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Contributions to Proton Spin Structure

Consider proton moving right

/ Proton spin-polarization =
N Aq(x) .
& Ag(x) —
comlng into focus:

Polarized DIS: ~ 0.3 f Ag dx 0. 1—88?
005 arxiv: nucI ex/1304.0079

Spin sum rule: <Sf> l lAZ+AG+ L>

2 2 \
*’AR spin program:

xploring less-constrained . i . poorly constrained
components of the proton Proton spin-polarization f}

L

Transversity — data over limited kinematic range: x; < 0.3
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Solenoidal Tracker at RHIC

T RHIC as Spin Collider

' * “Siberian Snakes” = mitigate depolarization resonances
Spin rotators provide choice of spin orientation
independent of experiment

Spin direction varies bucket-to-bucket (9.4 MHz)

Spin pattern varies fill-to-fill

PHOBOS /4

Inclusive hadron measurements:
Barrel E/M Calorimeter (BEMC),
Endcap E/M Calorimeter (EEMC),

Forward Meson Spectrometer (FMS)
FPD (east) not shown

Jet, di-hadron, W, and
hyperon measurements:
TPC + Barrel + Endcap EMC
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Transverse Single-spin Asymmetries from Inclusive Hadrons

= L
< pl+p—=a’+X
2
dO’T — d()'\l/ 028 o STAR, s = 200 GeV, (n) = 3.3
A — |+ E704,(5=19.4 GeV
0 | | '@ STAR, (s =200 GeV,(n) = 1.5
do' +do
0.1
da'® — cross section for leftward
scattering when beam polarization
is spin-up(down) 0
o
Collinear pQCD at leading twist E 5/
predicts very small A, > of
Kane, Pumplin, Repko, PRL 41, 1689 (1978) < 0 0102 03 04 05 06 07 08
PRD 89, 012001 (2014) Xe

Sizeable A, at forward pseudorapidity measured across

a large range of Vs
Measurements at RHIC in region where
NLO pQCD cross-section provides a reasonable description of the data

> Go beyond collinear pQCD at leading twist
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Mechanisms for Transverse Single-spin Asymmetries

Sivers mechanism: asymmetry Collins mechanism: asymmetry

in the forward jet or y production in the forward jet fragmentation
D. Sivers, PRD 41, 83 (1990); 43, 261 (1991) J. Collins, NP B396, 161 (1993)
Sp <SP ' (p X kT,parton) > %0 Sp <Sq ' (p X kT’n) > 20
kT,parton
P P

\ ? Sensitive to

transversity (h )

Sensitive to proton spin-
parton fransverse motion nt Kinematic Vanables
correlations (needs L,) , 2=Pg/ D

Jr (kr ) = 7 py relative to jet axis

Twist-3 mechanism: Asymmetry from

multi-parton correlation functions
e.g. Qiu and Sterman, PRL 67, 2264 (1991); PRD 59, 014004 (1998)
Correlators closely related to k;
moments of TMD’s

Y Koike, RSC Discussion (2004) Boer, Mulders, Pijiman, NPB 667, 201 (2003)
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Mechanisms for Transverse Single-spin Asymmetries

Sivers mechanism: asymmetry Collins mechanism: asymmetry

in the forward jet or y production in the forward jet fragmentation
D. Sivers, PRD 41, 83 (1990); 43, 261 (1991) J. Collins, NP B396, 161 (1993)
Sp <SP ' (p X kT,parton) > %0 Sp <Sq ' (p X kT’n) > 20

P P
\p ?’ Sensitive to\W\

transversity (h

Sensitive to proton spin-
parton fransverse motion nt Kinematic Vanables
correlations (needs L,) , 2=Pg/ D

Jr (kr ) = 7 py relative to jet axis

Inclusive hadron asymmetries:
Unable to islolate contributions

Sivers, Collins, twist-3 ~ sin(¢)
¢ —angle between spin and event plane
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Mechanisms for Transverse Single-spin Asymmetries

Sivers mechanism: asymmetry Collins mechanism: asymmetry

in the forward jet or y production in the forward jet fragmentation
D. Sivers, PRD 41, 83 (1990); 43, 261 (1991) J. Collins, NP B396, 161 (1993)
Sp <SP ' (p X kT,parton) > %0 Sp <Sq ' (p X kT,n) > 20

P P
\p ?’ Sensitive to\W\

transversity (h

Sensitive to proton spin-
parton fransverse motion nt Kinematic Vanables
correlations (needs L,) _ 2=Prl Dje

Jr (kr ) = 7 py relative to jet axis

Separate Sivers and Collins:

Go beyond inclusive production - e.g. Jets, correlations, direct photons
Sivers ~ sin(¢y) Collins ~ sin(¢-¢,)

¢ —angle between spin and event plane  ¢,—angle of hadron around jet axis
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STAR Transverse Asymmetries from Jet Production

’|‘ . Collins Asymmetry A = 2<sin(¢g — ¢,)> vs. z Collins Asymmetry A = 2<sin(dg — ¢,)> vs. j;
—_— —
0.1 p + p jet + X A0.1: = Asymmetry L ! STAR Preliminary

= .0.9<n<-0.5 | = e - [
;_ 3 ° -?- L J [ +

S i ﬁ """ é’ S N + = B B T
':'_ ‘ .E ‘ :y matic uncertainties +
3 7 -
; (\4 I Systematic effects contributing to <1% of total uncertainty excluded : RHIC 2006 /s =200 GeV
- 0><n<00 F R. Fatemi, AIP Conf. Proc. 1441, 233 | #/°nximeytoce
E . ~ By S Y ¥ T/ R

(ECLNEE TR . - z ir (GeV)
3 : ' STAR measured transverse single-spin asymmetries

ASn(es)E 1 ‘ _ , for inclusive jet production at central
ur e . qe

= 0.0<n<05 | pseudorapidity and Vs = 200 GeV (2006)
= . ;o

0 E—T*° """ e ST i sin . .
3 ! A (9s) : consistent with zero
- sin(¢¢—¢ i
= 0.9<n<05 | AUT( s~1) - hints of non-zero

Y T TTAET I T I C  J ( asymmetry with charge-sign dependence
; Phys. Rev. D 86 32006 (2012

0.1E \1/; s 15 Zi) ) 55 | 30 Similarly, di-jet at central psuedorapidity
(GeV/c) and 200 GeV consistent with zero
Pr PRL 99, 142003
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STAR Transverse Asymmetries from Di-hadrons

,7[+
— /\
\) _
qT R
o—
q Pc=DP,.*D,
ot
sin ¢ L
AUT X hl ® Hl

HlL —“Interference Fragmentation Function”
e.g. Bacchetta and Radici, PRD 70, 094032 (2004)

0.02

0.01

-0.01

AR Run 6 Preliminary {52200 GeV
— X l

S..»
—
+
o

l

‘ rel. systematic uncertainty of 4.6% not shown

rrT1rryrrorryrrr17 17 rT 1T [ T T 1T

0.8 -06 04 -02 0 0.2 0.4 0.6 0.8
A. Vossen, CIPANP2012
nn*n'

STAR data from 2006 at Vs = 200 GeV:
Sign of non-zero di-hadron asymmetries for
charged pions at central pseudorapidity
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STAR Transverse Asymmetries from Di-hadrons

+

T —STAR Riiii 6 Préliminary Vs=200 GeV
S: A Cpl+p— 7t +X l
a1 R . l
q PemPotp, : 4
T 5 ' 1
sin ¢ L : T
AN och ® H -
UT 1 1 C rel. systematic uncertainty of 4.6% not shown
L o" > : 124 B
— 0.0 b e
H1 Interference Fragmentation Function bl e

e.g. Bacchetta and Radici, PRD 70, 094032 (2004) A. Vossen, CIPANP2012 T|

STAR data from 2006 at Vs = 200 GeV:
Sign of non-zero di-hadron asymmetries for
charged pions at central pseudorapidity

Tt

Non-zero Collins + Di-hadron Asymemtries
—> Access to transversity in p+p!
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STAR Transverse Asymmetries from Jet Production

2012 STAR data provide
opportunity for higher precision
and greatly reduced systematic

uncertainties at Vs = 200 GeV
analysis well underway

_J'l:+

. ijet>1OGeV/C ..................................................................

S Ml <08 e

E_ ....................................... | I TP || ........ ........ || ........ ........ || ........ ........ l | .......................

iffﬁfﬁﬁﬁ?ﬁ@iﬁ?ﬁ?iéiééﬁédfoéﬁﬁéﬁééﬁlfQﬁééﬁrﬁiﬁéihiif.fffﬁ

- E 1 1 1 I Ll 1 1 l 1 1 1 L l 1 1 1 L | 1 1 1 L | 1 L L 1 J L L J L 1 1
"0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

