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A Challenge from Transverse Single-spin Asymmetries
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Measurements at RHIC in region where

NLO pQCD cross-section provides a reasonable description of the data
— Go beyond collinear pQCD at leading twist
- Insight into transverse polarization structure?

Transverse Polarization Structure at STAR - Drachenberg 1




Formalisms for Transverse Single-spin Asymmetries

Transverse Momentum Dependent (TMD) PDFs and FFs

Collinear Twist-3 PDFs and FFs Non-zero asymmetry from multi-parton

!

P P! P! correlation functions
e.g. Qiu and Sterman, PRL 67, 2264 (1991); PRD 59, 014004 (1998)

Correlators closely related to k-

» p P moments of TMDs
Y. Koike, RSC Discussion (2004) Boer, Mulders, Pijlman, NPB 667, 201 (2003)
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Formalisms for Transverse Single-spin Asymmetries

Transverse Momentum Dependent (TMD) PDFs and FFs

Sivers mechanism: asymmetry in Collins mechanism: asymmetry in
the forward jet or y production 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) > 20 SP <Sq ' (p X kT,Tt) > #0

kT,parton
Sensitive to
p p transversity (h,)
\p

Sensitive to proton spin-

P :
parton transverse motion m* Kinematic Variables g Ky
: Z =pﬂ/p'e q 7T
correlations (needs Lz) \ Jr (kg ) =T pr relatijvte to jet axis X

Collinear Twist-3 PDFs and FFs Non-zero asymmetry from multi-parton

1 t t

p p P correlation functions
e.g. Qiu and Sterman, PRL 67, 2264 (1991); PRD 59, 014004 (1998)

Correlators closely related to k-

» p P moments of TMDs
Y. Koike, RSC Discussion (2004) Boer, Mulders, Pijlman, NPB 667, 201 (2003)
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Transverse Asymmetries from Jet Production

Asymmetry modulations

sensitive to various contributions
(often involving transversely
polarized quarks or linearly
polarized gluons)

A, r— Transverse single-spin
asymmetry (also written A,)

Transverse Momentum Dependent (TMD) Approach

Ter?;;r}guqn;tzr::gzz:‘;MD English Names Modulation
ANfa/AT * fos * Dy, Sivers ¢ PDF o FF Sin(¢sA)
hf * ANbe,B * Dn/q Transversity ® Boer-Mulders o FF sin(¢SA)
hll; ° ANbe/B *D,, Pretzelocity ® Boer-Mulders o FF Sin(qﬁSA)
hf ° fb/B * ANDﬂ/qT Transversity ® PDF ¢ Collins sin(d)SA - ¢H)
ANfa,AT y ANbe,B 'AND,,,qT Sivers ¢ Boer-Mulders e Collins sin(qﬁSA —¢H)
Anselmino et al., PRD 73, 014020 (2006) hir® fos® AND,,,qT Pretzelocity « PDF » Collins | in (@, +@, )
B L NN oy ey [P p .
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Transverse Asymmetries from Jet Production

Asymmetry modulations

sensitive to various contributions
(often involving transversely
polarized quarks or linearly
polarized gluons)

A, — Transverse single-spin
asymmetry (also written A,)

Transverse Momentum Dependent (TMD) Approach

Terms in Numerator of TMD

SSA Scatteri English Names Modulation
[ ANfa/AT *fop® D]‘[/q Sivers e PDF o FF Sin(q)SA)
qu Transversity  Boer-Mulders ¢ FF sin(qﬁSA)
iy ® ANf1 .*D,, Pretzelocity  Boer-Mulders ® FF sin( @y

Transversity ® PDF e Collins

aat pig = Tagt| Sivers e Boer-Mulders e Collins | SIN{@s =@y
Anselmino et al., PRD 73, 014020 (2006) hir® fos® ANDW Pretzelocity « PDF » Collins | in (@, +@, )
F. Yuan, PRL 100, 032003 (2008) m 5 5 )
D’Alesio et al., PRD 83, 034021 (2011) Aot *B s *B7 D, 1| sivers o Boer-Mulders « Coliins | sin(s, + ¢ )
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Transverse Asymmetries from Jet Production

