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Recent Spin Results from STAR 
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• "RHIC"and"the"STAR"detector"
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STAR!spin!program:!
Exploring*less-constrained*
components*of*the*proton*

Sz
p =

1
2
=
1
2
ΔΣ+ΔG + Lz

Contribu0ons!to!Proton!Spin!Structure 
Consider)proton)moving)right)

Δq(x))
Δg(x))

Proton)spin6polariza:on)⇒!
⇒) ⇐)

Spin)sum)rule:)

Polarized)DIS:)~ 0.3!

coming)into)focus:)

h1(x))

Proton)spin6polariza:on)⇑)

⇑) ⇓)

Transversity)–)data)over)limited)kinema:c)range:)xBj)≤)0.3)

1)Recent)Spin)Results)from)STAR)6)Drachenberg)

poorly!constrained!
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NIM)A499,)245)(2003))

Solenoidal!Tracker!at!RHIC)

2)Recent)Spin)Results)from)STAR)6)Drachenberg)

Jet,!di?hadron,!W,!and!
hyperon!measurements:)
TPC)+)Barrel)+)Endcap)EMC)

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

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

RHIC!as!Spin!Collider!
•  “Siberian)Snakes”)!)mi:gate)depolariza:on)resonances)
•  Spin)rotators)provide)choice)of)spin)orienta:on)

independent*of*experiment)
•  Spin)direc:on)varies)bucket6to6bucket)(9.4)MHz))
•  Spin)paaern)varies)fill6to6fill)



Transverse!Single?spin!Asymmetries!from!Inclusive!Hadrons)

3)Recent)Spin)Results)from)STAR)6)Drachenberg)

Sizeable+AN+at+forward+pseudorapidity+measured+across+
a+large+range+of+√s!

Measurements*at*RHIC*in*region*where*

NLO*pQCD*cross-secEon*provides*a*reasonable*descripEon*of*the*data*

!+Go+beyond+collinear+pQCD+at+leading+twist*
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AN =
dσ ↑ − dσ ↓

dσ ↑+ dσ ↓

dσ�(�) – cross)sec:on)for)le>ward+
scaaering)when)beam)polariza:on)
is)spin6up(down))

)
Collinear)pQCD)at)leading)twist)

predicts)very)small)AN"
Kane,)Pumplin,)Repko,)PRL)41,)1689)(1978))



4)Recent)Spin)Results)from)STAR)6)Drachenberg)

Twist?3!mechanism:)Asymmetry)from)
mul:6parton)correla:on)func:ons)
e.g.)Qiu)and)Sterman,)PRL)67,)2264)(1991);)PRD)59,)014004)(1998))

Correlators+closely+related+to+kT+
moments+of+TMD’s+

Boer,)Mulders,)Pijlman,)NPB)667,)201)(2003))

Mechanisms!for!Transverse!Single?spin!Asymmetries)
Sivers mechanism: asymmetry)
in)the)forward)jet)or)γ)production)

SP 
kT,parton 

p 

p

Sensi:ve)to proton spin– 
parton transverse motion 
correla:ons)(needs)Lz))

Collins mechanism: asymmetry)
in)the)forward)jet)fragmentation 

SP 

p 

p

Sq kT,π 

Sensi:ve)to)
transversity (h1) 

⟨SP)�)(p!×)kT,parton)!⟩)≠)0) ⟨Sq)�)(p!×)kT,π)!⟩)≠)0)

D.)Sivers,)PRD)41,)83)(1990);)43,)261)(1991)) J.)Collins,)NP)B396,)161)(1993))

π±!Kinema0c!Variables!
z = pπ / pjet"

jT (kT, π) = π pT rela:ve)to)jet)axis)

↑p ↑p ↑p

p p p

π π π

Y.)Koike,)RSC)Discussion)(2004))



5)Recent)Spin)Results)from)STAR)6)Drachenberg)

Inclusive)hadron)asymmetries:)
Unable!to!islolate!contribu0ons!
Sivers,!Collins,!twist?3 ~ sin(φS)!
φS—angle*between*spin*and*event*plane*

