The RHIC Spin Program Overview

v Nucleon helicity structure
v’ Transverse spin phenomena



RHIC Spin

arXiv: 1501.01220

The RHIC Spin Program
Achievements and Future Opportunities

» How do quarks and gluons build the proton spin %2

» What do transverse spin phenomena teach us
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Nucleon Helicity Structure

Naive parton model:

1 1 => Gluons are polarized (AG)

—=—(Au, +Ad,) |

o v => Sea quarks are polarized: For complete description
1989 EMC (CERN) \ include parton orbital

: I 1 _ '
AX=0.12+0.09+0.14 > —(Aq + Ag )+ AG angular momentum L;:
- . —_—\J —_—\J i 2 2
AS = Au+Ad + As + Ait + Ad + AS \

(Ag+AG)+AG+L,

i
2

N | —

=> Spin Crisis

Determination of AG and Ag-bar has been the main
goal of longitudinal spin program at RHIC ;



From DIS to pp:

(semi)DIS
QQ'_; S
e
o e} ——
Probes AG: Probes AG:
Q2 dependence of quark PDFs Directly from gg and qg scattering
Photon-gluon fusion
(Anti-)quark flavor separation: (Anti-)quark flavor separation:
Through fragmentation processes Through ud —=W?* and ud =W~

Complementary approaches



RHIC as polarized proton collider

Absolute Polarimeter

(H jet) RHIC pC Polarimeters

7,

m

70% Polarization

L. =2x10%s"cm™

BRAHMS & now A,DY

Q) PHENIX 50 <+/s <510 Longitudinal Spin Running in PHENIX/STAR
\ L [pb™"]
Year Vs [GeV] (recorded) Pol. [%]
Spin Rotators 2003 200 0.35/0.3 27
o 2 x 1( 2004 200 0.12/0.3 40
Partial Siberian Snake e = 20 ;
uNaC o 2005 200 3.41/3.1 49
2006 200 7.5/6.8 57
Pol. Proton Source

500 wA, 300 us / 2006 62.4 0.08 / - 48
-~ 2009 200 16 /25 55

200 MeV Polarimeter ~ A
Rf Dipoles 2009 500 14/10 39
2011 500 18 /12 48
2012 510 32 /82 53
2013 510 155/ 300 53




PHENIX and STAR

C
DETECTOR

EEEEE
COUNTER

— » | PHENIX:
== High rate capability
High granularity
Good mass resolution and PID
Limited acceptance
Upgrades to forward capabilities, inner tracking

.\/___
P H>>><<<E N I x /\ STAR Detector “

Coils —~Tracker

STAR: e, g o T grelilen
Large acceptance with azimuthal symmetry O
Good tracking and PID

Central and forward calorimetry

Upgrades to higher rate capabilities,
Inner tracking

Electronics
Platforms

Forward Time Projection Chamber



LL

Probing AG in pol. pp collisions

do™ —-do™

pp — hX

ZAfa R Af, RdG =X .&{sz*f?( ®D?

do™" +do*”

2 £, ® f, ®do’ "~ ® D}

Aq Agq
q g

LL
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gg-gg D qg-qq

B qq»qq E gg-qq

C qq'»qq' qq-gg
99-q9  q3-gy

; qg-»qg q9-q'q’
g 9g-qY qq-l1
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Double longitudinal spin
asymmetry A | is sensitive

to AG



Measuring A |

d0++ B d0+— 1 N++ B RN+— . R = L++

A — —
" do,, +do,_ |RP|N, -RN, L

(N) Yield
(R) Relative Luminosity
(P) Polarization

v Bunch spin configuration (+ or - helicity) alternates every 106 ns
v' Data for all bunch spin configurations are collected at the same time

=> Possibility for false asymmetries is greatly reduced
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AG: 0 and jet A,

- PHENIX: pp — n%+X Inl<0.3I5

| 510 GeV: Run13 (Preliminary)
| 510 GeV: rel. lum. (shift) uncertainty N
[ ] 200 GeV: Run6-9 (RRD90,012007)

200 GeV: rel. lum. (
510 GeV /200 GeV pol. scg

Bhift) uncertainty
le uncert. $.5% / 4.8%

-----

<_l
0.04

0.02

| STAR p+p — Jet+X

—=— 2012510 GeV R=0.5 |1)|<0.9
— —e— 2009 200 GeV R=0.6 |1|<1.0

Relative luminosity uncertainty
LSS10p

— DSSV'14
NNPDF1.1

Prelim.

o S
{ }
| Theory curves: LSS10p (dashed), DSSV14 (solid) and NNPDF1.1 (dotted) B #6.5% polarization scale uncertainty not shown
L 1 L L l L L L L 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1
0 0.05 0.1 0 0.1 0.2 0.3
x7 (=2p,/\s) X; (= 2p_/Vs)

First observation of non-zero A |
associated with non-zero AG !



0.05

| dx Ag(x)

;O 0.001

DSSV:

AG: DIS+pp global QCD fit D. de Florian

R. Sassot
M. Stratmann
W. Vogelsang

III'I'"IYIYY

90% C.I.. region
" DSsv= )
90% C.I.. region
[ 4 DSSV ) DSSV: Phys Rev Lett, 101, 072001 (2008)
N . Data from up to 2006
! | New DSSV: Phys Rev Lett, 113, 012001 (2014)
R ] Data from up to 2009
- Q =10 GeV” : 1
F= eV” 7 +0.06
N PP PR PR PR I deAg(x)=O'2—O.O7
02 0.1 -0 0.1 , 02 0.3 0.05
[ dx Ag(x)

0.05

Significant non-zero Ag(x) in the kin. region probed by RHIC
Similar result from another global fit NNPDF

Still huge uncertainty in unmeasured region (x<0.05)

