9 PHENIX 7t° and STAR Jet @ 200GeV

PHYSICAL REVIEW D 90, 012007 (2014)

ArXiv:1405.5134 Qlar ]
- iz~ : v RS [RA% scaling uncert )
0.07
- STAR 2009 01 A6 B3N scaling uncer )
006/ p+p —> Jet+X NS S—
0.05F \(§=200 GeV 0.08 i D M- Ret. Lursl. Syst. Unceet.
0.04 = "7 006
- :_ 004 |
< 0.03 - " o
0.02} - 002 Il
0.01)- 0 {
O;":':::’T“_"_"_';"_' """""""""""""""""""""""""""""""" 002 - | §
- 5 10 15
-0.01: 1 | B 1 o p, [GeVic)
oo7b. | * STAR 7’ p. (GeV/c)
“F |——BB10 0 5 10 15
0.06 - . E::yo T T T T T T T T T T T T T T T T T
E . P / [ @ PHENIX Prelim. x, Run 2005 2009
- | / Sl T, )un J o .
0.05 - -~ - LSS10 _ PHENIX shift uncertainty
0.04F- NNPDF ? — [ — DSSVesfor
LE | ) 004 & STARPrelim. ja, Run 2009 L
~0.03 -~ i - STAR shift uncertainty P
<L 05<h<1 - ‘ — DSSVe+ for jet -
0.02 - ] o A~
: SO 3 0.02+ ,f”/ .,
0.01E PUPPT iy l << 00Er "1 Consistent !
OEQ;?‘T/—:f;f_:______ '''' '——’ """""""""""""""""" B *"+ g %
- +6.5% scale uncertainty . .y — =
-0.01 from polarization not shown 0 4&-.-!"*" :
RIS W NSNS S N PRI PR L | T R -
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Parton Jet pT (GeV/c) TII[INIX . _\T?R s;_ de:lumle.—nmlnt\ :. 'I D.? ‘ fi-nnlva 1|n~1 l:hm:m .
0 10 20 30

Jet P, (GeV/c)



Global Fitting Models

Fit

Data sets

Parton Distributions

Uncertainties

Latest update

AACOS8

DIS, 70

AuT, AdT, AsT, Ag

Hessian AX2 = 12.95

[

BB10

DIS

Au—, Ad—, Aqg, Ag

Hessian AX2 =1

LSS10

DIS, SIDIS

AuT, AdT, A, Ad, AS, Ag

Hessian AX2 =1

JAM13

DIS

Aut, AdT, A, Ad, AS, Ag

Hessian AX2 =1

DSSV++

DIS, SIDIS,
7r0, jets

Aut, AdT, A, Ad, AS, Ag

Hessian sz =1
Lagr. mult. Ax?/x?% = 2%

NNPDFpol1l.1

DIS, OC,
Wi, jets

AuT, AdT, A, Ad, AS, Ag

Monte Carlo




Global Fit Interpretation

DSSV, Phys.Rev.Lett. 113, 012001

1 2 3
——— 7
002 L PHENIX ]
} Vs=624GeV
# Vs =200 GeV (2009 run) l | —

Aﬁoi— F --l """" e S _ SIDIS

002 | ]

S =" == =
006 F e NEW FIT E
004 F B
002 [ -
0 C ]
002 =

Global

Fit

004 [ s NEW FIT
i with Ay’=1 and 90% C L. bands

002 _ - == DSSV

Ajfnt.";' """""" ‘ ® DSSV (Excluding Run9 data)
LN Y ® New Fit (DSSV++) (Including Run9 data)

LA B e e S
004 | STAR 2009 run (preliminary)

C 4 Wmi<o0s
002 [ § 05<mi<10

jot o [ oo S E
ALLO - R

pr [GeV] 25



Neural Network & DSSV

0.3

xAg(x,Q%=10 GeV?)

.25

0.2

15

0.1

.05

i
o

DSSV08 Ay2=1
—— positivity bound

[arXiv:1406.5539]

102 107

X

—

Q*=10 GeV*?

——————

incl. 90% C.L. variations _|

—e=e= DSSV*
- - - DSSV

NNPDFpoll.1: jet data ], m data X

" Ag(x)=023+0.07
f-o.os 8§(x)=0.23=0.