Mechanisms!for!Transverse!Single?spin!Asymmetries)
Sivers mechanism: asymmetry)
in)the)forward)jet)or)γ)production)
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Sensi:ve)to proton spin– 
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π±!Kinema0c!Variables!
z = pπ / pjet"

jT (kT, π) = π pT rela:ve)to)jet)axis)
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Mechanisms!for!Transverse!Single?spin!Asymmetries)
Sivers mechanism: asymmetry)
in)the)forward)jet)or)γ)production)

SP 
kT,parton 

p 

p

Sensi:ve)to proton spin– 
parton transverse motion 
correla:ons)(needs)Lz))

Collins mechanism: asymmetry)
in)the)forward)jet)fragmentation 

SP 

p 

p

Sq kT,π 

Sensi:ve)to)
transversity (h1) 

⟨Sq)�)(p!×)kT,π)!⟩)≠)0)

D.)Sivers,)PRD)41,)83)(1990);)43,)261)(1991)) J.)Collins,)NP)B396,)161)(1993))

Separate)Sivers)and)Collins:)
Go)beyond)inclusive)produc:on)6)e.g.*Jets,*correlaEons,*direct*photons)

! !Sivers!~ sin(φS) ! ! ! ! ! !Collins!~ sin(φS-φh)!
φS—angle*between*spin*and*event*plane )φh—angle*of*hadron*around*jet*axis*

π±!Kinema0c!Variables!
z = pπ / pjet"

jT (kT, π) = π pT rela:ve)to)jet)axis)

⟨SP)�)(p!×)kT,parton)!⟩)≠)0)
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Phys.)Rev.)D)86)32006)(2012))

p↑+ p→ jet + X
0.1!

0!

0!

?0.1!

0!

0!

AUT
sin φS( )

?0.9!<!η!<!?0.5!

?0.5!<!η!<!0.0!

0.0!<!η!<!0.5!

0.9!<!η!<!0.5!

STAR!Transverse!Asymmetries!from!Jet!Produc0on)

7)Recent)Spin)Results)from)STAR)6)Drachenberg)

STAR)measured)transverse)single6spin)asymmetries)
for)inclusive)jet)produc:on)at)central)

pseudorapidity)and)√s = 200)GeV)(2006))
)

:)consistent)with)zero)
)

:)hints)of)non6zero)
asymmetry)with)charge6sign)dependence)

)
Similarly,*di-jet*at*central*psuedorapidity*

and*200*GeV*consistent*with*zero*
PRL*99,*142003*
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Collins Asymmetry A � 2<sin(ϕS – ϕh)> vs. jT Collins Asymmetry A � 2<sin(ϕS – ϕh)> vs. z 

0.2      0.4       0.6      0.8 
z 

-0.1 

0.1 

2<
si

n(
ϕ

S
 –

 ϕ
h)

> 

        10-1                 1                   10 
jT (GeV) 
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STAR!Transverse!Asymmetries!from!Di?hadrons)
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STAR!data!from!2006!at!√s = 200!GeV:!
Sign)of)nonBzero+diBhadron+asymmetries+for)
charged)pions)at)central)pseudorapidity)

A.)Vossen,)CIPANP2012)
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sinφ ∝h1⊗H∠
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sq
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R
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π −

pC =
p
π +
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π −

H∠
1 —“Interference)Fragmenta:on)Func:on”)

e.g.)Baccheaa)and)Radici,)PRD)70,)094032)(2004))
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9)Recent)Spin)Results)from)STAR)6)Drachenberg)

STAR!data!from!2006!at!√s = 200!GeV:!
Sign)of)nonBzero+diBhadron+asymmetries+for)
charged)pions)at)central)pseudorapidity)

!