=> Measurements at higher \s and forward rapidity
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AG: Towards lower x

n0 at n|<0.35

x \'s = 200 GeV o . (a)

So0.04/— ;oo

2 0.0al2-2.5 GeV/e ’
4-5 GeV/c

- 9-12 GeV/e

0.01—

From s=200
005 can v U to 500 GeV

o

20.04 S

o - :‘ '-_. e ‘::

2 0.0312 Z'S,G‘?w ¢ S T

° 4-5 GeV/e¢ J 2ty T 45 10°
0.02 012 G P
0.01— eV r s R

o z’r L
107 107 107"

X From central n

n0 at 3.1<n<3.9 to forward n

F \s=500 GeV

0.02

- pr>2 GeV/e
0.01 _—
ol L L .
10 1073 10 107"

11



AG: Near Term Projections

m0: 3.1<|<3.9 Jets: In|<1

0003 —————F—T—T—"—TT """ I "]
L ] 0.04 ~ ®=== NEW FIT —
- 0 . r with Ay’=1 and 90% C.L. bands ! I
002 F AT ] L ——- DssV S|
r LL ] 0.02 - N
0001 F - Ajet 0 [ Ancampm T o o T _| Projected Statistics for | |
L ] LL b Runs 9+15 Combined ]
| C | L | | ]
0 ST ULITIIII IR T — C T T I T T T T T T T T T T ]
0.04 STAR 2009 run _
3 ] C mi<os ]
-0.001 - ] - i 05<n<1.0 7
=— DSSV 2014 b 0.02 — -
C with 90% C.L. band ] r ]
-0.002 - + proj. incl. ° data: 7 jet ’ .
: 510 GeV, 3.1 <l <39 1 ALL L ]

-0.003 C . v vy . . | . X X X 1 X N X X |

3 4 5 Py [GeV] 10 20 30

70 in forward region at Vs=510 GeV (PHENIX): Inc. Jet at Vs=200 GeV (STAR):
Based on collected 2013 data Based on 2009/15 data

Probes lower x down to ~10-3 Considerably improve exp. precisions
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X

DSSV:
D. de Florian

AG: Near Term Projections R, Sasso

— T T T T TTTT] T T T T TTTT] T L
N

O’\ I r?&scst\] OLSRHIC 6 )
>< 04 | . jets up to run- B

~—~ 3 — DSSV 14
%0 = - _ t{dx Ag no&jets up to RHIC run-9 |

N = DSSV 14
'é - RS - +pr0jectionn0&jets up to 2015
A T~ - - - [ dx Ag for DSSV 14
02 F s -
- \\ -

N
= \\ =
N
AN
= < -
0 —_— —
- Q° =10 GeV* -
1 Lo vl 1 L 1l 1 111 1111
-0.2
. 2 1

10 10 10 X 1

M. Stratmann
W. Vogelsang

AG fit in each x bin

Innermost band: after inclusion of
projected data up to 2015

x>0.01 mainly from central rap. data
x<0.01 mainly from forward rap. data

Significant improvement expected soon,
particularly at x<0.03

Other channels are also being measured
v, M, £, h+, heavy flavor through e and p
jet-jet, h-h, y-jet, y-h

Will serve for syst. effects study in Ag(x) fit



[ dx Ag(x.Q")

DSSV:
D. de Florian

AG: The status R. Sassot

M. Stratmann

1-jet 200 & 510 GeV |

PHENIX: - 0.05

incl. n° 510 GeV at —]

mid & fwd rapidity | 3
L« Spin of the proton

1.0
[ dxAg~0.36@ 10 GeV* 72%!

107

W. Vogelsang
L Q2= 10 GeV? R —— Gluon contribution:
| with 90% C.L. band |
— projection with — 1.0 +0.06 5
: [ dxAg~0.20%05@ 10 GeV

... Let’s wait for RHIC new results
to constrain AG down to x= 1073

T B R WA TTT1 SRR B R T BT AR R
10° 107 107" 107 107 107 1
min

What about quark+antiquark contribution AX



AY: The status

S
o
I

Q%*=10 GeV?

fx‘qu AS(x,Q%)

o n
~

0.2

Drop in the integral due to shape of
polarized sea quark PDF

Important to measure flavor
separated sea quark PDF

v" To understand dynamics of the quark-

AS(0%) = [ Aq,(x,0%)dx]

== DSSV 2014
with 90% C'L. band

eRHIC data:

15 x 100 GeV
B+ 15 x 250 GeV
N + 20 x 250 GeV
all bands 90% C.L.

antiquark fluctuations

v' Unpolarized sea is not symmetric: i = d
=> what about polarized sea?

DSSV:
D. de Florian

R. Sassot
M. Stratmann
. W. Vogelsang
0.042 2
[ dxAZ ~0.366 £ @106eV
0.001
1
2
[ dxAZ ~0.242@10GeV
1076
L i | [ L i ! | i
004 [ xAu JL xAd J 0.04
0.02 — —— — 0.02
oF 0
002 — 002
- ---- DNS DSSV Ay’=1 ]
004 F —— GRSV DSSV ii%f::{: - 004
R e I
004 [ XAs J 5/ /XAg \\
- ;..—--f"’""""'“
002 a —
1F J 01
L A2 72 - — — GRSV max. A ]
—0.04 : Q l:ll?llo C‘:el\l llllll 1 1 lllll: :_ .1. -l lG§§l}lr ul].lll.;'Alggl lllll 1 l:.l lll:- -0-2
107 10? 107 T S5



0.04

0.02

-0.02

-0.04

(Anti)quark flavor separation

DSSV: PRL 101, 072001 (2008)

Mainly from SIDIS:

