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*FAR Motivation

Spin as well as mass, charge (electric, baryonic, lepton), flavor
Is one of the fundamental properties of particles.

Origin of spin is one of the mysteries of Nature.

Origin of spin is connected with the structure
and symmetries of space-time at small scales.

Spin is a sophisticated probe of hadron and nuclear matter and fields.

QCD is the non-abelian gauge theory of quarks and gluons:
asymptotic freedom and confinement are properties of the theory.

Main questions:

What is origin of spin ?
What is the spin structure of proton
In terms of interacting quarks and gluons
at different scales ?
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*FAR Relativistic Heavy lon Collider

PHOBOS - 12000'dock BRAHMS & PP2PP (D)
— x - - = c— — ¥ o'cloc

10:00 o’clock

- o
= BRAIIMS

Commissioning 1999
» 3.83 km circumference
» Two separated rings:

120 bunches/ring
106 ns bunch crossing time

Nucleus-nucleus collisions (AuAu, CuCu, dAu, CuAu, UU, ... Vs, =7.7-200 GeV)
RHIC is uniquely suited to map the QCD phase diagram at finite baryon density.

Polarized proton-proton collisions \s =62.4, 200, 500, 510 GeV
RHIC is uniquely suited to map the proton spin structure.
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ON HIGH ENERGY

AR First polarized p-p collider in the world

Absolute Polarimeter (HT jet) RHIC pC Polarimeters
PHOBOS —o=(Q: BRAHMS

Siberian Snakes

@ . Siberian Snakes

—— PHENIX

([}
. Spl.ll Rotatm:s . (% i, Spin flipper
(longitudinal p olarization)
_ o Spin Rotators
Pol H™ Source Solenoid Partial Siberian Snake (longitudinal p olarization)
\4 LINAC  pooster ” Helical Partial Siberian Snake
| = AGS Internal Polarimeter
200 MeV Polarimeter = / _
| AGSpCPolarimeters
REiDip 0{ Strong Helical AGS Snake

» Spin varies from rf bucket to rf bucket (9.4 MHz)

» Spin pattern changes from fill to fill

» Spin rotators provide choice of spin orientation

» Billions of spin reversals during a fill with little depolarization
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AR Experimental aspects - RHIC
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RHIC has completed Polarized protons
very successful polarized 000 —
p+p runs at Vs =200,500,510 GeV.

= 250/255 GeV

—d= 100 Gev /2013])=53°o
500

400 2017P=83% A
(Lpea 1imited)7

Over the past several years luminosity
at RHIC has steadily increased.

300

Run 2017
Average store polarization:
Blue ring - (54.620.2)%
Yellow ring - (55.7+0.2)%
Average store luminosity
1.27 -10 %2 cm2st 0

Cd
”

12009 P=34%
2012 [P =59%
2011 P=48%

_ 2009 P=56%,2006 P =55%

_Lo==-2005 P=47%

== % 2003 P=34%
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Time [weeks in physics]

100

Integrated polarized proton luminosity L [pb]

/ /
200 F2012P=52% // 2015P=55%
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V. H. Ranjbar et al.,
"RHIC polarized proton operation for 2017",
Proc. IPAC'17, Copenhagen, Denmark (2017).
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AR The Solenoidal Tracker At RHIC (STAR)

TPC: full azimutlial coverage
-1.3<<1.3 |
Uniform acceptance forall beam energies
ToF: full azimu overags
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*FAR STAR - Solenoid Tracker At RHIC

Magnet
° 0.5 T Solenoid

Triggering & Luminosity Monitor n=-1 n=0 n=+1.0
* Beam-Beam Counters :
3.4<n|<5.0
Zero Degree Calorimeters
\ertex Position Detector

Tracking
Large-volume TPC
| <1.3
Forward GEM Tracker
I<n<2

Calorimetry with 2w coverage:
Barrel EMC (Pb/Scintilator)
n| < 1.0
Endcap EMC (Pb/Scintillator)
1.1<n<2.0
Forward Meson Spectrometer (not shown) n =-Inftg(6/2)]
2.5<n<4.0
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AR Motivation: Theoretical basis
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Nucleon structure in terms of PDFs: DIS, SIDIS,..

Parton Distribution Function
f(x) probability density to find a parton with flavor f
and momentum fraction x in nucleon
Helicity Distribution
Af(x) probability density to find a longitudinally polarized
parton with flavor f and momentum fraction x Afx) =17 (x) - £7(x) O H =05
in longitudinally polarized nucleon
Transversity Distribution

f(x)= > (x)+ f (%) B

- -~
of(x) probablll_ty density to find a transversely p_olarlzed Sfrc) fT(X)— ; L(X) 3 = ®
parton with flavor f and momentum fraction x f(x) =
in transversaly polarized nucleon
CTI14 NNLO CT14 NNLO oasl xAU " <Ad 7 004
08 08 \\\; 002 —i— —é 0.02
§ i i ? 0 S
02 o 02 °E
T B
((J‘()(il 0.003 0.01 0.03 0.1 03 1 ((l]()()l 0.003 0.01 0.03 0.1 03 1 = HHI”(;J ”H;I[I]-l ‘ ; E— ””J“'IJ-E‘ \?mlu[;_] ' x o

Global QCD analysis of DIS and SIDIS data
for understanding proton spin structure in terms of f(x,Q?), 4f(x,Q?), of(x,Q?)
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*FAR Mechanisms for large transverse single-spin asymmetry A

@ Transverse Momentum Distributions

pT +p >+ X _ PDFs & FFs
Sivers effect (PDF) 1990 Collins effect (FF) 1993
Vs=19.4 GeV, p ; = 0.2-2.0 GeV/c
ol //, P /), Py
c +0 b / P &
T —— | i eEEEEEEEEEEEEEEEES » — | isssssssssssEsEsEEE »
0.4 {: i‘—
ool et Correlation of proton spin Correlation of parton spin and transverse
Tl s % ¥ ] and parton transverse momentum momentum of produced hadron
=3 o?—-»xwé:o 1 P-(Squ) P.(quph)
Bl "y ] @ Collinear twist-3 quark-gluon-quark correlations
ol moo t i)_ In the initial state proton or in the fragmentation process
P DU P N
0 02040608 To disentangle the Sivers and the Collins effects