Non?zero!Collins!+!Di?hadron!Asymemtries!
!!Access+to+transversity+in+p+p!+

A.)Vossen,)CIPANP2012)
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2012)STAR)data)provide)
opportunity)for)higher+precision+
and*greatly+reduced+systemaGc+
uncertainGes+at+√s = 200+GeV*

analysis+well+underway+
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2012!Projected!Sta0s0cal!Uncertainty!

pT, jet > 10 GeV/c!
|ηjet| < 0.8!
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2012)STAR)data)provide)
opportunity)for)higher+precision+
and*greatly+reduced+systemaGc+
uncertainGes+at+√s = 200+GeV*

analysis+well+underway+

2011)STAR)data)provide)opportunity)for)first)
measurements)of)central!pseudorapidity!
inclusive!jet!asymmetries!at!√s = 500!GeV!

!+Increased+sensiGvity+to+gluonic+subprocesses+

Projected*StaHsHcal*Uncertainty*

xF*>*0,*pT*>*10*GeV/c,*|ηjet|*<*0.8*

15*

Z
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

C
ol

lin
s

A

-0.1

-0.08

-0.06

-0.04

-0.02

0

0.02

0.04

0.06

0.08

0.1

 > 0F Vs. Z - xCollinsA

+π
-π

 > 0F Vs. Z - xCollinsA
Projected*StaHsHcal*Uncertainty*

xF*>*0,*pT*>*10*GeV/c,*|ηjet|*<*0.8*

15*

Z
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

C
ol

lin
s

A

-0.1

-0.08

-0.06

-0.04

-0.02

0

0.02

0.04

0.06

0.08

0.1

 > 0F Vs. Z - xCollinsA

+π
-π

 > 0F Vs. Z - xCollinsA

J.)K.)Adkins,)DNP)2013)

2012!Projected!Sta0s0cal!Uncertainty!

pT, jet > 10 GeV/c!
|ηjet| < 0.8!
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Various)contribu:ons)to)polarized)jet+π)cross)sec:on)(TMD)approach))

dσ φS,φh( )− dσ φS +π,φh( ) ~ dΔσ 0 sinφS
+dΔσ1

− sin φS −φh( )+ dΔσ1+ sin φS +φh( )
+dΔσ 2

− sin φS − 2φh( )+ dΔσ 2
+ sin φS + 2φh( )

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



dσ φS,φh( )− dσ φS +π,φh( ) ~ dΔσ 0 sinφS
+dΔσ1

− sin φS −φh( )+ dΔσ1+ sin φS +φh( )
+dΔσ 2

− sin φS − 2φh( )+ dΔσ 2
+ sin φS + 2φh( )

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

Moments!of!Jet!Asymmetries!at!500!GeV)

13)Recent)Spin)Results)from)STAR)6)Drachenberg)

Negligible)under)maximized)scenario!)

Various)contribu:ons)to)polarized)jet+π)cross)sec:on)(TMD)approach))



Various)contribu:ons)to)polarized)jet+π)cross)sec:on)(TMD)approach))

dσ φS,φh( )− dσ φS +π,φh( ) ~ dΔσ 0 sinφS
+dΔσ1

− sin φS −φh( )+ dΔσ1+ sin φS +φh( )
+dΔσ 2

− sin φS − 2φh( )+ dΔσ 2
+ sin φS + 2φh( )

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

Moments!of!Jet!Asymmetries!at!500!GeV)
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Possible)non6zero)contribu:ons,)
expected+to+be+quite+small+

e.g.*Phys.*Rev.*LeW*99,*142003*(2007);*

Phys.*Rev.*D*86,*032006*(2012);*

Phys.*LeW.*B*720,*161*(2013)*
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dσ φS,φh( )− dσ φS +π,φh( ) ~ dΔσ 0 sinφS
+dΔσ1

− sin φS −φh( )+ dΔσ1+ sin φS +φh( )
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+ sin φS + 2φh( )

Phys.)Rev.)D)83,)034021)(2011);)
arXiv:1307.4880)
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“Collins?like”!asymmetry:!
Sensi:ve)to)linearly)polarized)gluons)