Fragmentation
functions to tag
(anti)quark flavor

— DSSV -
- -~ DNS DSSV a’=1  qf 5 5 ]
—-— GRSV DSSV Ayiy’=2%4F Q" =10GeV
1 |llll| 1 1 Illllll 1 1 llllll— llll 1 ||ll ]]]l 1 F— llll
E : 2 1 2 ]
10 107 % 10 10" & 10 10 =

ptp — W= — (e/u)*+ v

» Parity violating W production:

Fixes quark helicity and flavor:

du, =W~
» No fragmentation involved
» High Q? (set by W mass)

u,d, = W*

v —ux)d (x,) + Ad (x Ju(x,)
- u(x,)d (x,)+d (x)u(x,)
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+

dN/dp¢ (Gev/c)'

Central region: W*= — e*

» Triggered by energy in EMCal

PHENIX: [n|<0.35

» Momentum from energy in EMCal

» Charge from tracking in B field

Q,
T

dN/dp? (GeVie)'!
3
T

—~—
PH:-<ENIX
preliminary

vl ) N N
20 30 40 50 60 0

Y 80
P; (GeVic)

Events / 2 GeV

Events /2 GeV

150

200

100

STAR: [n|<0.5 STAR: 0.5<[n|<l.1
Electron n,|<0.5 1 Electron 0.5<[n,|<1.1
—+ STAR Data ] Second EEMC
---W-=evMC B W-tvMC
[] Data-driven QCD Il Z-eaMC

Positron [n_|<0.5

+ J 11
10 20 30 40 50 6010 20

E2 (GeV)

30 ;0 50 60
E? (GeV)
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oy BR(W—e v) (pb)

Cross section

E —— CHE (NLO - MRST2002) W*
F ---—— CHE (NLO - MRST2002) W~

® ATLAS W'
O ATLASW

O cmsw
= CMSW

A PHENIX W*
A PHENIXW

* STAR PRELIMINARY W

* STAR PRELIMINARY W*

H L L L L L L
1000 2000 3000 4000 5000 6000

Vs (GeV)

1
7000

PHENIX: 2011-13
arXive: 1504.0745

n

0.
a) W'+Z° I w+2Z° ]
04F orenx aun 2011 (s00Gewd + T E
0.3L" Run 2012 (510 GeV) i 1<0.35 Ea k
0. I :
PHENIX Run 2013 p+p 510 GeV ¥ ]
0.1 m}<0.35 + 1 -
<J #* > 30 Gellie b L = ! ;
0.1 (5% polarioation scake urcert. ot showsy S E
’ f CHENLOcalculations ]
-0.2¢. T £
o S : e 3
0. :+: o []nweoFport.t 4
05t ! l ! T l l l E
04 02 0 02 0404 -02 0 02 04

n

e

-+ Central region: W= — e*

STAR: 2011/12
PRL 113 (2014), 072301

—> + .
p+tp - W* —e*+ v
25 < E; <50 GeV

Vs=510 GeV

i~ £ STAR Data CL=68%
_ - DSSV08 RHICBOS
---.-.-.. DSSV08 CHE NLO
seenee e LES10 CHE NLO
DSSV08 L0 Ay?/x%= 2% error
3.4% beam pol scale uncertainty not shown

-1 0 1

lepton

Au-bar tends to be more positive
Symmetry breaking in polarized quarks?
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W: Central vs Forward region

| P; projection -1.0 < 1< 1.0 |

60000

50000

40000 A
30000 _, W+

20000

10000

25 30 35 40 45 50
D'

Y

0 5 10 15 20

Clear Jacobian peak
at central rapidities

| Py projection 1.2 < 1 <3.0 |

10000

8000

6000

4000

2000

TIT]IITITIIITTT]IITIT

ooi

45 50
pl

Y

Suppressed/No Jacobean peak
at forward rapidities
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Forward region: W= — p*

PHENIX

ZDC South

=

full>

RPCS

ZDC Nornth

[==1
-l
-l

Muon Arms: 1.2<n|<2.4 A¢@=2n

Muon Tracker (MuTr)
Tracking, Momentum
Muon Identifier (MulD)
wh separation
Resistive Plate Chamber (RPC)
Timing, background rejection
Forward Vertex Detector (FVTX)

More precise tracking, background
rejection

Dedicated Trigger

Based on MuTr and RPC
To tag high pT muons
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Forward region: W* — p*

P, spectrum (stacked) u

i

o
(X

do/dP, [pb/GeVic]
5 2

—

10"
10?

If include hadrons

5 10 15 20 25 30 35 40 45 50 55

p, [GeV/c]

S 3

. do/dP, [pb/GeVic]
Q2 L5

—
o
LN

(misidentified as p), h—pu (fake

high pT) and pT smearing

MuTr

MulD

RPC3

Absorber

Absorber

PHENIX

P, spectrum (stacked) u*

C——1 W- had
Wt
. W-u
=3 zZ/DY
I orenbottom
[ directy
I onium
I opencharm

/1 onl
| ﬂaﬂr&g

5 10 15 20 25 30 35 40 45 50 55
p, [GeVrc]

Muon background:
Heavy flavor

Quarkonia

Decay muons

7Z/DY
Etc.