_ and test their universality properties
E704 Collaboration

PLB261 (1991) 201

PLB264 (1991) 462
STAR » To isolate the Sivers effect: W, Z and Drell-Yan production.
o ot 15000 > To isolate the Collins effect: Di-hadron IFF asymmetries and
Phys.Rev.D 89, 012001 (2014) Collins azimuthal asymmetry.
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AR Spin-dependent PDFs and FFs
Correlations of proton momentum (P), proton spin (S), quark momentum (k),
quark spin (s;), orbital momentum of quark (L,) and gluon (L) in initial and
final states reflect a variety of PDFs and FFs.
PDFs FFs
mmp ucleon momentum  mpnucleonspin - = quark spin mep hadron momentum  m hadronspin = quark spin
Helicity P\q U f lL.g T.h q'h U L T
o »
Trangversity 7 © S -9 I_,T?]:) ©
: — — —
Pretzelosity L &N = on L.G CHNE
P — —
Worm-gear Sivers Collins
o T @-@ 8 - (9 TH| @ - & b -é
Sivers (1990) Boer & Mulders (1998) Collins (1993)
P-(Sxk,) P (s, %Ky ) P (SqxPn)
» PDFs probe the internal structure of the proton A.Metz, AVossen,
VAR > FFs probe the structure of fragmentation process P;‘ig(;g&)“fggf%;
M.Tokarev DSPIN’17, Dubna, Russia, Sep. 11-15, 2017 11
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AR Inclusive jet cross section at Vs=200 GeV

Different pseudo-rapidity regions

p+p— jet+ X

10,
BNL: STAR et . Inl<05
E E .
M.Calderon, L = Inl<1 1 1S Lglt 19pb
107F 10° =
Extrem QCD, San Carlos, . ! . s"E e I Ldt=19pb 5 = I P
. 0 Inclusive Jet Cross Section = F s = )
MEXICO, \]Uly 18'20, 2011 pp @ 200 GeV M0 E o :"1" E .
-
Cone Radius = 0.7 “Em L . ufm.37 =
10* NDB8=n<08 “E % - ,.,E E [
b - 10t [
10° TAR Prfh'mjuﬂry 10.5; e 1,]-5;_ S sl
; 10.5:‘1}3‘”‘Io‘”la‘o””atlo‘”ls‘u” 1"“57'1‘0‘”‘Io“”slo‘l”alo‘l“slo"
, f Ldt=5.39 pb p_ (GeVic) p_(GeVic)
10 T '
d2 10 .
o E STAR Run9 Preliminary
Foa Inclusive jet cross section
10 Zxdpchy T, 0.5<n<1 ) 5 = 200 GeV
_. 10" ;— r’i’d I Ldt = 19 pb Anti-kt R=0.6 run3 STAR unfolding
5
* STAR Run-6 ETN:
L QM0 E - el
|:| Systematic Uncertainty o e Anti-kt R=0.6 CT10 w/ UE Corr.
F10°E - =
ha ==
0.1 :rgogco s=mmmmar S ) Anti-kt R=0.6 NNPDF3.0 w/ UE Corr.
p ==
B  Had. and UE. Corrections e
10° I:l Systematic Err.
1 20 25 30 35 40 45 50 55 PP N AN BRI P
pr [GeV] 10 b P, (3Gne\h‘c) 40 %

» Hadronization and UE corrections
STAR data (Vs=200 GeV) close the gap evaluated using PYTHIA applied

f iet nroduction in mod to NLO calculations for data comparison.
OT Jet production In pp mode » Comparison to NLO calculations

ISR (Vs=62 GeV) and LHC (Vs=7-14 TeV) for CT10, NNPDF3.0 and MRST-W2008

_ with a preference for CT10.
STAR, arXiv:1506.06314
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AR Longitudinal double-spin asymmetry A , of jet production
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6, +0_ -0, —0_,

. Alet —
LL
p+p_)J6t+X 6,,to_+0, +0_,
STAR Collaboration o, (o, ) isthe diff. cross section when polarized
Phys. Rev. Lett. 115, (2015) 092002. beam protons has the same (opposite) helicity.
Z'EZE_STAR 20391 y » The measurement of the inclusive jet longitudinal
06— +p — Jet+ . . . . .
0.05F ?gfzoo GeV 17 double-spin asymmetry A, in polarized pp collisions
0.04F- T at Vs=200 GeV
Joos o > The results of NLO QCD fits for NNPDF are dramatically
o changed for AG over 0.05<x<0.5 at Q2=10 (GeV/c)? from
B e o S . 0.06+0.18 t0 0.21+0.10 by including or after reweighting
00 the fit using the STAR jet data.
oot | o | > When included in updated global analyses, they provide
0.061 sy evidence at the 3o level for positive gluon polarization
0.05F |- L8810 _ in the region x > 0.05.
0.04f MNPDE 7
. - b N 0.3; ) ) .
<003 g5<|n <1 Sl T . 2' @=rew: | Theinclusion of the STAR jet data results
0.02E ool 0 PN in a substantial reduction in the uncertainty
R S T . 3 = °'1‘“‘\ . for the gluon polarization in the region
O e ey | ? ° 7 x > 0.05 and indicates a preference for the
00 fompoladzatonnotshown | 0 gluon helicity contribution to be positive
5 10 15 20 25 30 35 b7 o, i i i
Parton Jet p _ (GeVic) 02 TI:EEGF:n:z%og CTAR sore in the RHIC kinematic range.
o e T R. D. Ball et al. NNPDF Collaboration

x Nucl. Phys. B 887, 276 (2014).
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*FAR Asymmetry A , of jet production in p-p at Vs=510 GeV

4 0.04
< -
0.035)— STAR Preliminary
C pip—odets + X
0.03— Vs=510GeV
C  Anti-k; R=0.5,Iml <0.9
0025 _.pssvi14
0.02 :_ wNNPDF11 e e
- = 2013 (Preliminary)
0.015— = 2012 (Preliminary) B0
|- IR PPPra (0 | Sues
0.005—
Of—--- MR e e
-0.005— + 6.4% scale uncertainty
— from polarization not shown
L 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | | 1 1 1 | | | 1 1 | 1
-0.01
0 10 20 30 40

50 60
Parton Jet P, (GeVlc)

» RHIC had very successful pp runs with 510 GeV during 2012 and 2013
-- higher center-of-mass energy probes lower x partons
» A, at 510 GeV is well described by global fits that previously
gave a good description of the 2009 measurements at 200 GeV.
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AR Di-jet production in p-p at Vs=200 GeV