2

1
10

10 X

DSSV++: jet data ], m
‘[_]_2. ( )(f\ o

.f]fl

 Both NNPDF and DSSV++ suggest positive gluon polarization

* They are quite consistent to each other!

l _I_I:I,I:IF'

— 0.0

1

__I-:

PRL113,012001(2014)
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COMPASS High Q2 Data

4 N
> 08 Ag/g =0.113 +0.038 + 0.035 (Preliminary)
-~ @ COMPASS, all-p_, @*>>1 (GeV/c)>?, prel., 2002-06
Ie) . Py =1 (GeVie)» p o the scale, p? =< Q% >~ 3 (GeV/c)?, and < x; >~ 0.10
< 0 4‘ 4 COMPASS, Open Charm, 2002-07 o the result obtained under the assumption:
“*[ & COMPASS, high-p, Q*<1 (GeV/c)’, prel., 2002-04 AlQCDC (xc) = AP (xg;) for xc = xg;
- 0 SMC, high-p_, @*>1 (GeV/c)’ - v
i _ , .
0.2r * HERMES,high-p,,allQ | + From K. Kurek, Spin2014
- + i e
0 s ..... 4}, ........ ............. .
- O SN W N P S ,
n Z’ 1, m COMPASSallp, Q2%>1 (GeVic)?, 2002-06
-0 2__ ............................ D ...................... x | ® COMPASS high p,, Q*<1 (GeV/c)’, 2002-04
L | ®  COMPASS, open charm, all @% 2002-07, NLO
B 0.5 O  sMc high p_, @*>1 (GeV/cy’
0 4_| | | | L | L | | | A Hermes high p_, all Q?
1072 107 X -
g e ——
i 0
N COMPASS NLO QCD fit to g1, u? =3 (GeVic)?
-0 .5 ——— Dssv++model, NLO y? = 3 (GeVic)®
CO”S'Stent W|th DSSV++ [ mmm——- DSSV++ model, NLO u? = 13 (GeV/c)?
for h|gh QZ data L + g(x): MSTW2008, LO u2 = 3 (GeV/c)?
1 B + g(x): MSTW2008, NLO p? = 13 (GeV/c) |
10 10"




Ag/g

More Compass Results

0.8
C Q?=13 (GeV/c)® ]
™ %  COMPASS open charm
06| compass (6g>0)
[ | = - COMPASS (Ag<0) .
0.4f—| - DSSV R
| --eeee LSS (Ag>0) o
i R LSS (Ag sign changing)
0.2
e R
I~ R s e —
-0.2—
—0.4}—
B I 1 1 1 1 1 1 1 1 I 1 1 1 1
1072 107"

Phys.Rev. D 87 (2013) 052018

Not necessarily indication of positive gluon
polarization (yet?)

Preliminary results on

asymmetries for low Q2

more details:
DIS 2014: M. Levillain

A. Nunes
0.02 0.3
COMPASS
- —{— Proton
- 'H" +—*—
<J 0_ ----------------- .Tl: ------------ _02
0025508 1 12 14 16 18 2
P, (GeVic) —0.1
-
I
I <
B g T oy o S e I { _________ 1 ___________________________ —o
—-0.1
U E TS S SRS S
1 2 3 4
pT(GeV/c)
0.02 0.3
COMPASS
| 1 Deuteron
—J
< —o0.2
-002[ G508 1 12 14 16 18 2 [
P, (GeVl/c) —0.1
—
-
_f_ <
e AT 'T}ﬁ' _______________________________ —0
—-0.1
| 1 I I
1 2 3 - Icilln\



Gluon Polarization at RHIC - What is next?

DSSV, Phys.Rev.Lett. 113, 012001
LI LI N L B N B L L B B L B B |

=
30, [ e NEWFIT |
<] 90% C.L. region
x [ DSSV*
A o s o 90% C.L. region
=S
° S 4 DSSV
05 F = L
Extend sensitivity to smaller Xgq
% 1 — forward rapidity, xg ~ exp(-n),
I : 1
0 - A . Vs = 500 GeV data, xg ~ 1/V/s
: World data prior to RHIC 2009 :
05 _ Q2 — 10 GeV? incl. RHIC 2009 data i
blllllllllllllllllllllllllll_
02 0.1 -0 0.1 , 02 03
J dx Ag(x)
0.05

l

Further precision from jet and neutral pion probes, and

from complementary probes

29
Slide from Renee Fatemi, Spin-2014



AG(X) AT 500GEV



AG @ 510 GeV

< Accessto smaller x region

. Larger error @ overlapping
U X compared to 200GeV

<::j - GRSV ’-srd/ /

" e 500 GeV: 300 pb' 70%

0.01—w= 200 GeV: 50 pb 60%
0.005|- GRSV10
0 Pl—‘—.—’—-—-—k
| | I L " 1
0 0.02 0.04 0.06 0.08 0.1
XT