Not significant at >15 GeV/c

Total background, accounting for all sources and smearing:

10 South Arm i 0* South Arm ™
= W— had I Wt ] W— had [ Wt
10’ . woy [0 2oy 107 . woy [ Dy
. openbottom = direct 7 . openbottom = direct 7
|| onium [ opencharm 10° - onium opencharm
_ Hadrons —— Data | Hadrons —— Data




10<n<

-

Sampled range

.0

-0.35<n<0.35

Forward region: W= — p*
PHENIX

o(pp—W*)x BR(W— F) total cross section

2013 :J. Ldt = 277 pb” —— RHICBOS

. PYTHIA

——— CHE

STARW-— e
*  PRDSS5 (2012) 092010
PHENIX W— e

PRL 106 (2011) 062001

® PHENIXW-—p

— A

v
PH-“ENIX

11<n<25

. ——

preliminary

| I |

| R

| R

| R

1

L Pt s L
50 100 150 200 250 300

6(pp—W*)x BR(W— F) [pb]

Measured cross section agrees with
calculations within large uncertainties

A, uncertainties are still large

Improve S/B

Tracking alignment — reduce
momentum smearing and improve
charge reco

Ay

S/B = 0.2—1 depending on n

1.0p— . — :
WHZoutet Pi>16 GeV P > 30 GeV 1
Run 13: p+pat ys =510 GeV [®] A} (2013) [®] Aj (2009-2012)
I [®] A} (2013) 1
| B NNPDFpoll.l N
0.5 — GRSV STD
— DSSV
s — DNS KKP
! — DNS Kretzer
0.0 —+H=
-0.51
1.0p— : . - :
[ WHZ-ou e P STAR AT(PRL 113 (2014) 072301
w.e PH:“ENIX * AR A( - 113 (2014) 072301)
F s DSSV E>25 GeV
preliminary
0.5F
- ‘_.HJ:::.-.-.-.. .....
L —
Sampled Luminosity: 277 ph ! perarm (2013)
_l O I 1 1

-2 -1

0 i 2
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W: Projection

0.5

-0.5

T prpoW

{s = 510 GeV
L = 716 pb™ (delivered)
<P> = 53%

| STAR PHENIX

B o W S pt + X (E;':_>1sGeV)

| 1 1 1 1 | 1 L L 1 |

s W oe*+X (25<E] <50GeV)

- - EE—- CHE-DSSV (E_ > 25 GeV, Ay/y2= 2%)

-2 -1 0

RHIC W-data will give a significant
constraint on anti-quark polarization

in

the proton

0.02

-004 -

0.02

-0.02

-0.04




Symmetry breaking in polarized sea?

Unpolarized sea is not symmetric

| I I T TTTI1 II I | III I 1T TTTTT
0.2 —
iy Sea asymmetry .
0.08- =
ﬂm:_ |||||| LY 7 --'-F-_ L\\" __
L [ _.J‘J.' Lk l"'.. m
004 AR N i Lh ek —
~ i H:M ﬂ_ﬁ:-;.:y'_‘ \" T
B N i3 .ﬁi:“‘\.mr‘fﬁs;}} 4" T
0.02 | sttt nng b, —
ey T, prither e .
e R R R SRR, .

| ELEECT e
: A\
-0.02f —
oosf Q=10 GeV* =
-0.08f [77] NNPDFpol1.1 x(AT - AT) =
o.0eE- EEEINNPDFz.z  x@-1) E
’ [ 1 Lol 1 Ll 1 L1 o1l
10 102 10 1

X

Polarized sea symmetric may be broken too!

0.12

0.1

0.08

-0.02

-0.04

-0.06

-0.08

X(AU - Ad)

NNPDFpol1.1
NNPDFpol1.1+

1 1 lllllll

UL

~-MC ()

—MC (p) ---CQSM

-:=:MC (n-0) === ST

1 lllllll 1

----PB (ansatz)

11 1 111l

-
o
4

Already available data (Run13) will

10

10"
X

-

improve the measurement further
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Transverse Spin

25



Transverse Spin Asymmetries

Large Transverse Spin Asymmetries
have been observed in pA\p

PRL 36, 929 (1976)

et o®
b On-

PETTY [TUTY PYTTY PYTTY PYTTY PYTTY PYTTY POTTY PPOTY FYoe

02 04 06 08 1
X¢

PRD 65, 032008 (2002)

&

-

PRPTY PRPTY PPOTY POTEY PPTTY PYOTY PPPTL PTY | PrOTT Prevy

02 04 06 08
Xe

1

| PLB 264, 462 (1991)

’ Q
' FNAL Q

 Vs=19 4 GeV.

PPPTY PYPPY PRTTY PROTY POPTL PYOTY PPTPY PPTTY PYOTY PYOTY

- PLB 261, 201 (1991) +

-

02 04 06 08
Xe

1
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Puzzles from RHIC

0.25
L ° Vs=19.4 GeV/c?, E704
0.2 i L] Vs=62.4 GeV/c?, PHENIX 3.1<n<3.7 Preliminary
E Y Vs=200 GeV/c?, STAR <i>=3.3 |
0.15 ; * Vs=200 GeV/c? STAR <n>=3.7 T
I— VS=500 GeV/c?, STAR 2.7<n<4.0 +
0.1 ; Preliminary + +
- ﬂ ¥
0.05— bt 7
- * v K
S A A
Ll

O
o
=Y
o
N
o
W
°
B
o
(4]
o
()]
o
N
o
-]

Collinear (higher twist) pQCD predicts
Ay~ 1 /P T

No fall off is observed out to p;~7 GeV/c

Naive collinear pQCD predicts
Ay~ogm, /pr~0

Asymmetries survive at highest Vs

Non-perturbative regime!

Asymmetries of the ~same size at all Vs

Asymmetries scale with xp

=0.08
<

0.07
0.06
0.05
0.04
0.03
0.02
0.01
0
-0.01
-0.02

'-IIII|IllllIIIlllIIIIIIIIIlIIIIIIIIlIIIIlIllIIIIII

n® Ay Vs p, (0.16 < x_<0.24) (Isolation 70 mR)
\'s = 500 GeV n° Energy 50 GeV (x_~ 0.20)
STAR Run 11 PRELIMINARY

++ & 4 X.>0
T T
+
,_l_:'}"._.l_:—l_:_ . ,_-_,'_I_:_T
[t : T
A B BT B B B
2 3 4 5 6 7

Py / GeV



More puzzles from RHIC

PRL101, 042001
0.4 E_ T+ i
0.2 :— T— . ®_ ol
= 0 - 5
< E Iﬂ _“_ -
02 -
- 62.4 GeV -
-04 __ | | ! 1 ! | + !

