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Spin: a tool for fundamental tests of QCD

Spin is one of the fundamental properties of particles

Spin plays an important role in QCD: Interplay between the intrinsic
properties and interactions of quarks and gluons

RHIC polarized p+p data provides unique data sets for various processes:
stringent tests of factorization and universality

— Spin adds control and precision

RHIC spin program addresses key questions such as:

How do gluons and sea quarks contribute to the proton spin?

What is the momentum and position distribution of the polarized sea in
the nucleon?

What do transverse spin phenomena teach us about proton structure?



From 1D structure of nucleon ...

e Collinear parton picture: three parton distribution functions
unveil the information on the internal structure of hadrons

4(x) £1(x)=q (x)+q°(x)

MG 21(X)=4"()— ()

sq(x) h'x)=q"(x)-q"(x)

Unpolarized parton
distribution functions (PDFs)

Helicity PDFs

Transversity PDFs
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... to 3D imaging
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Recent theoretical work indicates direct access to Gluen Wigner funcHigh) ORHGUEN 4

‘Broo"ha"en pEnee el through diffractive di-jets in UPC (arXiv:1706.01765) ;I,cl, ::;:u";:r




Longitudinal Spin Program:

How do gluon and antiquarks
contribution to the proton spin?



Proton Spin Puzzle
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antiquark contribution ~ 30%
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Longitudinal Spin Program:

Is gluon spin contribution zero?



First evidence of non-zero gluon spin
at x > 0.05

Only included RHIC 200GeV data
500 GeV data not yet included!
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Phys. Rev. Lett. 113 (2014) 012001

RHIC data directly access gluons:
STAR jet and PHENIX piO
production dominated by gg and
gg scatterings

RHIC 200GeV data shed light on
non-zero gluon spin for x > 0.05!

Included in the DSSV global
analysis, significant constraint on
gluon spin

-[ (: 05 dxAg(x)= 0.2f8j8§ (QZ = 10GCV2)

Also similarly confirmed by
NNPDFpol fit
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Access low x: Higher energy

Phys.Rev. D93 (2016) no.1, 011501
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e Access low x by higher energy (x down to ~10-2)
* Inclusive measurements have the most statistical power
* In excellent agreement with latest global fit results



Access low x: Higher energy

NeW '
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* New Run13 STAR inclusive Jet A, preliminary result
e Consistent with DSSV14 and NNPDF1.1 curves and Run12
preliminary result



Shape of x

=
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Access parton
kinematics at LO

sz/gﬂlxlxz
n+n,= ln(xl /Xz)

access X, ~ 0.02

Di-jet A
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. Correlation measurement

STAR 2012 & 2013

p+p— Jet + Jet + X
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Anti-k; R=0.5, I'r]‘,'r]zl <09
[[] 2013 Data (Preliminary)
[[]2012 Data (Preliminary)
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+ 6.4% scale uncertainty

from polarization not shown

New!
Run13 di-jet Results

Check out the
poster session!
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KEEP
MOVING

Access low x: Go forward e

gg—=Jy+X-su pn+ X

Forward rapidity measurement allows us to
access lower x region

PHENIX J/psi measurement
Ao G991/ Ag(x1)Ag(x2)

A= 9GD) 90D
e At RHIC energies, J/psi production
: dominated by gluon-gluon fusion
Premmumeadet o Extend x down to ~2x1073
0.12 e Measurement limited by large production
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KEEP
MOVING

Access low x: Go forward @&

gg—=Jy+ X sp pn+ X

ors positive gluon polariz
under assumption that ;28
=1

----- NNPDFpol1.1

-1
Momentum Frat:lio:;n1

—>J/yr

3 + PHENIX 2013 A\” assuming a7 "™ = 1
_0.6- L] 1 ol 1 I N T |
10° 102 10" 1

A

Forward rapidity measurement allows us to
access lower x region

PHENIX J/psi measurement
AJ _ ~gg-Il Ag(x1)Ag(x2)