J. K. Adkins, DNP 2013 z

Recent Spin Results from STAR - Drachenberg

10



STAR Transverse Asymmetries from Jet Production

e 02 f ; ; ;
;3 008 . [ g — S —
2012 STAR data provide 0.06 = IlvTjTt>OlgGeV/C __________ S S— —
Opportunity for higher prECiSiOn 0.04 ;_ ......... T]Jet< ......................................................................................................
Gnd greatly reduced SyStemaﬁC 00(2)5— ............................................................ ” ................. ” ........ ........ || RIS B IS
uncertainties at Vs = 200 GeV S NS RS WO NS WS A | W |
analysis well underway PPYY NSRS RO SR S A S N |
ot ifﬁfﬁfﬁﬁ?ﬁ@iﬁ?ﬁﬁE@éétﬁédfSﬁéﬁﬁéﬁﬁtﬁiéé!ﬁﬁQﬁééﬁﬁéihiifﬁ_ﬁfff
_0_15.J.llj,.l.J.li.,.liJ..|.lj.LJl.,
0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8
c 06 J. K. Adkins, DNP 2013 z
-% E . g9 qg
E 0_5:_ R
4 “E pP—jet+X 2011 STAR data provide opportunity for first
3 ot Lo CTEao measurements of central pseudorapidity
02 i<t inclusive jet asymmetries at Vs = 500 GeV
- = Increased sensitivity to gluonic subprocesses

o
-

o Solid: Vs=200 GeV

B Dotted: Vs=500 GeV

_I Ll I - I Lol 1l I Lol 1l I Ll I - I ||||||||||||||||
00 0.05 0.1 0.15 0.2 0.25 03 0. 35 0. 4 0. 45

Z. Chang, DNP 2013 Jetx, (=2p /\E)
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Moments of Jet Asymmetries at 500 GeV

Various contributions to polarized jer+ cross section (TMD approach)
d0(¢s,¢h) — da(gbs + 77,0, ) ~ dAO, sin ¢
+dAoy sin(¢s — ¢, )+dAo; sin(¢s +¢,)
+dA0; sin(¢s —2¢, )+ dA0; sin (¢ +2¢,)

Phys. Rev. D 83, 034021 (2011);
arXiv:1307.4880
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Moments of Jet Asymmetries at 500 GeV

Various contributions to polarized jet+ cross section (TMD approach)
do(¢s.¢,)—do(¢s+7,4,) ~ dAo, sin g
+dAo; sin(qbs —th)--dAUf sin(gbs +¢h)
+dAo; sin(¢s —2¢, |+ dAO; sin (¢, +2¢,)

Phys. Rev. D 83, 034021 (2011);
arXiv:1307.4880

Negligible under maximized scenario!
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Moments of Jet Asymmetries at 500 GeV

Various contributions to polarized jet+ cross section (TMD approach)

0.01

0.005

-0.005 - .
- projections for Vs 2300 GeV

-0.01

do (¢s,9,)—do (¢ +7.9,) ][ dAo, sin ¢,

|«dAGl‘ sin(¢ - ¢,) +|aVA01+ sin (@ + ¢, )

+dAo, sin((p -2¢, ) +dAo; sin (¢ +2¢,)

Ay

1n(¢S ¢n D’ AIeSIO et aI _

[ 0<n <1 SIDIS 1 _
L SIDIS 2 ............ 1
0 02 04 06 08
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Phys. Rev. D 83, 034021 (2011);
arXiv:1307.4880

Possible non-zero contributions,
expected to be quite small

e.g. Phys. Rev. Lett 99, 142003 (2007);
Phys. Rev. D 86, 032006 (2012);
Phys. Lett. B 720, 161 (2013)
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Moments of Jet Asymmetries at 500 GeV

Various contributions to polarized jer+ cross section (TMD approach)
do(¢s.¢,)—do(¢s+7,4,) ~ dAC, sin g

+dAo; sin(¢ —¢,)+dA0; sin(¢s +¢,)

IedAaz‘ sin(¢s —2¢,) l dAo; sin(¢s +2¢,)

0.05

0.04 |

0.03 |

0.02 |

0.01 |

ASin(q)S - 2¢fcl) D’Alesio et al.
N -
Kretzer FE ——— |

DSS FF -eeeeeeeeee

Maximized contribution
for Vs = 500 GeV
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Phys. Rev. D 83, 034021 (2011);
arXiv:1307.4880

“Collins-like” asymmetry:
Sensitive to linearly polarized gluons
Completely unconstrained!