0.2 0.4 0.6

T+ m- opposite asymmetries

1s believed to come from

opposite spin-kT properties

of valence u and d quarks

0.4

0.2F

0.4F

0.2Ff

PRL101, 042001

- 62.4 GeV

| BRAHMS Preliminary e p
0.1_— ® 6
e
B e _
o # %"Q*
I 200 GeV
I T S S —

0.2 0.4 0.6

.But K =us

doesn’t contain any
valence quarks but still

shows the same asymmetry

as K'=us

BRAHMS

Xg of proton

Large antiproton
asymmetry, while ~0
proton asymmetry??



Sources

Collins effect (Nucl.Phys.B396,161):
Final state effect
Correlation between spin of the fragmenting parton
and the hadron pT (spin dependent fragm. function)

Connected to tensor charge

Sivers effect (Phys.Rev.D41,83):
Initial state effect
Correlation between proton spin and parton kT

u x f1(x, k, St) d

u quark d quark

Relates to parton
motion => Connected

to orbital momentum!




Initial State: TMD vs Twist3

Intermediate p
Q>>pr>> Qcd

A
Transverse ) |
S momentum C:II!n:ag/ fﬁ
dependent wist- )
L Q>>pr>=Aqey Q. pr>>Aqep SER

| Efremov, Teryaev;

Qiu, Sterman
P sivers fct. \

>P.
Agep << P << Q
Need 2 scales Need only 1 scale
Q? and p; Q? or p;
Remember pp:
several observables one scale Ji, Qiu, Vogelsang, Yuan, should be of reasonable size
Exception: PRL. 97, 082002 (2006). _
DY, W/Z-production should bs apphcl::)c;ble to
pp observables
0/ g1
@ related through AnGE v/ jet)
o P
—fd klﬁ 1Tq(x’kJ_)ISIDIS=Tq,F(x’x)
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TMD vs Twist3: Sign Mismatch?

Spin mismatch!
Sivers contribution 1s small in pp—m X ?
=> Collins dominate?

‘kz‘ Kang, Qiu, Vogelsang, Yuan

1

— %, FRAGe D= T, 1 (60) PRD 83 (2011), 094011

3 Q=2 GeV ;r_ L Q=2 GeV

i old Sivers & 01 — directly obtained

E new Sivers . ‘b pp—7t X (TWISt—3)
SIDIS (TMD)

C u-quark 01 B d-quark

(I) Ol.zl lol.4 ol.6 01.8 | 11 (l)l | Iol.zl | lol.4l | I0{6I | ol.sl N 1



04

02

3.3<n<i.ll/l
O—i—r S EEammes

Collins dominate?

STARO4 [

06 0

02 03 04 05 .
XF XF
STAROS a»=37 i T,
01} <n>=33 il
] ’J’y{ T .
oI fre==i
“04 02 0 02 04 060402 0 020406
X X
02 :
BRAHMS 07 8=4 =
01le=23 m e
0l T T
T T_H“‘TE
01
02 0.5 03 015 02 025 03
XF XF

Ay from twist-3 fragmentation
functions (Kanzawa, Koike, Metz,
Pitoniak, arXiv:1404.1033)

Describes data well !

32



pp—m° X

EM-Jet Energy = 40-60 GeV 60-80 GeV ' 80- 1'00 GeV ' -
< 0.05F +4 STAR Preliminary 1 Iz Largest Ay, for isolated n0
g o o. s ® K. } #, g ¢ lé be i # 3
OF% 5088 g gmmaaoat .S #3750 SR %—— ---------------------------- 12
’ R G,% ¢ Ty teey T T Smaller A for more
0.05- + T . complex events (more
[ ‘e T hoge#? ® & 1 itee? ] s
e 88002 3____3_Q880 e — ;._:_-%..Q.o.-é ..... 3 ........... +_ . activity around n0)
0.05 1 | | ! ] Smaller A with away
AT 1 T §__i ps b1, [ sidelictpresent
0.05p T T ]
; 1 % ! 1. Does Ay come from 2—2
0;*"9'33'""9""'"""‘:‘"3230""9""'""""i‘:_" ot i . scattering?
005 ;ilegl | | B * | | B May A, come from hard
: . : " . Y
Ghapre sy oot i
2 3 4 5 62 4 6 8 4p$M Je‘?GeV/c?

STAR has already collected data in 2015
with Roman Pots to tag forward scattered p



To measure at RHIC

Initial State: Final State:

Sivers/Twist3 mechanism Collins mechanism

» Ay for jets, direct photons » Hadron azimuthal asymmetry in jet

» A, for heavy flavor =» gluon » Hadron pair azimuthal asymmetry

> A, for W, Z, DY (Interference fragmentation function)
Sensitive to correlations Sensitive to
proton spin — parton transverse motion transversity x spin-dependent FF
Not universal between SIDIS & pp Universal between SIDIS & pp & e+e-

Other mechanisms
> Diffraction
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Fundamental Role of Sivers

Brodsy, Hwang, Schmidt (Phys.Let.B530,99):
Sivers function in DIS can arise from interference with diagrams with soft
gluon exchange between outgoing quark and target spectator

Collins (Phys.Let.B536,43):

Sivers asymmetry is revered in sign in Drell-Yan process

|DIS: attractive | Drell-Yan: repulsive

-------------

DY Or W/Z production

Sivers|pig = —oivers

Critical test for our understanding of TMD’s and TMD factorization
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A\ for DY and W/Z, theory

Z.-B. Kang & J.-W. Qui arXiv:0903.3629

z

Z. Kang: original paper arXiv:1401.5078

< 03 %_before evolution - - 0.061
- < i after evolution
0.25F 0<qT<3 GeV 0.04 —
0.2f 0.02} o
0.15F #1710 of =
0.1F -0.02
0.05¢ -0.04 |-
0;_ 1 ! ! ! | { { _006:\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
2151050 05 1 15 2 -2-15-1-050051152
Yw y
Z.-B. Kang & J.-W. Qui Phys.Rev.D81:054020,2010 _
Z. Kang et al. arXiv:1401.5078
< . before evolution = 001
O~ e - after evolution DY
[ 500 GeV =~ OF
0.02 |- 200G .
_ -001
0.04 |-
[ -002
0.06 | 0<q.|.<1 GeV
[ 4<Q<9 GeV 003 4<Q<9GeV
0.08 — 0<g:<1GeV
i -004
oaboi i 432101 23
4 3 2 4 0 1 2 3 4
y

< s

Too strong evolution effect ?