A== 9GD) 90D
e At RHIC energies, J/psi production
dominated by gluon-gluon fusion
e Extend x down to ~2x1073
e Measurement limited by large production

mechanism uncertainty

Further forward Run13 MPC pi0 ALL (3.1

ation < n|< 3.9) analysis accesses x ~ 103
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KEEP
MOVING

Access low x: Go forward &

5 006 [em Di-JetA STAR Preliminary
----- DSSV 2014 p+p-s Jet + Jet + X

* STAR Forward di-jet A, e | L, mmeme
measurement with Barrel and o
Endcap Electromagnetic 7
Calorimeters i3 R

_ CO n S i Ste nt W i t h g | O b a I fit qjom Particle Level Di-jet Invariant Mass [GeV/c?]

_ Ju RSN, o
results constrained by Run9 oo o ML, o

PDF Uncertainty
[ Rel. Lumi. Uncertainty

A, 2009 data oo

« Also, Forward Meson o

20 30

Spectrometer pi0 measurement B oy
(2.5< |n| <4.0) “

+ 6.5% scale uncertainty from polarization not shown
.




Future constraint on AG

]. T TTTTI T TTTIT T TTTITTh T T TTTI T TTTIT T TTTTT ° o o °
[ ' 'J | | 1 RHIC p+p data significantly contribute to
[ Q=10GeV T amites | contraint on gluon spin
08 projection with —
- R]EIIC.-:I:H: <2015
Co L Ei:?mm 1 More to come! Ongoing analyses:
& 0.6 [ = psnevs — - STAR:
? ;—Spin of the proton 1 -finalize 510 GeV inclusive and di-jet for Run12
0 hoa L 1 and Runl3
04 | —
f - {4 -finalize 510 GeV pi0 ALL at forward rapidities (2.4
_Of - 1 to4)
T 02 = - Increase precision at 200 GeV with Run15 data
Y W] PHENIX:
_{; Ll _| Ll _-; Ll 31 Ll 2| Ll £ L1l - F|na||zed Runll 500 GeV MPC p|0 ALL at forward
10° 100 100 107 10° 10 x .1 rapidity (3.1t03.9)
nun

- Run13 MPC pi0 analysis ongoing
- Ongoing 510 GeV mid-rapidity analyses: charged
pions, direct photon, jet, di-pi0



Longitudinal Spin Program:

What is the role of antiquarks?



W Program: Separating quark flavor

. C_Iean a!nd qlirecjc sensitivity to.antiquark helicity PDFs uLaR W
via parity violating W production

e Flavor asymmetry of the sea: unpolarized sea dLl_m —> W
asymmetry =2 Is polarized sea symmetric?

Forward rapidity coverage (1.2 < <2.4
Phys. Rev. D 93, 051103(R) piaity ge ( In| )

=

“Ha) W'+Z°
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0.3L" Run 2012 (510 GeV) |n |<0.35

0.2k _
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N e—

0.1 In,}<0.35 o5 |
o F o <
< G: B > 30 GeVie | %"1
~ [.i.ﬁ% polarization scala uncert. not shown) [ E
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T

CHE NLO calculations

== DSSV 14
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W Program: Separating quark flavor

Clean and direct sensitivity to antiquark helicity PDFs
via parity violating W production

Flavor asymmetry of the sea: unpolarized sea

uLHR > W'

dLl_lR —>W

asymmetry =2 Is polarized sea symmetric?

{s=510 GeV

______

oW Ww

p+p > W e+ v

25 < E; < 50 GeV

4

~§~ ~{~ STAR 2013 Preliminary

DSSV08 RHICBOS
DSSV08 CHE NLO

LSS10 CHE NLO

DSSV08 LO Ay%/y2= 2% error

3.3% beam pol scale uncertainty not shown
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New Runl13 mid-rapidity data

preliminary result
NNPDFpol1.1 arXiv:1702.05077

T

| xAd(xu?)