First measurement of di-jet spectra and di-jet asymmetry A, |

1% STAR 2009 Di-jet Cross Section 0.08 DM Di-Jet A,
107 E_ﬁ [ = DSSV 2014
E - e NNPDF Pol 1.1
- - Data 0.06— [ Scale Uncertainty
— - P - [EZo%] POF Uncertainty
G 102 . | mopacocTio+ ueH q:j 0.04— I Rel. Lumi. Uncertainty
= F : —— C
S - M E UEH Systematic Uncertainty ﬂl—'1| 0 02:
E - 5 ' __ )
2 107 -’ - ;.-
g . 0F-
= F sty C
2 [ o0 Sign(n) = Signn,)
= 10 L kb P R R B
% E pp@ 15=200GeV 0,08
qE [ Antik,, R=0.6, n,n| <08 P s STAR 2009 Sign(n) = Sign(n,)
10 | gt —105 289 0.06— p+p— Jet + Jet + X
= J ’ = Is =200 GeV
C 9 C
T < 0.04— n.n.]<0.8
P E 1.'_,' E e A TR
E A T o0k R
T “ C
g 0= T
E ; - +6.5% scale uncertainty
g -0.02— from polarization not shown
(= Lol Ll l | |

1 IZDI 1 |30| 1 1 |40| 1 1 |50| 1 1 IﬁDI TD
Di-jet Invariant Mass [GeV/c?]

A0
Di-jet Invariant

The cross section result is consistent with
NLO pQCD plus hadronization and
underlying event corrections and has the
potential to constrain unpolarized PDFs.

The A, results support the most recent DSSV

and NNPDF NLO global analyses, which included
2009 RHIC data and found the first non-zero AG
value for x > 0.05.

STAR, PRD 95, 071103 (R) (2017)
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Ar  Di-jetasymmetry A, in p-p at Vs=200 GeV

Forward-rapidity measurement (Run 2009)
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Son e Di-etA STAR Preliminary
R DSSV 2014 p+p— Jet + Jet + X
—— NNPDF Pol 1.1
0.05 [ Scale Umoarlalnty zggg fas 290 GV 007
-0. (r||<0,0.9<1’|1<1.3 Di-Jet A imi
" : < [T Di-JetA, STAR Preliminary
- g 006E ... DSSV 2014 pip-s det+ Jet + X
; E 005 — NNPDF Pol 1.1 2009 |s = 200 GeV
- ' [ Scale Uncertainty 08¢n <18
12

DF Uncertainty
[ Rel. Lumi. Uncertainty

—+
¥l

+ 6.5% scale uncertainty from polarization not shown

.oon L L Il I Il L Il L | L 1 L 1 ‘ 1 L 1 L I L 1 L 1 | 1 1 1 1 I 1 1
o 20 30 40 50 70

Particle Level Di-jet Invarlant Mass [GeVic?]

o] Di-etA STAR Preliminary
DSSV 2014 p+p—> Jet + Jet + X
—— NNPDF Pol 1.1
[ Scale Uncertainty
[[Z7] PDF Uncertainty

1 6.5% scale uncertainty from polarization not shown

2009 (s = 200 GeV ‘
0(n|(0.3:0.3('ﬂz<1.3 E@( 0. S T T TS SN S TN SN SO SN T TR SRS SR S B | | !

2 P 30 3% 40
Particle Level Di-jet Invariant Mass [GeV/c?]

[ Rel. Lumi. Uncertainty

: » Forward rapidity Di-Jet A | measurement
- based on three topological combinations in 1:
3 Barrel East (-0.8<n<0) - EEMC (0.8<n<1.8)
.o.ozg— +6.5% scale uncertainty from polarlzatlonnouholwn | Barrel West (()<n<()‘8) - EEMC (0. 8<T'|<1 _8)
W ‘SbP;nlc;leLw;lﬁ-];tll;va;lan;Ijsfs;[G;Vt;’]I T EEMC (0.8<n<1.8) - EEMC (0.8<n<l.8)

» Forward A | measurement consistent with global
fit results constrained by Run 2009 A , data

M.Tokarev DSPIN’17, Dubna, Russia, Sep. 11-15, 2017 16




AR

STAR, Collaboration

Di-jet asymmetry A, , in p-p at Vs=510 GeV

Mid-rapidity measurement (Runs 2012,2013)

PRD 95, 071103.(R) 2017

o 0.08

|

<

STAR Preliminary p+p — Jet+Jet+X
2012 {5=510GeVR =05 <09

2009 {5=200 GeVR=0.6 hi<08 7)/\;,_‘

—— DSSV 2014 —— NNPDF11

.

Preliminary Run 12

Solid/dotted curves 510/200 GeV

+ 6.5% polarization scale nncertainty not shown

=§

L 1
0.05 0.1

1 I I
0.15 0.2 0.25

M/ 1

- 0.08

Di-jet A
LI

0.06

0.04

0.02

-0.02

ON HIGH ENERGY
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STAR 2012 & 2013
p+p—Jet + Jet + X
s =510 GeV
Anti-k. R=0.5, Ir]1;r|2I <09
[ 2013 Data (Preliminary)
[[] 2012 Data (Preliminary)
[ Relative Luminosity & UE Error
<> NNPDFpol1.1
---DSSV14

+ 6.4% scale uncertainty

from polarization not shown

PN T T T S [N TR S T N S S

i! AR

Preliminary Run 13

| T T S N TR S S B

o

20 40 60

80 100 120
Parton Invariant Mass [GeWcZ]

A, measurements (Runs 2012,2013) consistent with DSSV2014 and NNPDF1.1
constrained by Run 2009 data and consistent with Run 2009 di-jet results

STAR preliminary,

C.Gagliardi , ICNFP 2017 -

Di-jet measurements at forward rapidity and higher Vs provide
more precise mapping of Ag(x) at lower Xx:

M.Tokarev

X ~ 0.02 has been reached
x ~ 102 will be reached with additional recorded data
X ~ 1072 will be reached with STAR forward upgrade

DSPIN’17, Dubna, Russia, Sep. 11-15, 2017
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Longitudinal single-spin asymmetry A,
AR W production in p-p collisions