Gluon helicity density matrix

1| 1+P. =P, "

_ circ lin
p _

2| -P. " 1-P.

lin circ

Off-diagonal terms related to linear

polarization in (xy) plane at angle ¢ to x-axis
Phys Rev. D 73, 014020 (2006)
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Sivers Asymmetries at 500 GeV

Asymmetries shown as -~ J. Drachenberg, MENU 2013
function of particle-jet p; < 0 05 p' +p — jet + X at \'s =500 GeV
Corresponding parton-jet ‘o 2 - Antirk, R=0.6 I | <1
p;lower by 0.6-1.4 GeV/c < -
. . 0 JC’ + * Y
Horizontal errors include - el
L - —
uncertainties from B
. . . - [ ) 0
st-atlstlc.f,, -calo-rlmeter -0.05— |§|§F : . *TAR Preliminary
gains, efficiencies, track - f | | | | | |
momentum, and tracking 5 6 7 8 9 10 11 12 13

efficiency

Particle-jet P [GeV/c]

I N No sign of sizable azimuthal asymmetry
0 in jet production at Vs = 500 GeV

o ieteX . . .

50, R e Qe - Consistent with expectation from

Anti-kT R=0.6
Inl<1

measurements at Vs = 200 GeV

- Consistent with theory predictions
e.qg., Kanazawa and Koike PLB 720, 161 (2013)

et
N

e
-

Solid: Vs=200 GeV
Dotted: Ys=500 GeV

00 Ilolo'l 1 I01I 1 I0I15II 1 I02I 1 Iolzsll 1 I03I 1 Iolssll 1 I04I 1 I°I45II II
Z. Chang, DNP 2013 Jetx, (=2p /\E)
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Collins Asymmetries at 500 GeV

Increased gluonic subprocesses 2: " p'+p—jet+n +Xat s =500 GeV
at+s = 500 GeV lead to T . Ol Antik,R=06 I I<T
expectation of small Collins  °g |
asymmetry until larger z B *
00l ——————————————— o— @ # #
sin(¢g - 1) D’Alesio et al. ; —
' | x>0
0.005 ' -0_1:_:“+
01 E:wl_ 0.1— *TARPreliminary
n 2D -
[ i < - %
0005 | & o— @ @ % %
[ 0<n<1 SIDIS | —— | - Xz <0
i ! SIDIS 2 «eeeeeeeens ] - O+
001 b—r— 01— =T
0 02 04 06 08 1 -~ Ol
¢ 01 02 03 04 05 06 07 08
J. Drachenberg, MENU 2013 2
Present data do not have sufficient statistics at high-z
to observe Collins asymmetry of order 1%
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Collins-like Asymmetries at 500 GeV

0.05 T T —_
sin (¢ - 20n ) < — . .
Ay & . p'+p—jet+x + Xat\s=500GeV
004 Kretzer FF —— ] e 01— Anti-k, R=0.6 I I<1
DSS FF cvoooeees 5, B L
003 ' Maximized contribution) < =
for Vs = 500 GeV B
002 F 1 o ¢ L 4 —#
001 | | X >0 +
0<my<1 - @t +
-0.1—
0 1 1 1 1 | .J'[:-
0 02 04 0.6 0.8 1 |
! ! ! | ! ! ! ! | ! ! ! ! | ! ! ! ! | ! ! ! ! | ! ! ! ! | ! ! ! !
0.05 . p £ ;;‘ B
in (5 - 20%1) \ B o
An & 01 *TAR Preliminary
004 r Kretzer FF —— | g - |
DSS FF oeeveeee m<:> =
003 | 1 ~ ¢
o— o < &3
002 1 : XF < 0 %
001 | - 0.1 én+ i
<o : " 1 1 1 1 1
0 02 04 06 08 | 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

. D'Alesio et al. J. Drachenberg, MENU 2013

Model predictions shown for “maximized” effect, saturated to positivity bound
Until now, Collins-like asymmetries completely unconstrained
—> Sensitive to linearly polarized gluons
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Summary

 STAR measurements play a vital role in understanding nucleon
spin structure
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Summary

 STAR measurements play a vital role in understanding nucleon
spin structure
e Active program in proton helicity structure: AG, A, etc.
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Summary

 STAR measurements play a vital role in understanding nucleon

spin structure
e Active program in proton helicity structure: AG, A, etc.

* Transversity and transverse-polarization phenomena

00 0Z0Z00000000000m0m0m0m0m0m0m0m0m0909B9B9B9B9B9Z9Zm & 59590909090 0 0 0 0 0 0 0 0 0 09090m0m0m0mmOmmmmnmnm©©
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Summary

 STAR measurements play a vital role in understanding nucleon

spin structure
e Active program in proton helicity structure: AG, A, etc.
* Transversity and transverse-polarization phenomena
- First signs of transversity at RHIC through inclusive jet and di-
hadron asymmetries

00 0Z0Z00000000000m0m0m0m0m0m0m0m0m0909B9B9B9B9B9Z9Zm & 59590909090 0 0 0 0 0 0 0 0 0 09090m0m0m0mmOmmmmnmnm©©
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Summary