.
»s®

Anselmino et al., PRD 73, 014020 (2006)
F. Yuan, PRL 100, 032003 (2008)
D’Alesio et al., PRD 83, 034021 (2011)
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Asymmetry modulations
sensitive to various contributions

.
.t
RS e
.
PeY

polarized gluons)

(often involving transversely
polarized quarks or linearly

A, r— Transverse single-spin
asymmetry (also written A,)

Transverse Momentum Dependent (TMD) Approach

Terms in Numerator of TMD
SSA for gg Scattering

English Names

Modulation

ANf;l/AT * ﬁ/B * Dﬂ/g

Sivers ® PDF e FF

sin (¢SA )

- o AN °
ImF; _*A fo/B D,,

a+—

Transversity-like
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sin (¢SA )

+ o AN °
ImF, A leb/B D,,

Pretzelocity-like
e Boer-Mulders-like ® FF

sin (q)SA )

ImF;_*f,,*A"D

T}

Transversity-like « PDF
¢ Collins-like

sin ¢SA -2¢,

Sivers ¢ Boer-Mulders-like

N N N .
A fa/AT *A fT{’/B *A Dn/Tf e Collins-like Sin ¢SA =29y
e o AN Pretzelocity-like ® PDF
ImFa+- fb/B A Dn/T{g ¢ Collins-like

N o AN o AN
A fa/A* A fT{’/B A"D

wlT§

Sivers ¢ Boer-Mulders-like
Collins-like

(5, ~20)
(95, ~20x)
sin(q)sA +2¢, )
(5, +20)

sin o5, + 2¢,
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Transverse Asymmetries from Jet Production

RS e

Asymmetry modulations
sensitive to various contributions

.
“““
.
Pe

polarized gluons)

(often involving transversely
polarized quarks or linearly

A, r— Transverse single-spin
asymmetry (also written A,)

Transverse Momentum Dependent (TMD) Approach

Terms in Numerator of TMD

A" o A" AYD ivers e Boer-Mulders-like sin ~
Anselmino et al., PRD 73, 014020 (2006) Tun *8 o _ i} * Collins-like 1 =tk
F. Yuan, PRL 100, 032003 (2008) ImF . *f,,*A"D_ . Pretzelocity-like + PDF sin(¢s, +26, )
D’Alesio et al., PRD 83, 034021 (2011
( ) ANf ° ANf *AVD Sivers e Boer-Mulders-like o sin(¢ +2¢ )
UNCONSTRAINED! [ Joun *4 /rya *A Doy Celfins e 5+ 24
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SSA for 28 Scattering English Names Modulation

ANfa/AT S T © Dmg Sivers ¢ PDF o FF sin(q)SA)
ImF,,_*A"f, D |« sormiuiderting » fr sin(g,,
ImF. e ANf o5 " D /g . Bozrr?ﬁﬁllggg-lliili(g o FF sin( ¢,
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Transverse Asymmetries from Di-hadrons

Another path to transversity: Di-hadron Asymmetries
.7_[,+

q pC ﬁﬂ++ﬁﬂ—

A o @HY

¢: Angle between polarization vector and di-hadron plane

ya . .
H | —"“Interference Fragmentation Function”
e.g. Bacchetta and Radici, PRD 70, 094032 (2004)

Survives in collinear
framework

Studying both jet+hadron and di-hadron

asymmetries over range of collision energy:
* Extend kinematic reach beyond existing measurements
* Probe evolution of transversity and TMDs

* Probe open theoretical questions, e.g. TMD factorization-
breaking and universality
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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)
o / ) FPD (east) not shown

Jet, di-hadron, W, and
hyperon measurements:
TPC + Barrel + Endcap EMC
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STAR Transverse Asymmetries from Jet Production