_NNPDFpoli.1
NNPDFpol1.1 (rw)

3 mﬁ(x,uE) 199

_‘;miﬁi Oxad 1002
01 F h - 4 0.01
Dm . Ll el N P Ll N .\.~1.L k 0

0.01 0.1 0.01 0.1 1
X X
New! Runl13 preliminary at near-
forward rapidity
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W Program: Separating quark flavor

e C(Clean and direct sensitivity to light sea quark helicity 1 ¥
PDFs via parity violating W production u dr > W

e Flavor asymmetry of the sea: unpolarized sea dLl_m —> W
asymmetry =2 Is polarized sea symmetric?

arXiv:1406.7122

A F T 7 | e

L p+p oW et + v 0.121- e

{s=510 GeV 25 < ES < 50 GeV g oab Sea asymmetry E

0.5 — s w/ STAR Run12 data -

; 0081 Phys.Rev.Lett. 113 (2014) 072301

0.06 =

0.04— =

0 Rel lumi 0.02)~ =

| syst =5 .

-:--:-:-“'_'Z'_"_'Z'J D_ :

R -0.02- =

05 00af- Q*=10 GeV? =

4 e R 0.08F- /7] NNPDFpol1.1 (AT - A9 E

- WY wrw o8- NNPDF23 x@-10) E

- + "(:}" STAR 2013 Preliminary T 1 Lol 1 Lol i

—_— - DSSV08 RHICBOS -3 -2 -1
L --- -.-. DSSV08 CHE NLO 10 10 10 1
ceeee e LES10 CHE NL(:'J X
1+ DSSVO08 LO Ay If:l 2% error . .
| 2 beam polscale uncertainly nol shown * Polarized light sea quark asymmetry
-2 —1 0 1 2 * Almost same size as its unpolarized counterpart,
lepton n 19

but opposite sign



Transverse Spin Program:

Are TMDs universal?

How do TMD distributions evolve?
How can we access sea quark Sivers
function?



TMD vs Collinear

Ann.Rev.Nucl.Part.Sci. 65 (2015) 429-456

Transverse Momentum
Dependent distributions

f(xa kJ_:.. QQ)

Need two observed scales
Q% and p;
Q>> Q7™ Aqep

CSS (Collins-Soper-Sterman)
evolution

Observables:

DY, W/Z production
hadrons within jets (TMD
FF)

Ay

TMD

Overlap/matching Collinear

\

Agep <<

pT << Q

QT or PT << Q

pT ~ Q

both formalisms
are applicable and
related

Collinear distributions
v ()2
f(a:Q7)

Need one observed

erorermomentum scale

Q Qs >> Agcp

DGLAP evolution

Beyond leading twist: Twist-
3 effects

Observables:
Inclusive jet and hadraons,
HF, direct photon



Sivers Sign change

£ (ke Q)= (x k;, Q%)

associated with final state effect through
gluon exchange between struck parton
and the target nucleon remanants

Sivers asymmetry appears as an
initial state interaction effect

e Test nonuniversality of Sivers function

e Sivers sign change: fundamental prediction from the gauge
invariance of QCD, direct verification of QCD factorization

e DY, W/Z production in p+p: provide two scales (mass, pT)

e First STAR 500 GeV W/Z data published
(PRL.116,.132301.(2016))

e 200 and 500 GeV direct photon data: independent access
through Twist-3 parton correlation functions
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Sivers Signh change

Phys. Rev. Lett. 116, 132301 (2016)