 STAR measurements play a vital role in understanding nucleon
spin structure
e Active program in proton helicity structure: AG, A, etc.
* Transversity and transverse-polarization phenomena
- First signs of transversity at RHIC through inclusive jet and di-
hadron asymmetries
- First investigation of transverse single-spin asymmetries in
inclusive jets at central pseudorapidity and Vs = 500 GeV
> First ever measurement of “Collins-like” effect from
linearly polarized gluons
» Stage set for analysis of A;,;-moment evolution from 200
GeV to 500 GeV
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Summary

 STAR measurements play a vital role in understanding nucleon
spin structure
e Active program in proton helicity structure: AG, A, etc.
* Transversity and transverse-polarization phenomena
- First signs of transversity at RHIC through inclusive jet and di-
hadron asymmetries
- First investigation of transverse single-spin asymmetries in
inclusive jets at central pseudorapidity and Vs = 500 GeV
> First ever measurement of “Collins-like” effect from
linearly polarized gluons
» Stage set for analysis of A;,;-moment evolution from 200
GeV to 500 GeV
- Analyses underway of Collins and IFF from 2012 run
—> higher statistical precision and reduced systematics

Recent Spin Results from STAR - Drachenberg 24



Back-up Slides

Recent Spin Results from STAR - Drachenberg 25



Inclusive Hadron Production at STAR

STAR p+p— 7, n+Xat\s=200GeV

10°E
2 LR T 10°F ) ; of o 1 STAR D et
‘T‘Q 10_11 ] p+p at /s =200 GeV ‘\'> g p+p—>m+X Sgé%,in/Z : : o O n° STAR 2002 <n>=3:8
E E — -
% o « 70 (this analysis) 3 o .. Vs=200GeV _pac, P, S e o o % 7° STAR2002 <n>=3.3
E- (O] =
2 107 5 STAR (r+7)/2 2k W En<20pacD e 3 .
E o0 — NLO pQCD E T YN oy 107E .
Sy 1075F ('_’8.10'7? ]
(:3|% 10~¢ B E =10%
53] 1077 (?O 8| %
8 w 107E 10°E
107° F (a E  7.7% Scale Uncertainty mb
o ...|...|...|...|...|...|...|.... a R E | © ° 7|:°<T]>=3.68
g 3F(b) - - - pQCD scale uncertainty o oF W 10*Ee
2 g TN ST = 1 <n>=3.68
= P _.___..____f__. o E 10° .
= | S g 1c 7 NLO pQCD <n>=3.68
T e i r -
S 1 1 1 1 1 1 1 1 (m] ) S N N EE U B MR 10-6 L
0 2 4 6 8 10 12 14 16 6 8 10 12 14 16 T ——
PRD 80, 111108(R) (2009) pr(GeVie) PRD 89, 012001 (2014) p.[Gevicl 2 'sTAR l
© L ]
oL 05__ I ¢ be l
s 03} r |
I~ [ ]
[ N I

Y 05 06 0.7
PRD 86, 051101(R) (2012) X,

Inclusive m° production at Vs = 200 GeV measured over
three ranges of pseudorapidity at STAR
All in agreement with NLO pQCD predictions (DSS Frag. Func.)

- Important benchmark for asymmetry studies
(Inclusive jet cross section at 200 GeV also found in agreement with NLO pQCD)

PRL 97, 252001 (2006)
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Probing Gluon Polarization with Inclusive Hadrons

< <N< U
0.05F 0 nl P+p—->a+X A
l’ I l J5 =200 GeV
0.00 = I — - ‘_ =
+ GRSV
—0.05+ — - - standard
e Data ---- Ag=-+g L
—— DSSV — - Ag=0
—0.10} GS-C Ag=—g
...................................
4 5 6 7 8 9 10 11
PRD 80, 111108(R) (2009) pr (GeV/e)

—
< 0.15-...GRSVAg=g ---GRSVAg-=std
r ~~GRSVAg=-g —DSSV
01 o sTAR 20
0.05—

P+p—nl+X
s =200 GeV
0.8<n<20

-0.05

-0.1 6% Scale Uncertainty
T R R B

5 6 7 8
PRD 89, 012001 (2014)

T
P, [GeV/c]

p'+p" > 20+ X,\/S =200GeV

ALLE STAR 20606 PREEIMINARY
0.0, y=37
E (7,.)=32
0.005]- 7=
E GRSV Std
F i i L
0: — ﬂ ....... s
-0.005F |
-0.01 r ® East FPD
-0.01 5; ® West FRD++ Small
-0.02F
T e e e o
015 02 025 03 035 04 xF