T
p+p->W"+X
e-
w O,—0_
AL = = prob:?g i
quark sum (u
(O + 0
e- grobin’g< srobiang e-
. . U quarl quar
o, (o) isthe cross sections when \ /
the polarized proton beam ,

has positive (negative) helicity 3
\)
polarized q unpolarized
beam beam

proton proton
collision zone

W™ >e " +v
Aa(xl)u(xz) - Ci(xz)Au(xﬂ

The measurements provides a direct probe

At o 28 1 of the helicity-dependent PDFs (Au, AU, Ad, Ad)
d(x)ulxz) + d(xz)u(xy) through a parity-violating longitudinal
W —>e +7 single-spin asymmetry A,
- Du(e)d(x;) — u(x;)Ad(x;) STAR is well equipped to measure A for W= production
AL a0, + 105)d () within a range of [n| < 1 (TPC, BEMC, EEMC).
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Longitudinal single-spin asymmetry A,
AR W* production in p-p collisions at Vs=510 GeV
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New prellmlnary A, results
from Run 2013

Al Beow oery
osp T Tl > The asymmetries for W* measured as a I
: T function of the decay lepton pseudorapidity . seaasymmety 3
==  provides a theoretically clean probe of the St ‘ i
proton’s polarized quark distributions oot ( :
" at the scale of the \W* mass. R - N :
: . Fj: "‘”01 | » STAR2013 results are consistent with jZﬁZ?ﬁSSZEiZ"Q"‘,T;?;,;‘E’“ :
epon n" 2011+2012 results and the most precise W e T e
measurements of A, so far.
Mp Bmow e . o LR
Tt > The results are compared to theoretical os
v f p predictions, constrained by polarized DIS . B
s 2011420125 measurements, and show a preference for oz
Cwr e a sizable, positive up antiquark polarization 23 |
E’Emm .~ intherange 0.05<x<0.2. o =
2 A e > Further constraints on sea quark helicity E.R.Nocera
distributions. arXiv:1702.05077

STAR preliminary, arXive:1702.02927
STAR, Phys.Rev.Lett.113,072301(2014)
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AR Transverse single-spin asymmetry A, at Vs=500 GeV
- :
STAR Collaboration 0 +
Phys.Rev.Lett. p + p —> W (Z) + X
116, 132301 (2016)
= 1_ =z 1 _— = L - h
= 0.k > /AR p-p 500 ce((L=25pb) <" [ STAR p-p 500 GeV({L = 25 pb™)) < | STAR p-p 500 Gei(:[L =25 pb)
BL0.5<PY <10 GeVE 0.8- )5 <p¥ <10 Gevie 1'_9"‘ <Pr <10 GeVre
0.6F 0.6F T -
af 0.4 T —— 0.5f :
2F 0.2C — '
: oF ¥ o
-0.2 ) 02t el 05" o720 1
-0.4f + W —=Tv -0.4F W —=Twv : -
c KQ (assuming “sign change”) 0 ﬁ:_ - - K@ (no “sign change™) Ak
0.6 =— . = S Global y?/d.o.f. = 19.6 /6 L
C Globaly*/d.o.f. = 7.4 /6 0.80 > ,o * ) [ 3.4% beam pol. uncertainty not shown
'0-8:_3.4‘% Dbeam pol. uncertainiy not shown . 53-4/0 beam pol. uncertainiy not shown TR
| R T 15 1 05 0 05 1 1.5
05 0 0.5 -0.5 0 0.5 o

yw yW y£
» A issensitive to the Sivers function
» Expect opposite sign for the Sivers function in SIDIS and pp

1 v E
I ’,r I »
' : Lp DY /Wt z0 '
/ : \ , i}ﬂ!s{r. kr, Q%) = —f:f.-hj;-_} VI (g, kr, Q%) | (
| ) ,
XX #Z —

. a
» Sivers-sign change scenario preferred over no-sign
change scenario, if TMD evolution effects are small.
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*FAR Run 2017 sensitivity projections for A _f_

The 2017 program (higher luminosity) — test non-universality
of Sivers effect through TMDs

<z olzi_S'TAR projections <z 0 3:_STAR projections < 0 4 STAR projections
" L(del. T Ldel. 1 ' L(del-%
0.15f L(del : (de ) T ol -
cT— Wl 02k—— W-lv Q 3
0.1 C o _
i L = 0.2
i 0.1 =)
0.05; : 8 T 5 01 {
0; Ry e I 0: IIIIIIIIIIIIIIIIIIIIII | I IIIIIIIIIIIII 05 k
-0.05" gl- _0.1:_ B '0'1?
F arXiv:0903.3629 = - nps
0.1 LU A S = - arXiv:1401.5078 :
- Uncertainty ~ 0.20 = 1MD evolved 03F
15 due to TMD evolution e x . B 0 + -
0. |:| Uncertainty on sea quarks _0_3-_I:| Uncertainty on sea quarks 04 — Z — I I
_.0.2 L | ] ] 1 ] | ] ] ] ] | E | . ) . ) | ) . . . |
-ﬂ 5 ﬂ ﬂ 5 0.5 0 0.5 05 0 05
yw yw yZ
» The sign change if evolution effects are small.
» Probe anti-quark Sivers function for the first time.
» Directly measure the evolution effects.
arXiv: 1602.03922 Run 2017: A, for W, Z and Drell-Yan at Vs=510 GeV
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*FAR Transverse Single-Spin Asymmetry A

Anomalously large asymmetry A

P +po>t+X

An ot
04L - ii 0.4} :* 0.4} \ ; { 0.4fF
0.2f o® 0.2} S 02F oo 0.2f o ?
C.A.Aidala et al o & o ¢ °
Rev.Mod. Phys O =" " 7o St N S R T Op---- ih’; """"" O --- & Zmmmmmmmmmm e
85,655 (2013) -0.2 %‘ -0.2}F % -0.2} AL -0.2f A
_0.4F ANL _nal BNL _nal Fermilab A _nalL RHIC A
(5=4.9 GeV 041 15=6.6 GeV %\ 041 15219.4 GeV % 0-415=62.4 GeV
oLty PP EPUPE BPEPEP PR | I AP IPEPEPE EPEPEP EPEPEP EPEPE B M PRI EPUPE PR B
0 0.2 04 06 08 0800204 06 08 0-80"02"04 06 08 0800204 06 0.8 X = Per
XE XE Xg Xr pz,max

Asymmetry reaches 40% for charged pions and exhibits similar x¢
dependence over a wide range of s