=
< 1; STAR p+p 500 GeV (L =25 pb™) < 1; STAR p+p 500 GeV (L =25 pb™) ‘ | < [STAR pz’;p 500 GeV (L = 25 pb™)
0'8:_0.5<P;f’<10 GeV/e 0-8-y5 <P} <10GeV/e 4 0.5 <Py <10 GeVe
0.6F 0.6F : C
0.4+ A- 0.5~ :
0.2 E C
-0.2F 20 ‘ - . .
T W STy CEEW ST —0.5( -Z 11
‘0-4;_ ¢ run 17 proj. (L=350pb™, P=55%) ‘0-4;_ ¢ run 17 proj. (L=350pb™', P=55%) [ —s— run 17 proj. (L=350pb™", P=55%)
-0.6[ — KQ-no TMD evol. —0.67 — KQ-no TMD evol. | — KQ -no TMD evol.
C EIKV - TMD evolved C EIKV - TMD evolved -1r EIKV - TMD evolved
-0.8 = 3.4% beam pol. uncertainty not shown -0.8 = 3.4% beam pol. uncertainty not shown - 3.4% beam pol. uncertainty not shown
_l L 1 L L | L 1 L 1 ‘ _‘ 1 1 L 1 ‘ 1 1 L 1 ‘ _IIII‘\Illl\\\\‘\III‘\\II'II\\
105 0 0.5 105 0 05 15 1 05 0 05 1 15
w W 0
y y yZ
e STAR Runl11 500 GeV result with fully reconstructed W kinematics via

its recoil
 The result favors sign change, if TMD evolution effect is small

e Runl7 data of 350 pb-1 (14 times larger than Run11 data) will also
provides a test of unknown TMD evolution and access to the sea quark

Sivers functions s



Transverse Spin Program:

Gluon Sivers/twist-3



Mid-rapidity piO

p+p— 7°+ X @ 200 GeV, h)I<0.35

0. T - 3.4% polarization
- 0.005 uncertainty not included
:q:Zg;_ -8 __m 5 % __%;___ -
0.05--0005F
B 0 4 G
- p. [GeV/c] J
(Z 0_— —————————————— w———{———?———‘%———% ———————————————————————————————————————————
-0.05— ] ]
- o PHENIX, PRD 90, 012006 Pvor=y
B = This Result PH'?"‘-"E.NIX
C preliminary
— 1 1 1 1 | 1 1 1 1 | Il 1 1 1 | 1 1 1 1
0-b 5 10 15 20
P, [GeVic]

gg, qg scattering dominant at RHIC

Higher twist function related to the (gluon) Sivers moments seems
to be constrained

Run15 high precision data (3 times more statistics than the previous
measurement)
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Heavy Flavor decay muon and J/psi

— 0.15

Heavy flavor Ay:ideal to investigate gluon e ] o s ———— 1
distribution - | oos !
Twist-3 tri-gluon correlation in the collinear < o |,, | € o ‘
factorization framework ' . E

o taton sesn e | i polrmion soue motakynotshown)
Recently published Run12 forward rapidity N SO i ot rwnsbonbovvort vt O JRPOP N TYist ot srarbonio oot A vuvd T |
Heavy flavor decay muon results (J/psi X _ ’

' ) ) ) Phys.Rev. D95 (2017) no.11, Twist-3 model
contribution removed) consistent with zero 112001 calculations agree
within the uncertainty. with our datag
Run15 data analysis ongoing 6.5 times more
statistics

' ] 015 - .m, <o Er'é';:n%ﬂ?ff
Run15 J/psi data in p+p and p+Au - o opp PH . ENIX
at 200 GeV 01—« pAu preliminary Lt +T|
p+p results consistent with ool | “
previous results - } Pl R,
2-sigma level A observed in p+Au < ° ¢ e
in both forward and backward oF + Loemo eiEmx
large unexpected effect from low e
pT o1 :_ =, = 200GV, mj=[1.2,22) :.05

S Sy 5,05 5 O Ik R T 7




Transverse Spin Program:

Transversity via Collins FF and IFF



Transversity via Collins FF

pl+p —jet+x° + X
g5k =
0.05 R
iu, STAR Preliminary % 35
EE | =
< =
* +* "
) ’ b &
1
F F | % g
Clased points: x*; Open pairts:
.‘0'05 - 2 I S l . |
E . |s=euuGav.(p'__J=1EBGavE_
0.05— R 5= 500 GaV., {5, ) =310 Gavic z
= 1 )
(0] & _#Q i §
-0.05 — '
arXiv:1501.01220 0:2 04 0:6
Z

Transverse spin asymmetries of the azimuthal
distribution of pions inside of jets

Non-zero Collins asymmetries at 500 GeV!
Strong dependence on j;
Consistent with 200 GeV results

Compare with models based on SIDIS/e*e :
universality and factorization

Generally good agreement with STAR data

No sign of strong TMD evolution in the
asymmetries

0.06

0.04

5 0.02

sin(9, - 9,)

=0.02
=0.04

=0.06
0.06

0.04

S 002
<

sin(g_ - ¢, )

-0.02

-0.04

-0.06

Jrmin = ZXAR X<pT>’

AR = \/(njet —MN, )2 +(¢jet - qbn )2

STAR, P P etz X

¥z =500 (Gev), P =31 (GeV)

[ — Ve =200 (Gev), P =12.9 (GeV)
=, 18 = 500 (Gev)

=, ¥ = 500 (Gav)

=", I5 = 200 (Gew)

o, 5 = 200 (GeV)

=} Bujl |

[ TMD evolution (NLL)

RN S

STAR, P P (i) X
¥z = 500 (GeV), P_ =31 [Gev)

= = 200 (GeV), P =120 (GaV)
2°, 8 = 500 (Gev) .

[ ]
O =, f5=500(GeV)
e .05 =200 (Gev)
Pe) =, 12 = 200 (GaV)

| No TMD evolution

AR SR I

0.1 0.2 0.3 0.4 0.5 0.6




Transversity via Interference FF

Ayr intT ™ IFF

'FSTTArR [TJEIEa: TTTTTTTTTT _ 11111 ) E '50.03:_ pT+p—>n+_+ _n'+x * v;=5oo GeV
ﬂ.ﬂB_ PRL 115, 242501 (2015) \/’E = 200 GeV ] : STAR preliminary i \/;=200 ey
[ Theory: Radici et al. 006~
0.06 prp 94, 034012 (2016) soab-
L " o i*
*:':E'D'mf ) 0.02|— t & ¢
| oy - i '
0.02} } parametrization 1 °F ¢
[ l based on SIDIS/e*e ] 0.02(—
0.00(— ]
04 06 08 10 12 gi:: e e e s .
Mh .‘3 105—
3 8F
* Independent access to e 6 - s o= .
transversity 40_' —0.2 0.4 0.6 0.8 1 TIT2 T4 '1.'6'2
ope . . . Mim (GeV/c )
e Utilizes collinear factorization
e Significant non-zero di-hadron e Theory groups begins to include
asymmetries at Run12 200 and the RHIC IFF results into global
Runll 500 GeV tranversity extractions!
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Future RHIC Spin

RHIC is the world’s only polarized hadron hadron collider arXiv:1602.03922
Unigue physics opportunities in pp and pA
pp/pA program essential to fully realize the scientific promise of the EIC:

— inform the physics program

— quantify experimental requirements

Require moderate forward upgrade of sPHENIX and STAR: EMCal + Hcal +
Tracking

— Reuse PHENIX EM calorimeter

— Detector evolves to an EIC detector with PID and electron direction detector
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Cold QCD Plan

arXiv:1602.03S

cs program propsed in the years 2017 and 2023 and if an additional 500 GeV run would become possible.
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Summary

RHIC Spin Program has been playing a key role for our
understanding of QCD with unique data sets
- RHIC data has the largest impact on AG

- RHIC W program to disentangle quark and antiquark helicity
functions and study sea symmetry

- Transverse spin program: tests of TMD evolution and color
interactions in QCD

More exiting results are coming. Stay tuned!