S. Wissink, Spin 2008

A, for Inclusive nt® production at Vs =200 GeV measured
over three ranges of pseudorapidity at STAR

e Complementary to STAR jet measurements
* Expect A;, to decrease with increasing pseudorapididty
e Current statistics dominated by 2005/2006 datasets

* Higher-statistics datasets under investigation
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STAR Longitudinal Asymmetries from Inclusive Hadrons

p+p —n* + X at\s=200 GeV -1<n’< 1 P +p — 7 + X at s=200 GeV -1<n'< 1
< 0.1~ — GRSV-STD < 0.1~ — GRSV-STD
—AG=0 m — AG=0 T
— AG=G | — AG=G
0.05 AG=-G 0.05— — AG=-G

III|II

\
\

o
h
|
]
o
o}

——

- - -
-0.05— -0.05[—
2005 STAR Preliminary 2005 STAR Preliminary
-0.1—IIII|’Ti|iII|I IIT lTli'Tlilil'—'i'i'_‘l"' L -0.1-_||||’T||| RN B AN N A B A ||i|T1|-|T‘|||| 1
2 3 4 5 6 7 . 9 10 2 3 4 5 6 7 8 9 10
n* Pr (GeV/c) AIP Conf. Proc. 915, 355 (2007) " Py (GeV/c)

* STAR measured A,, for inclusive charged pions during 2005

A, () — A, () is sensitive to the sign of AG
 Difficult to trigger on charged pions

Used the E/M calorimeter jet patch trigger as a surrogate
- significant trigger bias (dominates syst. error band)
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STAR Longitudinal Asymmetries from [Ackusive Hadrons

trigger here

-I-l"l'

measure these

2006 STAR Preliminary

T

IIIIIIIIIIIIIIIIII llllll

LO MC Evabaation
[l GRSV-STD
[l GRSV-ZERO

B GssatcC

B ossv

2006 STAR Preliminary

0

©z=p PG A p Conf proc. 1149, 277 (2000) %= Pyl Get)

e Making lemons into lemonade
— Beat the trigger bias by using it

e Trigger and reconstruct a jet, then look
for a charged pion on the opposite side

e Correlation measurement significantly
increases the sensitivity of A, , (7t")
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Probing Gluon Polarization with Inclusive Jets

* 2009 A,, =2 two pseudorapidity ranges Pl GRsveTD -
. . % 0_05;— : GRSV-ZERO
* Forward jets (0.5<n<1): s 3 =t A
* Larger fraction of g-g scattering with .5 | Sooa stan pretminary
* Higher x quarks that are more 0.02]-
polarized 001
* Lower x gluons that are less L
i -0.01—
polarlzed . _0025_\f§=200 GeV p+p — jet+X [n|<0.5
* Larger |cos(6*)| = reduced d,, T £6.8% scale uncertinty
. . -0.03 = from polarization not shown
e A,, falls between the predictions from T S N S T AT
DSSV and GRSV-STD 0 > 10 s 20 2Psartlcle ggtp [Ge\sllc]
* First experimental evidence of non-zero  &*®F[— GRSV-STD
Ag(x) in range 0.05<x<0.2 LR o pu———"
Ty — Ty ——m 0.04 % ggﬁx&:ﬁ:ﬁ:ﬂﬁ:& Uncert '—‘/
XAg ] 0.03 # 2009 STAR Preliminary
02 > =10 GeV® |
@191 2009 STAR Jets + PHENIX 0 002

1 0.01

RHIC 200 GeV 1

0.1 -
] 0

1 0 20 0.0
1 +0.06
_ f dx 0.107; 07 -0.02

\'s=200 GeV p+p — jet+X 0.5<[|<1

+8.8% scale uncertainty

I|IIII|IIII]IIII|IIII|I]IIIIIII|IIII|IIII|IIII

[ - DSSV+ | W|th Q2 =10 GeV? -0.03 from polarization not shown
= ——
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Global analysis with 2009 RHIC data

(e p, (GeV/c)

arXiv:nucl-ex/1304.0079
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i # PHENIX Prelim. 7%, Run 2005-2009 XAg
— DSSV++ for n° 0 2 2
Q =10GeV~ |

PHENIX shift uncertainty
0.04- w STAR Prelim. jet, Run 2009
T —— DSSV++ for jet

{RHIC 200 Ge
STAR shift uncertainty :

=] L
< 0.02
T 7 ® = i T N A WA A B = DSSV
0 1 | : DSSV+
[ RERE 0.1 - B DSSV+F]
o 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 L Lol N Lol " oo
0 0.1 0, 0.1 02 107 10!
: X
Jetp_(GeVic) 0 £ Ag(xQ?) dx

e DSSV++is a preliminary global analysis from the DSSV group that
includes the 2009 RHIC A, ; data (STAR inclusive jets and PHENIX nt%s)