Central arm s

1200

1000

800

600

500 (510) GeV Integrated Luminosity
(Delivered)

Rich Integrated Luminosity

400
200 A I
0 [ -
Run9 Runll Runl12 Runl13
MPC O for AG at low x
j [
< - pp — n°X
0.001 3-1<nl<3.9 SS\'_“_“_a} ________
o o % ® O
0.001- PHENIX proj. for (s=510 GeV:
- L=630 pb™' P=0.55
u I 1 1 1 I 1 1 1 I

2 4 6
P, (G&V/c)



500 (510) GeV Integrated Luminosity

AG @ 510 GeV _, (Delivered)

. 1000 - Rich Integrated Luminosity |

@ Access to smaller x region o -
Larger error @ overlapping "
@ X compared to 200GeV 200

Run9 Runll Run12 Runl3

—
T

in units of h
(o)
o

0.6
04 =
0.2 =
E forward rapidity
0 1 I 1 1 Ll 1 11 I Jumm 1L I
10 10" 10 10 TR
X .

Central arm m®© 22



PHENIX Run13 "

10.045
—I L
<C — _
0.04— PP-r%+X (s=510GeV
0.035 f_ Rel. lumi. uncert.
= ° | 1
0.03F 6.6% scaling uncert.
= N
0.025— A\
~ PH “ENIX |
o2k~  preliminary
0.015 f—
0.01—
0.005 — @ + H H
LI . S S —
_DDDE - | ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] 1 ] | ] I“ ] | ] ] ] | 1 ] ] |
2 4 6 8 10 12 14 16 18

P, [GeV/c]

Preliminary release in Spin2014 conference by Inseok Yoon (SNU/RIKEN) 33



Comparison with 200GeV data

—
—10.04 }—
T 0% pp > m®+ X ————
- 200 GeV: Run5, 6 & 9 (PRDS0,012007 §V
i B DS5vis 200 Gov : F 4\\<E N Ix
= @ 510 GeV: Run13 Preliminary 23 H =
003 = BTsvids0s dev preliminary
: 200 GeV: rel. lumi. uncert
- O EY
0.02— 200 GeV / 510 GeV: scale uncert. 4.8%. 6.5%
it iy -/—
i —_——"::__..—— =)
0= B2
-0.01— T
-TllllllllllllllllIllllllllllllllllllllllllllllll
0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 01
xT

» Different scale and ths different size of asymmetries expected.
Both of data and theory support it. Evolution effect?

2P : :
X7 = TST: approximate version of the average x.

Large positive asymmetry was observed. Consistent with latest positive AG results.

Slide from Inseok Yoon, Spin 2014 34



STAR inclusive Jet @ 500GeV

Not yet preliminary

0.015 { & Run9 Preliminary -
®  Run 12 Proj Stat 'd
—— =GRSV-Std (500) e
— =DSSV (500)
e— GRSV-Std (200)
DSSV (200) 5
_ ¢ Runs 9+34 (200) 7’
= 0.005 -
<| . ® Runs 12+13 (500)
7~

0.000 - %H i—
*

0 002 004 0.06 0.08 0.1 012 014 016 0.18

0.010 -

-0.005




FORWARD MEASUREMENTS



Backward (Forward) Kinematics

x10°

45: x2 x1 II L) 1 Ll L IIII 1 L 1 L Il' 1 T L 1
400 £riries 9662434 | | Entries 9662434 I 2 -
E ol Ag(x,Q7) dx 1
35: Mean 0.05125 Mean 0.1163 ‘45 o X -

o min
- Zo0s F -
30f Cha! Q=10 GeV~ .
25F g 1 -
“ ot 06 - RHIC i
20 - - DIS
- 500 GeV -
15 i i
- 0.4 F 1
101 i RHIC ]
- . 200 6=V 1
SE 02 - 1
o: | llIIIII 1 1 IIIllll | IllIIIII 1 L 111 | :
10-4 10-3 10-2 10-1 1 L i
xp 0 I_ll L 1 L Ll lll 1 1 1 L1 llll
10" 10~ 10"
Access even smaller x! X min