Need experimental data!
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A\ for W/Z, data

Run-2009

T

e WHr—Tvy
e W =TI~

STAR Preliminary

—

e
w
lllllll]ll

oF T
-0.5F
C ﬂmnm&vfusn"
-1 05 <P, <7 GeV
r 3.4% beam pol. uncertainty mot shown
? ": 1 1 M " " " 1
s °
e ¢ "
t , , , , ,
06 04 02 0 02 04 916
y
=
< [STAR Prel. Z°—=rr
1+ I
osf T
c-
osf

- STARp-pSOOGerL:ZSpb"
CO0<P, <25GeV
[ 3.4% beam pol. uncertainty not shown

AT I | Pl ETET ST TR S AT TR

1

S -1 0.5 0 05 1 15
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Proj. for Run-2017

04F STAR projection
0.3
0.2F
01F
o i |
. i i} i
0.1F i
02F —— " [ Lidet) =900 p"
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E —.—w'-fuu).ooopo"
“0'45_ _._w-fuo-u-mm“
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0‘45_ STAR projection
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0.1 I
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04 _ _ z°-fL(del.)=400pb"
- | N N 1 1 | 1 1 1 |

05 0 05
yz
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A, for Jets

0.015 — Data: AnDY arXiv: 1304.1454
0.01 { Theory (from SISIS): arXiv:1302.3218
<Z 0.005 -

—————
-0.005— \‘

-0.01

-0.015—
| | | | | |

0.1 0.2 0.3 0.4 0.5 0.6
Xg

Cancelation of u and d Sivers TMDs => Small A
Would be good to measure u and d jets separately



0.04

0.02

-0.02

004

-0.06

008

0.1

A, for Direct Photon

Proj for Run-2015

PP L yX

Vs = 200 (GeV)

- y=35

—= ——— =

- RS

— PHENIX MPC-EX Peit%, Lot=50 pb™, lzhca0om

/

02 03 04 05 06 07 08 09
Xe

Data is already available!
Analysis is ongoing

Proj for Run-2017

0.04 |- STAR FPS&FMS: P=55%, Ldt=400 pb"

002

p'*p--"{wox @ (5=500 GeV, y=3.5

’— PEL 0, 2 ety
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Collins FF

\s=200 GeV

Vs=500 GeV

i . +
004 [=]m* 20 STAR Preliminary —~ P +p —>jet+m + X
- F 0.05— .
oo l % | STAR Preliminary
= L i = L
SR ! t .]. D D
- T . < +
< i ' {- . B 2
I p'+p —jet+ x* +Xat Vs =200 GeV i B B %
-0.04— 5.6% Scale Uncertainty Not Shown r]]]
o7sl 01<z<0.6 : : : : N
L I T e unn e L L L L L P LR L e LR EEE LR PR EEE R EEEE R EL R
o= L & alie Té— 4 \+ + 4 L Closed points: «*; Open points: °
is 0125 <j, <45 GeV/c -0.05 — . . | . , ! !
T T S E o Vs=200GeV, (p, )=128 GeVic
os- B 4 + - —4— + 0.05— 3| V5= 500 GeV, (p,_)=31.0GeVic
10 Partlcle Jet P, [(_;eV/c] _J K ZZd k SSO. 0 E_ ,,,,, | é ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ' li ,,,,,,,,,,,,,
K. ins, Spin =
N4 -0.05
0.0a- %g" x>0 STAR Preliminary C 03 07 G
| 4
A: +
& - L]
;?m L g . P "; """"" H' """""""""""""""
" f : First Collins asymmetry in pp !
I p'+p —jet+ " + Xat Vs =200 GeV — 5
-0.04—  5.6% Scale Uncertainty Not Shown _> ACCG S S tO transverSIty !

10<Jetp < 31GG V/ic

= (Mapry

9/A\8D €'}

9/N\8D ¢’€

e P Strong dependence on j

o T | Asymmetry similar at 200 vs 500 GeV

Jetp_

R e . ++ """"""""""""""" . .
Lieovel ! =>TMD evolution is small?
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Interference FF
PP - 7t77 + X at /s = 200 GeV

\Ns=200 GeV Vs=500 GeV
~ S B i l
E - M _ _bin boundaries
j- 0.08 L em— “"STAR prelimi
- .. - Ru = preliminary
2 i O<7]> =0.84 STAR’ prellmlna’ry 0.06F p+ponn+X
L o5 ¢ - ®,) (GeVic)
: .<n> = '084 0.05 E— 7|:’7|:. .
0.0a- } ooal- m_ >0 * 13
L B I
- ' 0.03E | T 1 I e 4
0.02— 0.02 LT I
L 0.01 o 1
T T — by oy b
- K. Landry, APS 05 l
-0.02 L v vy 20450 -0.01F
’ 4 6 10 By oo lov o oo b oo by b a b by g by Laaa
Tt [GeV/c] 02 04 06 08 1 12 14 16 18 2 22 254
pT M. Skoby, Spin 2014 M (GeV/c)