Completely+unconstrained!+
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Various)contribu:ons)to)polarized)jet+π)cross)sec:on)(TMD)approach))
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No)sign)of)sizable)azimuthal)asymmetry)
in)jet)produc:on)at)√s = 500)GeV)

6  Consistent*with*expectaEon*from*

measurements*at*√s = 200*GeV*
6  Consistent*with*theory*predicEons*

e.g.,*Kanazawa*and*Koike*PLB*720,*161*(2013)*

Asymmetries!shown!as!
func0on!of!par0cle?jet!pT!
Corresponding*parton-jet*

pT*lower*by*0.6-1.4*GeV/c*

)
Horizontal)errors)include)

uncertain:es)from)
sta:s:cs,)calorimeter)
gains,)efficiencies,)track)
momentum,)and)tracking)

efficiency)

J.)Drachenberg,)MENU)2013)



-0.01

-0.005

 0

 0.005

 0.01

 0  0.2  0.4  0.6  0.8  1
z

AN
sin(qS < qH

/ )

/+

/<

0 < dj < 1

-0.01

-0.005

 0

 0.005

 0.01

 0  0.2  0.4  0.6  0.8  1
z

AN
sin(qS < qH

/ )

/+

/<

0 < dj < 1 SIDIS 1

-0.01

-0.005

 0

 0.005

 0.01

 0  0.2  0.4  0.6  0.8  1
z

AN
sin(qS < qH

/ )

/+

/<

0 < dj < 1
SIDIS 2

-0.01

-0.005

 0

 0.005

 0.01

 0  0.2  0.4  0.6  0.8  1
z

AN
sin(qS < qH

/ )

/+

/<

0 < dj < 1

-0.01

-0.005

 0

 0.005

 0.01

 0  0.2  0.4  0.6  0.8  1
z

AN
sin(qS < qH

/ )

/+

/<

0 < dj < 1
SIDIS 2

) hq- Sq
si

n(
U

T
A

-0.1

0

0.1

+/
-/

 = 500 GeVs + X at ±/ jet + A + p Bp
| < 1

jet
d, R = 0.6      |TAnti-k

 > 0Fx

z
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

) hq- Sq
si

n(
U

T
A

-0.1

0

0.1

+/
-/

 < 0Fx

J.)Drachenberg,)MENU)2013)

Collins!Asymmetries!at!500!GeV)
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Increased)gluonic)subprocesses)
at)√s = 500)GeV)lead)to)

expecta:on)of)small+Collins+
asymmetry+un:l)larger)z)

Present)data)do)not)have)sufficient)sta:s:cs)at)high6z)
to)observe)Collins)asymmetry)of)order)1%)

D’Alesio)et)al.)
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Maximized!contribu0on!
for!√s = 500 GeV!

Model*predicEons*shown*for*“maximized”*effect,*saturated*to*posiEvity*bound*

Un0l!now,!Collins?like!asymmetries!completely!unconstrained!
!+SensiGve+to+linearly+polarized+gluons+

D’Alesio)et)al.)
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•  STAR!measurements!play!a!vital!role!in!understanding!nucleon!
spin!structure!

•  Ac:ve)program)in)proton)helicity)structure:)ΔG, Δū, etc.)
•  Transversity)and)transverse6polariza:on)phenomena)

6  First+signs+of+transversity+at+RHIC)through)inclusive)jet)and)di6
hadron)asymmetries)

6  First)inves:ga:on)of)transverse)single6spin)asymmetries)in)
inclusive)jets)at)central)pseudorapidity)and)√s = 500)GeV)
"  First+ever+measurement+of+“CollinsBlike”+effect+from+

linearly+polarized+gluons+
"  Stage)set)for)analysis)of)AUT6moment)evolu:on)from)200)

GeV)to)500)GeV)
6  Analyses)underway)of)Collins)and)IFF)from)2012)run)
6  !)higher+staGsGcal+precision+and+reduced+systemaGcs+
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Inclusive!Hadron!Produc0on!at!STAR)
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PRD)86,)051101(R))(2012))