" Ag(x, 0 =10 GeV?)dx = 0.10755%

* First experimental evidence of non-zero Ag(x) in range 0.05 <x<0.2
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Probing Strange Quark Polarization with Hyperons
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Outgoing A polarization is particularly sensitive to A3
Proof of principle measurement with 2005 data
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Probing Strange Quark Polarization with Hyperons
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Outgoing A polarization is particularly sensitive to A3
Proof of principle measurement with 2005 data
Higher statistics (factor~4-5) with higher p;in 2009 data
2013 data provide opportunity for even higher precision
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Probing Sea Quark Polarization with W*

arXiv:nucl-ex/1304.0079

STAR Preliminary Run 2012
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Probing Sea Quark Polarization with W*

STAR Preliminary Run 2012
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STAR Transverse Asymmetries from Inclusive Hadrons

Z

< ol Pl+p—n®+X osl  STAR p +p 7% n+Xat \s =200 GeV -
- [ . B j
| % STAR, Vs = 200 GeV, (n) = 3.3 - 5
|+ E704,(s=19.4 GeV - ) P
| e STAR, (s = 200 GeV, () = 1.5 0 6__ o n® no center cut, <n>=3.7 PRL 101 (2008) 2
: w)
u + : ° n° center cut, <n>=3.68 g
0.1~ i 7
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| | o
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W pof : Z
FEt . 0.2 l S
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PRD 89, 012001 (2014) XF Xg

STAR has measured sizeable transverse single-spin
asymmetries for forward 71 and # production
At high-x;, n asymmetry may be larger than that of 7’
Asymmetries at intermediate pseudorapidity consistent with zero

Above results mostly from 2006 (6.8 pb* at 55% polarization)
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STAR Transverse Asymmetries from Inclusive Hadrons

M. Anselmino et al., PRD 88, 054023 (2013)

M. Anselmino et al., PRD 86, 074032 (2012)
015 —r——m——————— —————— 0.157 . . . T T

[ 1T ) ] (VA
) —e— It Sivers effect | £ Collins effect
0.1 i b 01}
oos | . i A | | I 0
05 | A 1 =z i
€7 i o | L oosp ¢ :
0 [ [ bR : ol . «r S | | ]
-0.05 F n=3.3 1F n=37 . | n=33 L =37 ]
o2 w@x bE 02 04 06 005027704 06 02 04 06
Xg Xg
Xg Xg

STAR data from PRL 101, 222001 (2008)
Current models based on fits to SIDIS and ete=:

* “The Collins effect...is not sufficient for the medium-large
X range of STAR data, x. < 0.3”

» “..the Sivers effect alone might in principle be able to
explain...almost the full amount of STAR i’ data on A,”

Theoretical questions remain about applicability to p+p data

of Sivers extractions from SIDIS
(e.g. Kang et al., PRD 83, 094001 (2011))
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STAR Transverse Asymmetries from Inclusive Hadrons
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Despite expectation of 1/p; scaling,
STAR data from 2003 to 2008 show

no sign of 1/p; fall-off out to p, ~ 5 GeV/c
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STAR Transverse Asymmetries from Inclusive Hadrons
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STAR Transverse Asymmetries from Inclusive Hadrons

M. Anselmino et al., PRD 88, 054023 (2013) M. Anselmino et al., PRD 88, 054023 (2013)

70mrad - W i ' 70 mrad - .
30mrad +—e— STAR preliminary 30 mrad —s

0.1
STAR preliminary

SIVERS effect Xg =0.20 stat. band COLLINS effect Xg=0.20 stat. band

ol Particular fit within scan of | |

e acceptable fits to SIDIS\ _
R ke e ot ) N Bl
| Bt S | N T T
2 3 4 5 6 7 ;3 2 3 4 5 6 i 8
Pr (GeV) Pr (GeV)

Recent models based on SIDIS fits suggest flat p,-dependence for
Sivers effect out to p; ~ 7 GeV/c but at
lower magnitude than data
Similar behavior for Collins effect in some parameterizations
—> possible hint of Collins+Sivers effect?