0.1
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—_~
T 0.1
- - ® " Asymmetry — STAR Preliminary
LJ [ A 7= Asymmetry n— data horizontally offset for clarity
> - - _.}_
N
= S }
w ——
— % .............. ’ »»» ‘ .............. | —----- . . ......|..} ’.»——%‘ ...................................
x B y ic effects ing to <1% of total uncertainty excluded __ RHIC 2006 \/s =200 GeV
A | r Fatemi, AIP Conf. Proc. 1441, 233 | PP fe(x") + X:jot 10 GeV
_01 sl ol L PR BRI | MR | PR ¥ RS |
0 2 0 4 0 6 0 8 101 . 1 10
z jr (GeV)

STAR measured transverse single-spin asymmetries
for inclusive jet production at central
pseudorapidity and Vs =200 GeV (2006)

: consistent with zero

A

ASin((Ps —¢H)

UT . hints of non-zero asymmetry

with charge-sign dependence

Similarly, di-jet at central psuedorapidity

and 200 GeV consistent with zero
PRL 99, 142003
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STAR Transverse Asymmetries from Di-hadrons

< 03 : : : : : : : < R
£ & [STARRun 6 Preliminary\'s=200 GeV | oo £ I5°'°4_ STAR Run 6 Preliminary \s=200 GeV
< 0.25 :_p'r+p-ejt*n-+x,<n>=+0_5 ........ , ............... , ............... , ....... igz < : pT+p_> n+n'+x l
T e =~ 0.03 I
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OAE -]- ................................................... 0.02] 4
0085 D - |
L Systeratic uncertairfy of 4% not shown _ -
g 18 S S O SO O S S WA ok
D T2 s B
e | 1] e o rel. systematic uncertainty of 4.6% not shown
£ 8 N
03 04 0B 06 07 03 09 17771792 -08 06 04 -02 0 02 04 06 0.8

A.Vossen, CIPANP2012 Micmrlc [GeV/c"’] A. Vossen, CIPANP2012 nn+n-

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

Non-zero Collins + Di-hadron Asymmetries
—> Access to transversity in p+p!

Transverse Polarization Structure at STAR - Drachenberg 11



STAR Transverse Asymmetries from Recent Data
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STAR Transverse Asymmetries from Recent Data
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STAR Transverse Asymmetries from Recent Data
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STAR Transverse Asymmetries from Recent Data
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Inclusive Jet Asymmetries at 500 GeV

Jets correctedto 2 ! i - -
£ p'+p—jet+ X at Vs =500 GeV | o
particle-jet p, £k 0.02_— At R =06 i *TAR Preliminary
Corresponding < + | - { |
parton-jet p; lower 01 ++H + * +
by 0.3-1.2 GeV/c 'y t || +++ 1 tyd *
Anti-k;, R = 0.6 [ I
-0.02— -1<T]jet<-0'5 — -0.5<niet<0
Horizontal Systematics: A
* M.C. statistics 0.021- B
* calorimeter gains - + - +
 efficiencies . + * + * * *
e track momentum °j} + }+ ¢4 t + [ + + *
* tracking efficiency - + + +
I LI !
Vertical Systematics: % 0<n, <05 [ 05<n, <1
* Parton-jet matching 020 30 40 50 |1|0I — |2|0I — |3|0I — |4|0| — I5|0 I
* Acceptance-related No sign of large asymmetry at Vs =500 GeV
distortions - Consistent with measurements at v's = 200 GeV
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Inclusive Jet Asymmetries at 500 GeV

?m - p'+p—jet+ XatVs=500GeV ® STAR Preliminary
Er [ ..
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Subprocess Fraction
o
S

o
w
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0.01 * * - i * *
0z " S S o * et LTI TErrerT
0.1 0.01- n *
r 0 <njet <0.5 0.5 <njet <1
00'”635””0|1”'6|15 6 g 10 12 6 8 10 12
Xy ' Particle-jet P [GeV/c]