RHIC Cold QCD Program with forward upgrade:

- forward pp/pA unique program addressing several fundamental
guestions in QCD

- essential to complete the mission of the RHIC physics program
- essential to fully realize the scientific promise of the EIC
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First evidence of non-zero gluon spin

0.04 F

0.04
[ & [nl<05
- B 0S5<n/<1.0

-0.02
0.06 |
0.04 F

=== NEW FIT

with .’\x:—l and 90% C.L. bands

[ ___ Dpssv
0.02

STAR 2009 run

}

- - o
1 L1 I
10 20 30
Pt [GeV]
2 3
T T ] T T T I
[ PHENIX
L} Vs=624Gev
" s =200 GeV (2009 run) I——
I T VAR RAa A AR A L L A R A B ¢ e s Y 0 FTE TS 0 T w4 e
T J

1 1 L 1

s=== NEW FIT

1
T T T T T T

with .‘\;(:—I and 90% C.L. bands

[ —--- DS§SV

RHIC data directly access gluons:
STAR jet and PHENIX piO
production dominated by gg and
gg scatterings

RHIC 200GeV data shed light on
non-zero gluon spin for x > 0.05!

Included in the DSSV global
analysis, significant constraint on
gluon spin

-[ (: 05 dxAg(x)= 0.2f8j8§ (QZ = 10GCV2)

Similarly confirmed by NNPDFpol
fit



Normalized Yield

Normalized Yield

Correlation measurement

Access parton kinematics at LO

Sign(n,)#Sign(n,): select relatively
symmetric partonic collisions

Sign(n,)=Sign(n,): asymmetric

collisions

DSSV14 and NNPDFpol 1.1 consistent

with dijet measurements

0 < M < 23.0 GeV/c’
4 <p <11.7 GeVie

A M=k

1 Sign(n,) = Sign(n,)

9.
8.

el

(=]
o
Elllllllllllllllllllllll||rl|l||l||l|r||l1||||l|

..... Di-jet x Sign(n) = Sign(n,)

gl < 0.8

[ Vs =200 Gev

(=]
(=]
LALLY LAY RLLLY LLLLY LAAL LLLL LA WL

smn

e
[N
I

gk

.........

0.08

Phys. Rev. D 95, 071103(R)

[SED Di-JetA,,
— DSSV 2014
= == NMNPDF Pol 1.1

[ Scale Uncertainty
EZ==53 PDF Uncertainty

I, < 0.8

[ Rel. Lumi. Uncertainty
F Sign(n) = Sign(n,
- STAR 2009 Sign(n) = Sign(n,)
o p+p— Jet + Jet + X
- Vs = 200 GeV
- Anti-k., R = 0.6

+ 6.5% scale uncertainty

from polarization not shown
"l BN EFErETE BT B AR B

L

-

M|
20 30 40 50 60

Di-jet Invariant Mass [GeV/c?]
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KEEP
MOVING

Access low x: Go forward &

* Forward rapidity measurement allows

us to access lower x region (x,..~ 103) Phys. Rev. D 89, 012001 (2014)
{3‘ 0151-..GRSVAg=g --GRSVAg=std B+B— 0+ X
- GRSV Ag=-g —DSSV
e STAR Forward piO results: Ol ssmane _ | 08 cnkp0
-0.8< |n| < 2.0 at 200 GeV using Run6 s T e o T T
data 0;_%—— ‘J' [ ..... fr— R
- further forward rapidity 08
measurement  with Forward Meson g ]

Spectrometer (2.5 < |n| < 4.0) using P, [GeVic]
Runl12 and Run13 510 GeV data

<oo25 mp—7"+X  STAR PRELIMINARY
0.02 Vs =510 GeV ]
- 25<n<4
» STAR Forward di-jet ALL measurement o0rs: J(_
. . 0.01
with Barrel and Endcap Electromagnetic scost-
Calorimeters oM 4 + 3= i
. . . -0.005 mr Isolation Cone —
- consistent with global fit results oo lsionCone