Twist-3 models also see flat p; dependence out to p; ~ 15 GeV/c
e.qg. Kanazawa and Koike, PRD 83, 114024 (2011)
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STAR Transverse Asymmetries from Inclusive Hadrons
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STAR Run 12 Preliminary
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S. Heppelmann, DIS2013

Cluster ©° Energy(GeV)

Recent data from 2012 suggest that asymmetries for
pions with additional near-side energy deposit have
lower asymmetries than those of more isolated pions
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STAR Transverse Asymmetries from Inclusive Hadrons

Two (n,) Cos(A$)<-0.5 Two (n,) |Cos(A0)|<0.5 Two (1,) Cos(A9)>0.5 |5 Heppelmann, DIS2013
202} 0.2} 0.2k 3
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STAR data from 2012 at Vs = 200 GeV:
asymmetries for pions with additional near-side pion have
lower asymmetries than those with away-side or mid-range pion
> In both Vs = 200 and 500 GeV
isolated pions show higher asymmetry than jet-like pions
Forward neutral-energy jet analysis of 2011 ongoing (M. Mondal, GHP2013)
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STAR Transverse Asymmetries at Central Pseudorapidity

PRL 99, 142003 (2007)
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Observed di-jet asymmetries much smaller than observed at SIDIS
— Cancellation of initial vs. final state interactions, u vs. d quark
effects, and small gluon Sivers effect?
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Sivers Asymmetries at 500 GeV

Asymmetries shown as g %5 p'+p—jet+Xat s =500 GeV
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Collins-like Asymmetries at 500 GeV
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0.1 1 D’Alesio et al.
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Measured asymmetries shown for -1 < n < 1in z-bins
Consistently below 2% maximum from model
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Collins-like Asymmetries at 500 GeV
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Similarly, no large effect observed as a function of jet p;
Measured asymmetries shown for -1 <n <1 in z-bins
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Collins Asymmetries
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Present model predictions expect negligible effects for
Ayt Vs. jr integrated over z > 0.1
Measured asymmetries shown for x> 0 (i.e. 0 < n,,, < 1) in z-bins

No sign of non-zero asymmetry as a function of j; or jet p
Similarly, no sign of positive effect for backward region (x; < 0), as expected
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STAR Transverse Asymmetries from Di-hadrons
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STAR Transverse Asymmetries from Di-hadrons
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Non-zero signal for di-hadron transverse single-
spin asymmetries in 2006 data
- Inform transversity at higher x, Q??

2012+15: opportunity for much higher precision
Analysis of 2012 data underway
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Jet Reconstruction in STAR

STAR Di-jet event at detector-level

\\ //-
N

s

Data jets MC jets

Jet direction

GEANT

Particle
AL

e.g. Anti-k; algorithm (2011 results)

JHEP 0804, 063 (2008)

Y
PYTHIA

Radius parameter R =0.6

Use PYTHIA + GEANT to
quantify detector response

<

Parton

it Kinematic Variables
z— 1 momentum / jet momentum

— _/ :
j; — 1 p; relative to jet axis o : ;: E
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Asymmetry Measurements

A
et y ® z along polarized beam

at
. -sp|n{¢ } yield in upper

Jet axis half of detector

J)

ds

AO =@ —
a and [ yields are functions of{ ? (Z)S Z }integrated over { Z); }

1\/05?/3” \/a*[J’*
P\/aT/J’M\/oH/)’*

. A¢
For uniform acceptance: ¢ » =
S

ACollins Sin ( A ¢ )
ASivers Sin <¢S )
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Transverse Asymmetries from Jet Production

Asymmetry moments sensitive
to various contributions
(analogous moments sensitive
to gluon scattering)
Ayp— Transverse single-spin
asymmetry (also written A,)

-------------------------------------------------------------
ws®

..
.
£ .
.....
.
.
.

/ Transverse Momentum Dependent (TMD) Approach
Terms in Numerator of TMD English Names Modulate
| N [ e
A fa/AT . fb/B . D_T/q Sivers « PDF « FF sm(q:sA)
I *A be/B . D’T/q ' Transversity ® Boer-Mulders ® FF | Sin((PsA)
oA f,, D, Pretzelocity ¢ Boer-Mulders ¢ FF = sin|¢

PieT

TransversitysPDF «Collins Siﬂ(‘PsA - ‘Pn)

A a/At A" bt/B A »T/qT Sivers  Boer-Mulders e Collins  sin @s, — P

F. Yuan, PRL 100, 032003 (2008)

la Pretzelocity*PDFeCollins
D’Alesio et al., PRD 83, 034021 (2011) hir' ® fup *AD

a/qt sin((pSA ’ (P,,)
Af(;}’AT o AY T SiverseBoer-MulderssCollins sin(tpsA + tp,)
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SIDIS Results: Sivers and Collins Asymmetries
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M. Anselmino et al., PRD 87, 094019 (2013)

Global Analysis
Factorized functional form for Collins F.F. and transversity
Simultaneous extraction of Collins F.F. and transversity
— tune to data from HERMES, COMPASS, and Belle

Opportunities with p+p:

Expanded kinematics? Tests of Q?? Evolution? Universality?
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