No sign of large asymmetry at Vs = 500 GeV
- Consistent with measurements at v's = 200 GeV
- Enhanced sensitivity to gluonic subprocesses

- Theory predictions expect small effects
e.g., Kanazawa and Koike PLB 720, 161 (2013) shown in red
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Collins Asymmetries at 500 GeV

= _ pl+p—jet+n”+ Vs= B H :
;:m ! At Fa 05 Xatte=s00 Gev: *TAR Preliminary No sign of large Collins
c - | ] i
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Collins Asymmetries at 500 GeV
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Present data provide opportunity for comparison to IFFs at
500 GeV and Collins asymmetries at overlapping x; in 200 GeV
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Collins-like Asymmetries at 500 GeV

No sign of large Collins-
like asymmetry at current
precision in Vs = 500 GeV

jet + hadron production

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

Gluon helicity density matrix

1 1 + })circ _})line_zi¢
2 _I)linezi(p 1 - I)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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Collins-like Asymmetries at 500 GeV

> — — . _ . ]
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Data at low jet p.T sitin I.ow—xT .region' z
dominated by gluonic subprocesses
- best sensitivity for Collins-like effect
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Collins-like Asymmetries at 500 GeV

Maximized contribution o= - p'+p — jet + 7 + X at Vs = 500 GeV
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Present data sit well below maximized contribution of ~2% at low z
Present data should provide first constraints on Collins-like effect
(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
* Transversity and transverse-polarization phenomena

- First signs of transversity at RHIC through inclusive jet and di-hadron
asymmetries at Vs =200 GeV

- First investigation of transverse single-spin asymmetries in inclusive jets
at central pseudorapidity and Vs =500 GeV
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Summary

 STAR measurements play a vital role in understanding nucleon
spin structure
* Transversity and transverse-polarization phenomena

- First signs of transversity at RHIC through inclusive jet and di-hadron
asymmetries at Vs =200 GeV

- First investigation of transverse single-spin asymmetries in inclusive jets
at central pseudorapidity and Vs =500 GeV

» Very small inclusive jet A,,;: further limits on gluon Sivers?

> First ever measurement of “Collins-like” effect from
linearly polarized gluons: found to be small

> Stage set for analysis of A, evolution from 200 GeV to
500 GeV for all asymmetry modulations
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Summary

 STAR measurements play a vital role in understanding nucleon
spin structure
* Transversity and transverse-polarization phenomena

- First signs of transversity at RHIC through inclusive jet and di-hadron
asymmetries at Vs =200 GeV

- First investigation of transverse single-spin asymmetries in inclusive jets
at central pseudorapidity and Vs =500 GeV

» Very small inclusive jet A,,;: further limits on gluon Sivers?
> First ever measurement of “Collins-like” effect from
linearly polarized gluons: found to be small
> Stage set for analysis of A, evolution from 200 GeV to
500 GeV for all asymmetry modulations
- Analyses underway of Collins and IFF from 2012 run as well as
IFF asymmetries from 2011 run at 500 GeV
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Summary

 STAR measurements play a vital role in understanding nucleon
spin structure
* Transversity and transverse-polarization phenomena

- First signs of transversity at RHIC through inclusive jet and di-hadron
asymmetries at Vs =200 GeV

- First investigation of transverse single-spin asymmetries in inclusive jets
at central pseudorapidity and Vs =500 GeV

» Very small inclusive jet A,,;: further limits on gluon Sivers?
> First ever measurement of “Collins-like” effect from
linearly polarized gluons: found to be small
> Stage set for analysis of A, evolution from 200 GeV to
500 GeV for all asymmetry modulations
- Analyses underway of Collins and IFF from 2012 run as well as
IFF asymmetries from 2011 run at 500 GeV

Stay tuned for more new jet and di-hadron results
from STAR at Spin 2014!
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