9
Py [GeVic]

including 2009 inclusive jet data
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KEEP
MOVING

Access low x: Go forward &

Phys. Rev. D 94, 112008 (2016)

0122 (a) 0.003 T T T T T T T T | T T T T T
0.1~ PHENIX p+p 510 GeV i
Ay 0 :
0.08(|- pHENIX 2013 Data 0.002 N A .
T e S j fon
0.04f- 0001 | .
0.02:— l 1 . C | |
L GRS’ TLIIITIIIEEEEEEEIEE TP EEREERE ‘SETTERLELUITISELLICIEIIRIEEEE? EEUEEEES ISt T IR ELLLERELT SEREE -
0* """ l l B T ‘
Qg : :
-0.001 -
Pricev - === DSSV2014 .
=061 : with 90% C.L. band ]
g b 0002 = L proj. incl. n° data: ]
0.4 4 1
: \ Q*=10 GeV - 510GeV,3.1<hl<39
0'2:_ g ‘-‘_‘1_"‘““'—-——-.______ -D 003 B 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1

o2t pi0 in MPC:
L i * Further forward Run13 MPC pi0 ALL (3.1

Jhy . gg->J
+ PHENIX 2013 A" assuming a,, =1

R TR <|n|< 3.9) analysis accesses x ~ 1073
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Normalized Yield

a O o

- MK W
M

e

L I

L [

Normalized Yield

Shape of x: Correlation measurement

Access parton kinematics at LO

Phys.Rev. D95 (2017) no.7, 071103

;:E ---- Di-jet x Sign(n) = Sign(n,) M — \/gﬁ f X1X2 773 + 774 — lll(Xl /XZ)

E —— Disjet x|
£ o Inclusive x (/20) |T]1:T]2| <08

055 T 15 =200 Gev Sign(n,)#Sign(n,): select
3 relatively symmetric partonic
3 collisions

-

nnnnnnnn
..........

19.0 < M < 23.0 GeV/c® Sign(n ) = Sign(n,)
8.4 <p_<11.7 GeVic

Sign(n,)=Sign(n,): asymmetric
collisions

||||||||||||
.........
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X, = % (Prse™ + proe™)
X, = %(pnf”ﬂ +pr.e™)
M =./xx,s

M3 +M, = lniz

\cos @ *{ = tanh %

Dijet Kinematics

» Correlation measurements such as di-jets capture
more information from the hard scattering - di-
jet may place better constraints on the functional

form of Ag(x,Q?)

» Forward rapidity jets arise from asymmetric
partonic collisions and probe lower momentum
gluons




W Program: Separating quark flavor

violating W production

polarized sea symmetric?

STAR
Runl2
results

0

- i i~ STAR Data CL=68%
| — ----DSSV08 RHICBOS

PRL113,072301(2014)

—_
p+p > W" et + v
\s=510 GeV

25 < E° < 50 GeV

Jymmm;“

T

L

[

w'w

--- -.-.DSSV08 CHE NLO
cenen e LSS10 CHE NLO
DSSV08 L0 Ax2/%= 2% error

B 3.4% beam pol scale uncertainty not shown
L L | 1

TR TR I Y SN S TR S B 1

e

Rel lumi
syst

DSSV++
(with STAR

2

10

-1 0

1
lepton 1

arXiv:1304.0079

R R T LI R
. H H

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

L 1 _J' d
] /DSSVe+ |
/' w/STAR W data

C B, |
N .