Inclusive)π0)produc:on)at)√s = 200)GeV)measured)over)
three)ranges)of)pseudorapidity)at)STAR)

All*in*agreement*with*NLO*pQCD*predicEons*(DSS*Frag.*Func.)*

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

PRL)97,)252001)(2006))
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Probing!Gluon!Polariza0on!with!Inclusive!Hadrons)
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S.)Wissink,)Spin)2008)

ALL)for)Inclusive)π0)produc:on)at)√s = 200)GeV)measured)
over)three)ranges)of)pseudorapidity)at)STAR)

•  Complementary)to)STAR)jet)measurements)
•  Expect)ALL)to)decrease)with)increasing)pseudorapididty)
•  Current)sta:s:cs)dominated)by)2005/2006)datasets)
•  Higher6sta:s:cs)datasets)under)inves:ga:on)



STAR!Longitudinal!Asymmetries!from!Inclusive!Hadrons)

28)Recent)Spin)Results)from)STAR)6)Drachenberg)

•  STAR)measured)ALL)for)inclusive)charged)pions)during)2005)
•  ALL(π+) – ALL(π-))is)sensi:ve)to)the)sign)of)ΔG 
•  Difficult!to!trigger!on!charged!pions!
•  Used)the)E/M)calorimeter)jet)patch)trigger)as)a)surrogate)

!)significant!trigger!bias!(dominates*syst.*error*band)*

π+ π6 

AIP)Conf.)Proc.)915,)355)(2007))
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•  Making)lemons)into)lemonade) ) )))))
!)Beat*the*trigger*bias*by*using*it*

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

•  Correla:on)measurement)significantly)
increases)the)sensi:vity)of)ALL(π+)!

ALL) ALL)

AIP)Conf.)Proc.)1149,)277)(2009))



P.)Djawotho,)arXiv:nucl6ex/1106.5769)

Probing!Gluon!Polariza0on!with!Inclusive!Jets)
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•  2009)ALL !)two)pseudorapidity)ranges)
•  Forward!jets!(0.5!<!η!<!1):!

•  Larger)frac:on)of)q6g)scaaering)with)
•  Higher)x)quarks)that)are)more)

polarized)
•  Lower)x)gluons)that)are)less)

polarized)
•  Larger)|cos(θ*)|)!)reduced)âLL"

•  ALL)falls)between)the)predic:ons)from)
DSSV)and)GRSV?STD!

•  First)experimental)evidence)of)non?zero!
Δg(x)!in)range)0.05)≤)x)≤)0.2)
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∫
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arXiv:nucl6ex/1304.0079)



Global!analysis!with!2009!RHIC!data!
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•  DSSV++)is)a)preliminary)global)analysis)from)the)DSSV)group)that)
includes)the)2009)RHIC)ALL)data)(STAR)inclusive)jets)and)PHENIX)π0’s))

)
•  First)experimental)evidence)of)non?zero!Δg(x)!in)range)0.05)≤)x)≤)0.2)

Δg(x,Q2 =10 GeV2)dx = 0.10−0.07
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∫
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Probing!Strange!Quark!Polariza0on!with!Hyperons)
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DLL
Λ ≡

σ
p+p→Λ+X

−σ
p+p→Λ−X

σ
p+p→Λ+X

+σ
p+p→Λ−X

= PΛ
+

PRD)80,)111102(R))(2009))

Outgoing)Λ)polariza:on)is)par:cularly)sensi:ve)to)Δs"
Proof)of)principle)measurement)with)2005)data)
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DLL
Λ ≡

σ
p+p→Λ+X

−σ
p+p→Λ−X

σ
p+p→Λ+X

+σ
p+p→Λ−X

= PΛ
+

Outgoing)Λ)polariza:on)is)par:cularly)sensi:ve)to)Δs"
Proof)of)principle)measurement)with)2005)data)

Higher*staEsEcs*(factor~4-5)*with*higher*pT*in*2009*data*
2013)data)provide)opportunity)for)even)higher)precision)