» SSAs are related to the structure of hadrons and their spin
and orbital angular momentum content in terms of partons.
» They play a crucial role in the 3D mapping of the nucleons.
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AR Transverse single-spin asymmetry A, at Vs=200 GeV

o STAR, Phys.Rev. D89, 012001 (2014)
_10.-;3 p+p—-nl+X
%ep o {§=200 GeV
Sk, Y T oo > The cross section for neutral pions produced
) 12: 5’;* °e MR- in polarized p-p collisions over the range
Swp o, Yy 0.8<n<2.0 and 5 < p; < 16 GeV/c at Vs=200
o ey GeV was measured.
1 ST Y
T S > The transverse asymmetry A, is measured over a

previously unexplored kinematic range in x. and p+

pl+p—=nl+X

"L moma - 0cenpaas > Such measurements may aid our understanding of

| STAR, (5= 200 GoVL ()= 15 % oif Pélanon || the onset and kinematic dependence of the large
01l f TL + asymmetries observed at more forward pseudo-

L = ; - == R . . -

i . { + z o }ﬁ . rapidity (n =~ 3) and their underlying mechanisms.

o3 ﬁ* * o | STAR®® Twist:d ] ] ]

SR e e T > A results are consistent with a twist-3

sf e sdiiies e nsedned - MOdel prediction of a small asymmetry over the
- e Xe p. [GeVic]

> 01 02 03 04 05 06 07 08 present Kinematic range.
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*FAR Transverse single-spin asymmetry A, at Vs=500 GeV

0.05
. —$— inclusive ° x¢ = 0
ope— P TP mrX@ 15=500 GeV —4— inclusive n” x; <0
STAR Preliminary —— background, x_= 0
0.03 Brta
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STAR Collaboration . D {
Y.Pan
Int. J. Mod. Phys. 0.01 i + * .
Conf. Ser., 40, I 1 ; + T +
1660037 (2016). 0 -ﬁ--—--- J—-----:}l-'------1—------{5@--------- F----m--ee- I
o il i o
1 [
001
1 I L1 1 | L1 1 | L1 1 I L1 1 I L1 1 I L1 1 | L1 1 I L1 1 I L1 1 | 1
016 D018 02 022 024 026 028 03 032 0.34

Xf

» Asymmetry A increases with x. in the fragmentation
range of polarized proton (xg >0) .
> Asymmetry A is ~ zero in the fragmentation range
of unpolarized proton (x¢ <0) and for forward background.
> Slow dependence on collision energy:
~ 4% (FNAL, 20 GeV), ~2.5% (RHIC, 500 GeV).
E704, PLB261 (1991) 201

M.Tokarev
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AR Transverse single-spin asymmetry A

Ay Vs. pr for “electromagnetic jets” at forward rapidities (2.5<n<4.0)
Jet-like events reconstructed from photons in the FMS

EM-Jet Energy = 40-60 GeV G0-80 GeV 80-100 GeV
< 0.05C 1§ STAR Prefiminary 1 ]
: ' M 17 s 8 ¢ 1 LR ]
o8 Sews § o tligels & A %_igé.t#
P 37 $ 3 3 [
0.05- + + et - 3
s . - :® - M + e 8
O-g-Bgo-0-5---0 L1280 T ; %}#n--a ----- ; ----------- *_ﬁ . ;
0.05- 3 ] £
[ - 1 ho e o & s & <
Dr!"afs‘*‘"g : “‘3—__ oted s o g ¢1-1048 3_"6 ----- BT f = a
g 1 <
0.05- i ] ] 5
: i i .5
Dv—i-ri'rg-'--&---‘-----*——--3?;'-*----‘ ------- glﬁ;r%ﬁ ----------- §- ~
0.05 - X > ]
sXe =0 + n
D..*..gg*.3........3......t.t....+#*.|..i..................s....----i.i_.'____.i __________ $ -

4 6 8
2 3 4 5 62 46 8 ooy

» The asymmetry decreases with increasing number
of photons in the “electromagnetic jet”.

» The asymmetries are basically flat as a function of jet p;
for all jet energies and photon multiplicities in the jet.

» This behavior is very different from naive expectations (~1/p;)
for an asymmetry driven by QCD subprocesses.

STAR Collaboration
M.M. Mondal,
PoS DIS2014(2014)216.
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*FAR A, from polarized p-Au 1

Ay Single Spin Asymmetry

Ay X=0.2 Ay Xe=0.3
- - =z F =z F z
in Forward n° (low x) in p+p and p+Au  <oofms <o mn 05
0.015; i i N E_ 0.04F
0.0f ¢ 0.03 . ¥ 8 003k
STAR FMS & 2.5<[n|<4.0 wfy fo | ol
OF 0'01;_ 0.01F
— o F STAR Run 15 g
p+p @ VS_ZOO GeV 70.005;_ O; Pr‘ET‘er”]':a(:;V o o -
15 0055355 4 45 00
Pr GeVic P; GeVic
A, X.=06 A, X=07
< 0. M, e <oadf WA, pp <oraf | L
.- 0.08F O Ay pAu ot | @A pAu 0.12F |Q Ay pAU
-t i 0.
0.06f 0.08¢ 3 ‘} i %
v oo %, g % 0.06 iﬁﬁg % ooct ﬁ i
\ 000k F 0.04F i ' 0.04F ? g
‘ . 0_ TSR Run 15 002 [rar pin s ’ 0.02p 5;?_'15:”61;\,
-7 « . -0.02é preiviray Og :ﬁ’:‘“”ﬁ: . B -o_ng; Fretminer
o R 2 3 45678 345 6 7 2 3 4 5 6
> P GeV/c P, GeV/c Pr GeVic

Shaded bands represent systematic

_ uncertainty, dominated by dependence of A,
» Nuclear effects on fragmentation process on observed BBC multiplicity

» Possible gluon saturation effects (CGC)

No suppression has been observed so far.
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AR

¢R.\':¢R_¢h
r:LT/Ll

N 1/} the number of pion pairs

NT(gs) —r- N*(pgs)
N1 (pgs) + 1 - N*(ggs)

= PpeamAur Sin({ﬁR.ﬁ')

Asymmetry vs. (n, pr)

~ 004

i 5 E ** bin boundari
< 0035 qunoot1\s=s00Gev | oS

E p.+p—>1t'1: +X
0.03- STAR Preliminary }

(p: b (Gerc’}

0.025— 4,5% scale uncertainty
E from beam polarization
002~ |+ 13
0015 |+ a
= [
0.01 1

S Ll i L lnenenl Lo
0005758 05 -04 02 0

n

» Ayt as a function of
» Significant asymmetry seen
at high n and p;

b Lo Lo Ly
02 04 06 08

sin( Ong )

Mid-rapidity range
p+po it +X

Asymmetry vs. (M__, p7)