Another way to access transversity !
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A, for forward neutron

pp—nX, |8|<2.5mrad

Discovered in 2002:
PLB 650, 325

<Z 0.1 N 7.4% systematic scale uncertainty not shown

- 6.2% (x.>0) and 5.9% (x <0)

B polarization scale uncertainties not shown
0.05

: PRD 88 (2013), 032006
-0.05 2

- L)

-0.1E

Crooo Lo o Lo o Lo o b byan boa o bog o by a lygy
-1 -08-06-04-02 0 02040608 1
x>

Run-2015:
Collected data from p+Au and p+Al
Strong nuclear size dependence

Analysis ongoing

| Ay vs. p_for leading neutron |

—— \'s = 62 GeV

z

< 0.4 Scaling uncertainties, 9.6, 11 and 22% | —e— \'s = 200 GeV
C for 62, 200 and 500 GeV, not included ‘
C 04y L \S=500Gev
0.05 :_ - F _y_
- PH-<ENIX
0 T preliminary |
-0.05— :&h
- AN Neutron
0.1 | A JON
: PN S, e
015 L
r — ’ e )
02f Estimatedp_ variation (2 RMS) in each bin |
C o by R T PR PR T L
0 0.1 0.2 0.3 0.4 0.5
P, (GeVic)
B.Kopeliovich et al
T ™
PRD 84, 114012 A \'é=62 GeV
of ® /=200 GeV
r XK B s=500 GeV
-0.05 %x& :
z | -
< r %
-0.15F X Theory + 5
0.2 i ] 1 ] |
0 0.1 02 03 04 42
42
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pp

N

+Au
ALIA

03

06

02

-02

n0 Ay In pA

/ —p+Au
el —p+Cu
—p+Si
/ TN
- PH-<ENIX

L"": 50 pb™ |z]<40 cm, P=60%
L""*“- 190 nb™ |z]<40 cm, P=60%

NN

paa e el s a s laa sl sl aaaly

| I
1

15 2 2.5 3 3.5 4 45
P, (GeV/c)

Probing gluon saturated matter, Color Glass
Condensate (CGC) with polarized protons

Kang, Yuan: PRD&4, 034019
Kovchegov, Sievert: PRD86, 034028

> Unique RHIC possibility pTA

» Synergy between CGC based theory and
transverse spin physics

» Suppression of A, in pTA provides
sensitivity to Q

» Data already collected in Run-2015!
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STAR: longer term plans

~2021-22

e S S T JD Forward instrumentation (2.5<|n|<4.5):
1“ =7, » EMCal+Hcal
IIIE.:;E{JL‘“WI‘/“ 1} R > Tracking system

2450 U

é
J 'b; =7
= 127 7

.

R sencs) )7

» High precision Sivers&Collins

» DY (Sivers sign change)
» Lowers x AG (from di-jets)
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PHENIX: longer term plans

SPHENIX+ fsPHENIX

e
—

Evolve sPHENIX (pp and HI detector) to
EIC Detector (ep and eA detector)

» To utilize e and p (A) beams at eRHIC
with e-energy up to 15 GeV and p(A)-
energy up to 250 GeV (100 GeV/n)

» e, p, He3d polarized

» Stage-1 luminosity ~1033 cm=?s'
(~1fb-' /month)
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fsPHENIX = “forward” sPHENIX ~2021-22

oo ot o e SPHENIX +
M acann : PHENIX reconfigured: forward Si tracker and Muon ID
0.04— * Al jets wi z> 0.5 leading h* .
o Acjots w205 loading EIC Detector forward systems: GEMs and HCal
) . . . . ¢ .
L : . 1 90% of the cost common with EIC detector
< of - —
-0.02]
04l E Jet+h ™ Collins Asymmetry: A stZ ‘
Sivers-like °
-0.06 l Lol Ll . il . 5?
0 01 02 03 04 05 06 07 08 F 10 GeV < Jet E < 100 GeV
Xe =P /Py 4 +
E T
2;0 . _’_’o/—o/ . & 2—
€ of S I Polarized SIDIS data
< F. . - 83-8_— e COMPASS
-2f o —1 I_ * HERMES
-4i SIDIS1 | e CLAS
- sibis2 . 1.4 %r:;;::::" plan
.6? COHII’IS 1.2 - [77 fsPHENIX 200GeV
01 005 04 05 08 07 08 08 © [ fsPHENIX 510GeV
-
o.af—
0.6
» Explore the source of large A in hadronic collisions 0ab C el
» Critical TMD test with polarized DY —> uu 02 et et DY
. . O_I L1 1 I 1111 | 111 PI.I 11 | | I | | | I .|
» Cold nuclear matter studies in pA 0o 2 s 0

Shaded regions deliniate 5.47°% < 0.1



RHIC -> eRHIC ~2025

Electron — lon Collider

0.60 GeV

Add electron ring to existing RHIC proton/heavy ion ring or
Add proton/heavy ion ring to existing electron ring

27.55 Ge
New
detector

3.05 GeV

Back to DIS but at much higher luminosity 7
(x100-1000 as HERA)

And much higher Vs (with both beams polarized)

5.50 GeV
7.95 GeV

10.4 GeV
12.85 GeV

15.3 GeV
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d——,
i
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22.65 GeV
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SRF Linac

0.02- —F
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Energy
Collider
Ring
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Summary

RHIC Spin program:

» How do gluon contribute to the proton Spin
Non-zero (in the limitted x-range) and comparable to (or larger than) quark contribution
Need to study lower x

» What is the flavor structure of polarized sea in the proton
Au-bar tends to be positive, Ad-bar tends to be negative (symmetry breaking?)
Will see the more precise conclusion very soon

» What are the origins of transverse spin phenomena in QCD
Hadron A persists to high Vs, and survives at high Pr
First observation of Collins and IFF asymmetries in pp (access to transversity!)
Ay for DY and W - fundamental QCD test
Other mechanisms for hadron A (dffractive?)