Runl2 data)ls . :

Ay® [

ol e Lo Lo Lo Lo law a1y
006 -004 002 0 0.02[0,04 0.06

JAu(xQ% dx
oS

L
i

i 3

[DSSV++%

[ wi/ STAR data’, N 2'

F 5, Q° =10 GeV*

7I PRI B .‘ | IR I .7

008 -0.06 004 -002 . 0 002
JAdeQ dx

005

|pssv oc
1 a=24

Flavor asymmetry of the sea: unpolarized sea asymmetry =2 Is

0.047 [ NNPDFpol1.1
L [JDossvos ax®=1

[ — positivity bound
s saial

Clean and direct sensitivity to light sea quark helicity PDFs via parity

Nucl.Phys. B887 (2014) 276-308

~ XAT(x,Q°=10 GeV?)

-0.06 .
10°? 10? 10"
X
L xAd(x,Q°=10 GeV?d)

-0.04 [ NNPDFpol1.1

L [ Dssvos ax®=1

[ — positivity bound
L sl
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W Program: Separating quark flavor

 C(Clean and direct sensitivity to light sea quark helicity PDFs via parity
violating W production

e Flavor asymmetry of the sea: unpolarized sea asymmetry =2 Is
polarized sea symmetric?

ALl Bep oW setay e Run11-Run13 STAR and PHENIX

{s=510 GeV 25 < ﬁ. < 50 GeV g

S W data will further constraint
:‘E?,:I ..... . Al_l and A(_l
I __|+ Impact of RHIC 2009-2013 W
. data:

T T

002 -

STAR 201142012 Data
PHENIX 2013
2~ PHENIX 201142012 002 +
----- DSSV0g8 RHICBOS
- ---- DSSV08 CHE NLO ]
seems e | 5§10 CHE NLO o4 b J om |
-1 DSSV08 LO Ax’/y2= 2% error B DSV with proj. W et ]
3.3|% beam pol Scalle uncertainty nolt shown
1 1 1 1 1 1 1 1 1 1 1 1

92 1 0 1 2 0" 0! N : : N
|ept0n n 41

w
~— STAR 2013 Preliminary —4
.8
i
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0.4

0.2

-0.2

-0.4

Adams D L et al. (FNAL-E704)
1991 Phys. Lett. B264 462466

Naive QCD Predicted very small

asymmetry
Surprisingly large TSSAs observed
(Ay ~40% @ Vs = 19.1 GeV)

Transverse Spin Phenomena

am

oC

5 9

Asymmetry survived with higher energies:
nearly independent of Vs
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Understanding the large TSSAs?

Beyond the leading twist collinear parton picture

Initial state

Final

state

Sivers effect

Correlation between Parent spin (S )

and intrinsic
momentum ki,
Se | T

P

) D

Multiparton correlation (twist-3)

functions

transverse

‘---.-u,....__‘,_-_‘___‘%‘‘:r

-

Collins effect

fragentation function (FF)

Se

& (x)-Hi (z,.k?)

transversity x Colli

fragmentation func

Ayxo(,S,)—o(@,—S,)

oG

TO(x,x,8,)

P <<

Sq

ns FF

Multiparton correlation (twist-3)

tions

*Tp \ T

® 6, ® D(z)+54(x,9,) @

' DY(z,2)

Correlation between Parent spin (S)) and
spin (S.) + spin dependent
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0.04 —STAR FPS&FMS: P=55%, Ldt=400 ph!

‘ — PRTD, 232501 (213

0.02+—
0—s . ; +
-—--_--__'____,.-F-"-—-
] ] | | | | |
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

of z 0.01 :

B 0:

-0.02 - :

- -0.01F

-U.'EH_— F

-ﬂ.ﬂli:— D <1 GeV -0.02 ;_

: 4019 GeV B

oosf -0.03 |
: | | | | | | | _0.04 :|||||||||||||||||||||||||||||||||||||||
Ma 3 2 4 0 1 2 3 a -4-3-2-1012 3 4
y Y

-ﬂfz pT+prﬂir+x @ Vs=500 GeV, y=3.5
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