Pr

Vs . (leading-order x,
Pr (e—m n e—m) and x, equations)
NZ
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Sub-process in Forward

ex) 1° production

0.8

~ Inko.35 |

Central Rapidity

| PLB 603,173 (20p4)-

-

Quark-gluon dominates
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Forward EM Calorimetry at STAR S8rin

Central and Mid-rapidity
Calorimetry & Tracking

Luminosity Detectors e e
(Scalers) PHOBOS ;s

BRAHMS

%)
- &
al
\
Spin Rotators

(longitudinal polarization)
ngitudinal polarization)

. 3.9% Helical Partial Siberian Snake

& .
200 MeV Polarimeter " ‘#— pC Polarimeter
10-25% Helical Partial Sibenian Snake

476X 3.8=cm cells, 7BBX5.8-cm cells

25 | [y DL
SRS eI ERISIRHE
2s | 1 ; I : 1".
0 H O
-2 b FHHHHEE ’ TR
PRIMARY FOCUS: o b T
FMS - Forward Meson Spectrometer _ PR s
@ Forward pseudorapdity: 2.5 <n <4 il §isssr sapBs
@ 1,264 Lead-glass cells coupled to photomultiplier tubes -0 A
@ Large (5.8 x 5.8 cm) outer cells (blue) —00 = =0 =) of 2%
@ Small (3.8 x 3.8 cm) inner cells (black)
@ Observes m? — y+y as 2 cluster events 5
@ Forward observables — access to low-x gluons 39
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STAR Forward piO

Gluon Polarization - other channels, smaller xq

Initial neutral pion data, 4.8 pb' at Vs = 200 GeV, at more forward rapidity:

% 10° 0 4 X WISTAR «°
_) .
Y pP+p—=n+ pQCD, p /2| <C
° \s =200 GeV __pQcCD, P,
(g 10 08<n<20 pQCD, 2p_
£
(')Q 107
L
%
-8
w 10
7.7% Scale Uncertainty
g 2
s}
a
‘g 1 H . ¢ ) ! ] 1
o 0 1
6 8 10 12 14 16
p, [GeV/c]

0.15

0.1

0.05

-0.05

-0.1

Phys.Rev. D89 (2014) 1, 012001

... - = > >

] GRSVAg=g GRSV A g = std p+p—>Jt°+X

- ~GRSVAg=-g —DSSV :

e STAR ° \S = 200 GeV

n 0.8<n<20

- + T .

—1 { |

6% Scale Uncertainty

1. P IR R P P BRI BT S RS

5 6 7 8 9 10 11 12
P, [GeV/c]

Proof-of-concept; needs further precision and Vs = 500 GeV and, eventually, upgrades.

Slide from Renee Fatemi, Spin-2014
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Forward m° A | Measurement — p_-Dependence apn

I

n° Double Helicity Asymmetry A Vs.p.

< 0.025; pp — ™+ X STAR PRELIMINARY | |
- Vs =510 GeV statistical
0.02— — uncertainty
- 125<n<4
0.015
0.01% bin RMS
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0-
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2 3 4 5 6 7 8 uncertainty

9
P, [GeV/c]

35 mr Constant Fit Result: A, =-2.5x10 + 6.5x10*
X’/ NDF=7.8/5
100 mr Constant Fit Result: A  =-3.3x10* £ 8.4x10*
X2/ NDF=12.5/5 3

* 100 mr points are offset by p_ + 0.1 GeV/c for visibility
Slide from Christopher Dilks, Spin 2014



Exploring Lower-x by Forward MPC

MPC

Muon Piston Calorimeter
3.1<|n|<3.9

* Low P; Reconstructed m°
* High PT Merged mnt°
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Cluster A,
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Summary

Good data sets available up to Run9 from PHENIX and
STAR by now.

Indicated positive AG in 0.05<x<0.2 predicted by DSSV
++ and NNPDF @Q?~10GeV

Positive DG is consistent with COMPASS high-Q2 data
(Q?~3GeV).

Still many observables are consistent with zero, but
statistically not sufficient.

New PHENIX 510GeV pi0 show positive AG

Further 510GeV and forward measurements analysis
are on going.