17T \ I
E C. M bin boundaries
2007 pnaoni s =so0cey
0.06 p‘+p S eX
C (pr) (GeVic)
0.05- o STAR Preliminary
ooa— M >0 * e
003} } { .4
0.02— % {
0.01 f* %
: 1 pbov
E 4.5% scale uncertainty from beam polarization
-0.01
| |

R LRI
Mn‘n,(GeWc)

» Ayt as a function of M,
plotted for 2 p; bins

» Avg M, ineach M, bin
decreases with <p;>

» Significant asymmetry seen
at mid-M,, and high p+

Transverse asymmetryA, ,; of w*n pairs at Vs=500 GeV

A ch ®H;

Asymmetry vs. (M__, <p+>)

i F . .
" ooml— PP meaX * \5=500 GeV
[ STAR Preliminary
o.os:— " \s=200 GeV
.04
n u
02— * % i
L F .
“ *r
—002—
T uf
E 12F-
= 10E
o a
e E
e
ﬂ-_ 1 1 1 1 1 1 1 1
0 0z 04 08 08 1 12 14 s
M,., (GeVic?)

> Ayr isscaled at Vs=200
and 500 GeV with M;,,,

> A7 is sensitive to transversity - h,, and interference FF - H; .

» The possibility to extract transversity without a full global analysis.

STAR publication is in preparation

M.Tokarev
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ON HIGH ENERGY

AR Asymmetry of transversely polarized proton collisions
A P +p o7t +jet+X
STAR uTt
Int.J.Mod.Phys.Conf.Ser. Azimuthal distribution of charged pions inside jets are sensitive
40 (2016) 1660040 to the transversity distribution and the Collins fragmentation function.
T O x-o STAnpretmnan } pl+pjet+ 1t +X Transversity h,
= L I [ STAR * -
éj‘ ol— . * __1_ ____f___ __%_______ ” QUJ [ e V¥5=200GeV, (pT ‘)= 12.9 GeV/c (Preliminary) 6 = 9
s L . e i © 005 . o B
B F = L L E s =500 GeV. (p, ) = 31.0 GeVle * 2
I~ p'+p —jet+ T + Xat Js=200 GeV ] U_) o ot 5)( .
n.04— s_ﬁeaSc:aleUr:censimqul Ehow:\ . ‘ < L i —|€ Co“lns FF AD
e B article Jet P, [Bevic] = =0 r L +9 } ’ % z_ 3
) R s P R 1 -
omf  [m]m* STAR Preliminary i ¥ E}Q : (}, c_:)
. i EIIT_ Xp=0 T i % l % g
e |
" - ' i ints: *; Open points: T° TP
<L - | ] } l | Clolsedp‘omts.‘ ,O;? p‘ ts: ‘ | | | T | O<r| <1
ol DB L o g 02 04 5 01<x<035
['] 0.1 0.2 0.3 2 0.4 0.5 0.6 [y ]
Non-zero Collins asymmetry A ; at \'s =500 and 200 data.
R TR Proliminany The visible dependence of A ; on~s for .
~ [ i . . . . .
R S - S The opportunity to test the universality of both the Collins
E s 1] - . . . - . .
<r : and transversity distributions and to study factorization
oot o Do by er v breaking effects in hadronic collisions.
107 i [GeVic] 1

STAR, arXiv:1708.07080
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*FAR Transverse spin transfer coefficient D, A
Transverse spin transfer from polarized proton to A(A)  at \s=200 GeV
provides insights into transversely polarized fragmentation
and transversity distribution functions

™ ™~
0 0 6 —9°
+po>A +X D =
P +P I
% o D STAR Preliminary A STAR Preliminary
- TT - TT
0.05_— 005_—
PRGN | [
] ¢ i i -
L S 1 L ++ 1 1
0.05:— :
- T] > O ' ~0.05|— 77 < O
01 + A 3.49% beam polarization uncertainty included oif- +A
- — ' . e 3.4% beam polarization uncertainty included
70.152—, *A‘ o If?eldl'cfol\'\fnlClo?tlr'lblft_'olnl"Ilc‘llfdlecljI B ] +K lgeed-dori/vn contribution incl)l/Jded
1 2 3 4 5 6 ?PT[GeV]a 0.151—,,,£, .éllllillllé“”élllI-lr""g
P,[GeV)

» Most precise measurement on A(A) polarization in p+p collision at RHIC,

which reach p; ~ 8 GeV/c with statistical uncertainty of 0.04 .
» The dominant source of systematic uncertainty is from relative luminosity in low p.
» D of A and /A are consistent with each other and consistent with zero

at the presently available precision.
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ON HIGH ENERGY

Physics opportunities with transversally, longitudinally

& »
2 i}
) z
x °
8| 2 2
= @
= (3]
s

> w

polarized p-p and with (un)polarized p-A collisions

E.-C.Aschenauer at el.,
for the RHIC SPIN,
PHENIX and STAR

Collaborations,
arXiv:1602.03922

DUBNA

2017

Year v/5(GeV) | Delivered Scientific Goals Observable Required
_ Luminosity Upgrade
2017 pp@ 510 400 pb Sensitive to Sivers effect non-universality through TMDs Ayfory, W5, 7' DY A" Postshower
12 weeks and Twist-3 7, +(x.x) to FMS@STAR
Sensitive to sea quark Sivers or ETQS function
Evolution in TMD and Twist-3 formalism
sin(@y-2¢y) ,sin(Py-dy) J
Transversity, Collins FF, linearly pol. Gluons, Ayr 7 Ay 7T modula- None
Gluon Sivers in Twist-3 tions of k" in jets, Ajyy ** for jets
Ay for JW in UPC v
_ First look at GPD Eg i -
. 2023 pp@ 200 300 pb™~ subprocess driving the large Ay at high x-and n Ay, for charged hadrons and flavor Yes
g 8 weeks enhanced jets Forward instrum.
& .
£ evolution of ETQS fet. Ayfory None
3 properties and nature of the diffractive exchange in Ay for diffractive events None
z ptp collisions.
~ | 2023 [ p'Au@ 200 1.8 pb’ What is the nature of the initial state and hadronization in R.., direct photons and DY R,4(DY):Yes
3 8 weeks nuclear collisions Forward instrum.
7_55‘ Nuclear dependence of TMDs and nFF AL‘)’_’W."%’ modulations of A in None
jets, nuclear FF
Clear signatures for Saturation Dihadrons, y-jet, h-jet, diffraction Y§
Forward instrum.
2023 | p Al@ 200 126 pb’ A-dependence of nPDF, R, direct photons and DY R.4(DY): Yes
8 weeks ) ) . Forward instrum.
A-dependence of TMDs and nFF AL"T’W"%' modulations of A® in None
jets, nuclear FF
A-dependence for Saturation Dihadrons, y-jet, h-jet, diffraction Y.es
Forward instrum.
202X pp@ 510 L1fb" TMD:s at low and high x Ayrfor Collins observables, i.e. Yes
E_: 10 weeks hadron in jet modulations at > 1 | Forward instrum.
-z and
E = quantitative comparisons of the validity and the limits of mid-rapidity None
= E factorization and universality in lepton-proton and proton- observables as in 2017 run
” E. proton collisions
5| 202x | pp@sio | 1! Ag(x) at small x A for jets, di-jets, hiy-jets Yes
10 weeks atn>1 Forward instrum.