Compared to Expectations - I

J. Deng for the collaboration, SPIN 2012
R. Cendejas for the collaboration, DNP 2012

23

J.)Deng,)Spin2012)



Probing!Sea!Quark!Polariza0on!with!W±)
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STAR!Transverse!Asymmetries!from!Inclusive!Hadrons)
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STAR)has)measured)sizeable)transverse)single6spin)
asymmetries)for)forward)π0)and)η)produc:on)

At+highBxF,+η+asymmetry+may+be+larger+than+that+of+π0#

Asymmetries)at)intermediate)pseudorapidity)consistent)with)zero)
)

Above*results*mostly*from*2006*(6.8*pb-1*at*55%*polarizaEon)*

Phys.)Rev.)D)86,)51101(R))(2012))
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M.)Anselmino)et)al.,)PRD)88,)054023)(2013))

Sivers)effect)
M.)Anselmino)et)al.,)PRD)86,)074032)(2012))

Collins)effect)

STAR!Transverse!Asymmetries!from!Inclusive!Hadrons)

37)Recent)Spin)Results)from)STAR)6)Drachenberg)

STAR*data*from*PRL*101,*222001*(2008)*

Current!models!based!on!fits!to!SIDIS!and!e+e?:!
•  “The*Collins*effect…is*not*sufficient*for*the*medium-large*

xF*range*of*STAR*data,*xF*�*0.3”*
•  “…the*Sivers*effect*alone*might*in*principle*be*able*to*

explain…almost*the*full*amount*of*STAR*π0*data*on*AN”*
*

Theore:cal)ques:ons)remain)about)applicability)to)p+p)data)
of)Sivers)extrac:ons)from)SIDIS)
(e.g.*Kang*et*al.,*PRD*83,*094001*(2011)))



STAR!Transverse!Asymmetries!from!Inclusive!Hadrons)

38)Recent)Spin)Results)from)STAR)6)Drachenberg)

Despite)expecta:on)of)1/pT)scaling,)
STAR)data)from)2003)to)2008)show)

no+sign+of+1/pT+fallBoff+out+to+pT+~+5+GeV/c+

AIP)Conf.)Proc.)1182,)561)(2009))
AIP)Conf.)Proc.)1149,)517)(2009))

Phys.)Rev.)Lea.)101,)222001)(2008))

Phys.)Rev.)Lea.)101,)222001)(2008))
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a,)CIPAN
P2009)
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Asymmetries)at)intermediate)
pseudorapidity)at)√s = 200)GeV:)

consistent+with+zero+for+
5 < pT < 12+GeV/c+

*

*

*

*

STAR)data)from)2011)at)
√s = 500)GeV:)

no+sign+of+1/pT+fallBoff+out+to+
pT+~+10+GeV/c+

(consistent*across*mulEple*xF-bins))

 / GeV
T

p
2 3 4 5 6 7

N
A

-0.02

-0.01

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

AnvspTE50AnvspTE50AnvspTE50

| < 0.24)
F

 (0.16 < |x
T

 vs pN A0/ (Isolation 70 mR)

 ~ 0.20)
F

 Energy 50 GeV (x0/ = 500 GeV s

STAR Run 11 PRELIMINARY

 > 0Fx

 < 0Fx

arXiv:nucl6ex/1304.0079)



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

STAR!Transverse!Asymmetries!from!Inclusive!Hadrons)

40)Recent)Spin)Results)from)STAR)6)Drachenberg)

Recent)models)based)on)SIDIS)fits)suggest)flat)pT6dependence)for)
Sivers!effect!out)to)pT)~)7)GeV/c)but)at)

lower+magnitude+than+data+
Similar)behavior)for)Collins!effect!in)some)parameteriza:ons)

! possible+hint+of+Collins+Sivers+effect?+
Twist63)models)also)see)flat)pT)dependence)out)to)pT)~)15)GeV/c)

e.g.*Kanazawa*and*Koike,*PRD*83,*114024*(2011))