Table 1-2: Summary of the Cold QCD physics program propsed in the years 2017 and 2023 and if an additional 500 GeV run would become possible.

M.Tokarev
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AR STAR Forward upgrade
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The STAR forward upgrade is motivated mainly
by exploration of cold QCD physics

. . . . The STAR forward Calorimeter System and Forward
in the very high and low regions of Bjorken x.

Tracking System beyound BES-II Note 648
https:/7drupal.star.bnl. gov/STAR/starnotes/public/sn 0648
The forward upgrade will enable STAR

to investigate the full physics program outlined Oerss! 2 3 48
H dih:h:h:l \
in the RHIC Cold QCD Plan. % \
/ s
Forward Calorimeter System and G ; B
Forward Tracking System ‘ 3
.Z Ié‘%
—=—4 T P &
w '3:.,%.
Proposal
av 2
0 Detector pp and pA AA
ECal ~10%AE ~20%/E
HCal ~60%/\E
Tracking charge separation 0.2<p1<2 GeV/e with 20-30%
photon suppression lpt
STAR Note 648 = e
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*FAR STAR Forward upgrade

» The forward upgrade program of STAR will enable us to study the
longitudinal structure of the proton, the breaking of boost
Invariance in heavy-ion collisions, to explore the transport
properties of the hot and dense matter formed in heavy-ion collisions
near the region of perfect fluidity.

» The measurements at forward rapidity at RHIC will provide crucial

tests for the effective theories of high-energy QCD and its evolution
equation.

arxXiv:1212.1701

Such measurements will be complementary and necessary
for a smooth transition toward the physics program
In e+A collisions at a future Electron lon Collider
and fully explore the results from the EIC as well.
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*FAR Summary

» RHIC remains the only accelerator with polarized proton beams in the world.

» Large and uniform acceptance, excellent PID of the STAR experiment allows

to perform measurements with unpolarized, longitudinally and transversally
polarized protons up to Vs= 510 GeV and obtain new data.

» The measurements of single and double-spin asymmetries of inclusive jets, di-jets,
W and Z bosons, pions and pion pairs, the spin transfer coefficient of A in p+p
provide verification of QCD in perturbative and non-perturbative region.

» The inclusion of STAR data into global PDF and FF analyses helps determine
the gluon polarization contribution to proton spin, helicity of sea quarks and to
understand the origin of transverse spin asymmetry.

» The forward upgrade at STAR would significantly improve the capabilities of the
STAR experiment for measurements of observables such as asymmetries of pion,
jet, Drell-Yan e*e~ pairs produced at forward rapidity in p+p and p+A collisions.

Spin stays a key element in the exploration of fundamental physics at RHIC.

M.Tokarev DSPIN’17, Dubna, Russia, Sep. 11-15, 2017 33
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Back-up slides
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AR  Global A hyperon polarization in nuclear collisions
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STAR has recently reported the first observation
of global polarization of A hyperons
in heavy ion collisions.
The discovery has been published
in as a cover story.

THE INTERNATIONAL WEEKLY JOURNAL OF SCIENCE

The polarization direction of the Lambdas

Is correlated at the level of several percent
with the direction of the system angular momentum
in non-central AuAu collisions at \Sy,=7.7-32 GeV.

q (inI: o = %(1 +(}’H|PH‘COS 6*) fH = (PH ‘jsys)
3 First observation — § 7 ° Aut\/’:: 20(—50% |
of fluid vortices | counter J. ) 5 =% 4 : Km: :l:::
‘ foir::‘egol:l)i/sl;s::y- = : = \ e 2 Py v ' I & % A PRC76 024915 (2007)
| Z \ ] i ) Beam-beam O A PRC76 024915 (2007)
' ) s | A counter F
‘ ¥ 41 i
) \ > Quark-gluon
! \ plasma ‘ "
i L 2 ‘+ o Ql
3 I.l B A I umiu g Fo e 4 1
% g\ y 0 ! s
: / YA o |
10 0
sy (GeV)
A— - I HI collisions at RHIC produce the most vortical fluid.
PARIS SUMMER YQUTHFL]L oo . ]
R T e SECRETS e The rotational substructure of the fluid nuclear matter created
words with deeds the holiday season to control the ageing process - - - -
QT pes nec at RHIC represents an entirely new direction in hot QCD research
(Chiral Magnetic and Chiral Vortical Effects )
PRC 76, 024915 (2007); (E) PRC 95, 039906 (2017) and are planned to study for the future.
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*FAR Probing sea quark polarization via \W= production

p+p—> W +X

Proton helicity ="+" Proton helicity ="

u_(x |
Iz)

Proton helicity ="+" Proton helicity ="-"

T 7 / ﬁ
o)y \dr) A
e My /
}f\Uﬂu’\J J‘J‘l{ : }JU“UWJ‘ ,,uﬂ<
it \f fiw) N
Ac oc Ad(x,)u(X,)

M.Tokarev

W_G+_G_
A =———

G,+0_

o, (o) is the cross sections when
the polarized proton beam
has positive (negative) helicity

Au, Ad

AV oo — Au(x,) X, >> X,
u(x.)

AV o Ad(x,) X << X,
d(x,)
Ad, AU

A oc— Ad(x,) X, >> X,
d(x,)

A AUX,) X, << X,
u(x,
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Longitudinal double-spin asymmetry A |
AR W+ production in p-p collisions

p+p—>W*+X

AW _ 0. t0 -0, -0,
"6, +0_+0,_ 40,
STAR, Phys.Rev.Lett. 113, 072301 (2014)

» The W double-spin asymmetry is sensitive

AL L BB W Setey :
o5 PP ¥ to the product of quark and antiquark
| {s=510 GeV 25 <E| < 50 GeV ; .
i : polarizations and has also been proposed
- :k: ' to test positivity constraints using
ol 1] —— a combination of A, and A, .
i ‘ — L » The measured double-spin asymmetries are
i [ ww consistent with the theoretical predictions
05 4§ 14 STAR Data CL=68% and in conjunction with AV, satisfy the
: — ---- DS5V08 CHENLO e e n “p =
i 6.5% beam pol scale uncertainly not shown positivity bounds within the current
0 05 lepton uncertainties.

The inclusion of this measurement in global QCD analyses of RHIC and DIS
data should significantly improve the determination of the polarization of up
and down antiquarks in the proton and provide new input on the flavor
symmetry of the proton’s antiquark distributions.
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AR Transverse single-spin asymmetry A
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Ay VS. pr for “electromagnetic jets” at forward rapidities (2.5<n<4.0)
Jet-like events reconstructed from photons in the FMS

EM-Jet Energy = 40-60 GeV 60-80 GeV 80-100 GeV
420_05; 1 | STAR Preliminary | ]
N1(0) — NL(¢) - Tt : ,
' "L = po+P x Aycos(¢ t s # T e, ¢ ]
JNT(¢) —'—J?\ri,((lb‘) pO N (I ) D_; - Q—’ 3 - ¢.......§—__—-+g-@¢-:-§-__*...___é....-.-.%_ ? §.§ .................. 1
P- beam polarization 0.05- T E
i L - T heua® ® ]
pO — relative Up/down lum. DE.;...3.;».....:...;......3.._; n.g:.n. ........ :. ....... ;. z....._ *_. .

» The anti-k; jet algorithm is used with R = 0.7 0-05¢ ks

to find jets in the forward (FMS photons) O-8-8482. 8. 2 .
and central (EMC+BEMC towers) rapidity -
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regions, with pEM-ets > 2.0 GeV/c and 005 ]
pseudo-rapidity 2.8 < nEM*Je_t< 4.0 and [},__i.-.'-s-g--l--a----.-------‘—_'_-.s?‘....g_...-l....___g_'_. 188 $1+
—1.0 <n EM-let< 2.0, respectively. : T .
0.05 S0
> Energyéﬁfjt?e forward EM-jets: 0..*..gg;.g......a......‘-;....'I’#q....i...............$..r____g4_.,____.3 __________ 1
40 < EEMJet< 100 GeV, 0.16 < X, <0.4. L LR e
» Only one EM-jet from the forward and
central regions is chosen with the highest- » The asymmetry decreases with increasing number
energy EM-Jet in the forward region and of photons in the “electromagnetic jet”.
highest p-EM-ies from mid-rapidity. > The asymmetries are basically flat as a function of jet p;
for all jet energies and photon multiplicities in the jet.
STAR Collaboration » This behaviour is very different from naive expectations (~1/p+)
M.M. Mondal, for an asymmetry driven by QCD subprocesses.
PoS DIS2014(2014)216.
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ON HIGH ENERGY

AR Cross section ratio W*/W- in pp at Vs= 510 GeV

The ratio provides a direct measurement
of the unpolarized flavor structure of sea
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1, 0.5 yw
STAR constrainton d/U at high x
TPC+BEMC+EEMC
STAR, arXive:1702.02927 . 0.06<x<0.4, -2<n<2
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Global Fits with STAR Results

Big impact seen in NNPDFpoll.l global analysis after including STAR A; data

NNPDF1.1, Nucl.Phys. B887,276 (2014) arkiv: 1501.01220 - ,
T T I T ma;— —;
004 XAE(K,Q2=1OGQVZ] ~ nos Kﬂa(l,qulo GG\F} 0.1;_ Sea asymmetry _;
ool (d — 1) A 3
[ astt- 3
":‘ LY - —f
= of 1=
FrHe E
L -0z -
[ oo OF=10 GeV* 3
*F Berorr 1 TR et B o -1 E
ol — Positiity bound ] g6 — Positivity bound 1 '&ﬂf— NNDOFE.S x(@- o) | =
w? 1;" ulr‘ 1 u:" w? 0" 1 : .
x arxlvv:1702'05077 X 08 _B_ ...................................................................... -
e R L RAl) m e R T - P
008 1t XAB(X,LLQ) RUN 13 | ; %o 05 | J5.510GeV 25ple0.35 //
0.02 | F= 0 o _ *;— g
0.01 o/ 4001 02f L)
E o1 / ',//
of 1002
-0.01 1t 1-003 92 o
i i = o 03 Thgme
0.02 o Oyxad P 0.02 04 \,QQ;;
3 I 10 T TRy ] ) NNPDFpol1.1 S
0.01 - _— . 001 05 &
£ § - T B NNPDFpol1.1 : .
o ) o > ) " ) S 0 08 | STAR ppr::. [20{?;; e f \
0.01 0.1 1 0.01 0.1 1 2 -5 -1 05 0 05 1 15 2
X X o
2017 RHIC & AGS Annual Users' Meetu.g 19

New constraints on spin-dependent PDFs from STAR

STAR Collaboration
A.Kraishan , RHIC & AGS Annual User's Meeting, 2017
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Single-Spin Asymmetries (SSA)

* There are multiple contributions to transverse single-
spin asymmetries in the TMD framework

* STAR is sensitive to several modulations

Terms in Numerator of TMD English Names Modulate
SSA for qq scattering

ﬁ"Nfa.-"AT *fos* D,y Sivers*PDF*FF Siﬂ(‘i'?.y)
h'* &Nfbh.-ﬂ *D_, Transversity*Boer-Mulders*FF Siﬂ(*F_-;J ]
h,l#f" 'ﬁ""r_fbt:.ﬂ . Dqu Pretzelocity*Boer-Mulders+*FF Siﬂ(‘Pc ]
h'e Jop ®AD, Transversity*PDF *Collins Sm{@s ‘PT)
Afa‘riﬂ . ﬁNfb”B *AD_ . Sivers*Boer-MulderseCollins Sm{% )
hite fal.-'n *AD_., Pretzelocity*PDF*Collins (‘F‘-; +@, )
ﬂfﬂM . &Nf”m *AD_ . Sivers*Boer-Mulders*Collins 31‘1[?3;4 +, )

*Analogous modulations for gg scattering also exist Phys. Rev. D 83 034021 (2011)
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