ParEcular*fit*within*scan*of*

acceptable*fits*to*SIDIS*



STAR!Transverse!Asymmetries!from!Inclusive!Hadrons)
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Recent)data)from)2012)suggest)that)asymmetries)for)
pions)with)addi:onal)near6side)energy)deposit)have)
lower*asymmetries*than*those*of*more*isolated*pions*

S.)Heppelmann,)DIS2013)
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STAR)data)from)2012)at)√s = 200)GeV:)
asymmetries)for)pions)with)addi:onal)near6side)pion)have)

lower*asymmetries*than*those*with*away-side*or*mid-range*pion*

+
! In*both*√s = 200*and*500*GeV*

isolated+pions+show+higher+asymmetry+than+jetBlike+pions+
Forward*neutral-energy*jet*analysis*of*2011*ongoing*(M.*Mondal,*GHP2013)*

S.)Heppelmann,)DIS2013)
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STAR!Transverse!Asymmetries!at!Central!Pseudorapidity)

43)Recent)Spin)Results)from)STAR)6)Drachenberg)

Observed)di6jet)asymmetries)much)smaller)than)observed)at)SIDIS)
!)CancellaGon+of+iniGal+vs.+final+state+interacGons,+u+vs.+d+quark+

effects,+and+small+gluon+Sivers+effect?+

Sivers!effect!in!di?jet!produc0on!

•  Spin6dependent)sideways)boost)to)di6jets)
•  Measure)di6jet)opening)angle)as)func:on)of)

proton)spin)
•  Requires*parton*orbital*angular*momentum*
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Sivers!Asymmetries!at!500!GeV)
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Measured)asymmetries)shown)in)η6bins)
No*sign*of*sizable*asymmetry*

Asymmetries!shown!as!
func0on!of!par0cle?jet!pT!
Corresponding*parton-jet*

pT*lower*by*0.6-1.4*GeV/c*
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the axis smearing was not applied initially; Figs. 21 and 22 below now include both effects. The high thrust results are
unchanged. The conclusions of the original publication are still valid as the reversed thrust selection asymmetries remain
significantly smaller.

Charm asymmetries.—In the charm asymmetries, the relevant correction factor was not applied to the UC values. The
corrected asymmetries as a function of the fractional energies z1 and z2 are displayed in Fig. 23 below. For the integrated
values, only hAUC

12 i ¼ 0:020" 0:005 changed within the given precision.
Overall, there is no change in the physics interpretation of the results; however, some impact on the global fits of the

transversity and Collins data might ensue.
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FIG. 18 (color online). Light quark (uds) A12 asymmetry parameters as a function of z2 for 4z1 bins. The UL data are represented by
triangles and the systematic error by the upper error band. The UC data are described by the squares and their systematic uncertainty by
the lower error band.
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moments. The values of the parameters obtained using the
polynomial shape of N C

fav;disðzÞ, Eq. (32), are given in

Table III.

C. The extracted transversity and Collins functions;
predictions and final comments

Our newly extracted transversity and Collins functions
are shown in Figs. 6 and 7; to be precise, in the left panels
we show x!TqðxÞ ¼ xh1qðxÞ, for u and d quarks, while in

the right panels we plot

z!NDh=q"ðzÞ ¼ z
Z

d2p?!
NDh=q"ðz; p?Þ

¼ z
Z

d2p?
2p?
zmh

H?q
1 ðz; p?Þ

¼ 4zH?ð1=2Þq
1 ðzÞ (33)

for h ¼ !$ and q ¼ u. The Collins results for d quarks are
not shown explicitly, but could be obtained from Tables II
and III.
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FIG. 3 (color online). The experimental data on the SIDIS azimuthal moment Asin ð"hþ"SÞ
UT , as measured by the HERMES

Collaboration [11], are compared to the curves obtained from our global fit. The solid lines correspond to the parameters given in
Table II, obtained by fitting the SIDIS and the A12 asymmetries with standard parametrization; the shaded areas correspond to the
statistical uncertainty on the parameters, as explained in the text and in Ref. [24].
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M. ANSELMINO et al. PHYSICAL REVIEW D 87, 094019 (2013)

094019-8

Data:)HERM
ES,)PLB)693,)11)(2010))

Belle results on AUL
0 and AUC

0 , using the polynomial pa-
rametrization. The red solid lines correspond to the pa-
rameters given in Table III. This is not a simple updating of
our previous 2008 fit [7], as we use different sets of data
(SIDIS and A0 rather than SIDIS and A12) with a different
polynomial parametrization. In this case the comparison
with the 2008 results is less significant. When comparing

the results of Figs. 6 and 7, one notices a sizeable differ-
ence in the favored ðu=!þ) Collins function, and less
evident differences in the transversity distributions.
In Fig. 8 we show, for comparison with similar results

presented in Ref. [7], the tensor charge, corresponding to
our best fit transversity distributions, as given in Tables II
and III. Our extracted values are shown at Q2 ¼ 0:8 GeV2

and compared with several model computations. One
should keep in mind that our estimates are based on the
assumption of a negligible contribution from sea quarks
and on a set of data which still cover a limited range of x
values.
All other results are shown at the scale Q2 ¼

2:41 GeV2. The evolution to the chosen value has been
obtained by evolving at leading order the collinear part of
the factorized distribution and fragmentation functions.
The TMD evolution, which might affect the k? and p?
dependence, is not yet known for the Collins function.
Consistently, it has not been taken into account for the
other distribution and fragmentation functions.
We have not included in our fit some recent results on the

SIDIS Collins asymmetry on a neutron target published by
the Jefferson Lab Hall A Collaboration at 6 GeV [33].
These results have been obtained from data (4 points) off

a 3He target, and the extraction of Asin ð"hþ"SÞ
UT for a neutron

requires some model dependence in order to take into
account nuclear effects; the published results have indeed
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FIG. 6 (color online). The left panel shows (solid red lines) the
transversity distribution functions xh1qðxÞ ¼ x!TqðxÞ for q ¼ u,
d, with their uncertainty bands (shaded areas), obtained from the

best fit of SIDIS data on Asin ð"hþ"SÞ
UT and eþe% data on A12,

adopting the standard parametrization (Table II). Similarly, the
right panel shows the corresponding first moment of the favored
and disfavored Collins functions, Eq. (33). All results are given
at Q2 ¼ 2:41 GeV2. The corresponding results using the poly-
nomial parametrization, not shown, would almost entirely over-
lap with those shown here, both for the transversity and the
Collins functions. The dashed blue lines show the same quanti-
ties as obtained in Ref. [7] using the data then available on

Asin ð"hþ"SÞ
UT and AUL

12 .
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FIG. 7 (color online). The left panel shows (solid red lines) the
transversity distribution functions xh1qðxÞ ¼ x!TqðxÞ for q ¼ u,
d, with their uncertainty bands (shaded areas), obtained from our

best fit of SIDIS data on Asin ð"hþ"SÞ
UT and eþe% data on A0,

adopting the polynomial parametrization (Table III). Similarly,
the right panel shows the corresponding first moment of the
favored and disfavored Collins functions, Eq. (33). All results
are given at Q2 ¼ 2:41 GeV2. The corresponding results using
the standard parametrization, not shown, would almost entirely
overlap with those shown here for the transversity distribution.
The favored Collins function would be smaller and the disfa-
vored one also smaller (i.e., larger in magnitude), with their
uncertainty bands still partially overlapping.

FIG. 8 (color online). The tensor charge #q &R
1
0 dx½!TqðxÞ %!T "qðxÞ( for u (left) and d (right) quarks, com-

puted using the transversity distributions obtained from our best
fits, Table II (top solid red circles) and Table III (solid red
triangles). The gray areas correspond to the statistical uncer-
tainty bands in our extraction. These results are compared with
those given in Ref. [7] (number 2), obtained in Ref. [8] (number
10) and computed with lattice [26] (number 5) or model calcu-
lations Refs. [27–32] (respectively, numbers 3, 4 and 6–9).
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