Many other results from PHENIX, STAR, BRAHMS and AnDY

Much more expected in EIC era ! 48



Outlook

1 1
o —=—AZ+AG+ L

22

(Anti)quark Gluon Parton Orbital
Contribution: Contribution: Momentum:
0.15-0.20 0.2 in x>0.05 27?7
Lattice QCD:
quark contributions to the proton spin L e T
' ' | - Q°=10 GeV? ]
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04 ¢ i AXY/2 y 0.5 __ data __
0.2 [ (D L
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02, * j duki AX9/2 Ly EIC 20x250 |
L all uncertainties for AXZ=9 4
" " " N " " s -1 | T R R T (N TR TR T T (N SO SN S S NN S
0.2 04 0.6 0.3 0.35 0.4 0.45 49
m,? (GeV?) Ax



Backup



e 06
'..g = ‘.‘gg q4
= 05;— .
P
04 _—,"
g. - pp—jet+X
S oaf- NLO CTEQEM
M Anti-kT R=0.6
02— Inl<1
01—
> Solid:  Yew200 GV
% S B 1 - - Dotted: Y5=500 GeV
P TR IR T FETEE FETEE ST ST N l
0.05 0.1 X (_a) 132 °0 0.05 01 0.16 02 0.25 0.3 0.35 045 5
T Jetx (-2pnr°
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DSSV: PRL 101, 072001 (2008)

TABLE II. First moments A f;.'[’“_"] at 0% = 10 GeV?2.
Xmin — 0 Xmin — 0.001
best fit Ay’ =1 A2 /x* =2%
Au+ Az'f 0.813 0.793 %9011 0.793 15928
Ad + Ad —0.458 —0.416+0:011 —0.416+093
Aii 0.036 0.028 992 0.028*093
Ad —0.115 —0.089*9-929 —0.089799%
A5 —0.057 —0.006 9919 —0.00699%
Ag —0.084 0.013*01% 0.013+27%
AS 0.242 0.366 9915 0.366+2042

Before RHIC Run9 data for AG
No W data yet
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Unpol. Cross Section and pQCD in pp

PHENIX pp— 7 X
PRD76, 051106

STAR: pp—jet X

PHENIX pp—y X
PRL 98, 012002

E*d’c/dp’ (mb-GeV?.c?)

e
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Good agreement between NLO pQCD
calculations and data = pQCD can be used to
extract spin dependent pdf’s from RHIC data. 54



AG: Towards lower x

From incl. 70 From di-jets
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.
A ~-==

-~ d  Forward (endcup) region (W—se*, 1<|n|<2):

0,—0_ Forward tracker upgrade, first data in 2012

PHENIX

Forward Arms (W—u*, 1.2<|n|<2.4) :

7 Trigger upgraded, first data from 2011
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Neutron Ay

Neutron asymmetry x. distribution with neutron trigger & MinBias |

4
< - i Scaling error of 20%
0.1— PHENIX preliminary s not included.
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due to unfolding.
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Ay: pp—T X

PRD90 (2014), 012006 Anselmino et al., Eur. Phys. J. A39, 89 (2009)
z 0.3
< | p+po7n+X 15=62.4GeV 4 xmal
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01;’ A 4‘ l‘

= Y °

N S S

- [ e

0.1 L . 1
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PYTHIA:

n+ mainly produced from u -~ A 1) >>(A i
n- equally produced from d and u | N(n )| | N(Tc )|

Sivers contribution 1s small in pp—m X ? .



To measure at RHIC

Initial State: Final State:

Sivers/Twist3 mechanism Collins mechanism

» A, for jets, direct photons » Hadron azimuthal asymmetry in jet

» A, for heavy flavor =» gluon » Hadron pair azimuthal asymmetry

> A, for W, Z, DY (Interference fragmentation function)

P '\pw '\ﬁp%&
X ~

Sensitive to correlations Sensitive to
proton spin — parton transverse motion transversity x spin-dependent FF

Not universal between SIDIS & pp Universal between SIDIS & pp & e+e-

60



A simple model to illustrate that spin-orbital angular
momentum coupling can lead to left right asymmetries
in spin-dependent fragmentation:

Proton spin
is pointing up! " picks up L=1 to
compensate for the
pair S=-1 and is emitted
N\ " to the right.

Ny

41%

String breaks and
a dd-pair with spin

u-quark absorbs -1 is inserted.

photon/gluon and
flips it’s Spin.
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Sivers effect is an interference
with a final state interaction of
quark with spectator system. final state

proton 112001

Naive Sivers Interpretation

Can be understood as
soft-gluon exchange in

cumrant

quark jet

final state
inleracton

spectator

systlem

MR2AMN0

(Int.J.Mod.Phys A18:1327-1334,2003)

M. Burkardt
~
; ét),ﬁh Sivers effect generates single spin
02/ = .
=/ asymmetries scattered off transversely
polarized target.

(Nucl.Phys. A735 (2004) 185-199)
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Sivers effect and Orbital Angular Momentum

Semi-classical picture :

If quarks have [, probability to find quark which carries
momentum fractlon of “X" Is different between left & right
sides in the nucleon (viewed from virtual photon).

puark density

X M. Burkardt

-)Slvers functlon can be wewed an
impact-parameter dependent PDF.
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Lattice QCD PRL98:222001,2007.
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1.0

AG

AZ

0.0

-0.5-

-1.0

1 | 1
50 100 500 1000

Q2 dependence

AG is dynamic value — Q2 dependent

AG can be large at large Q? (and can be >>1/2) no

matter how small it is at some low Q?

Large AG at large Q? is compensated by L,

lproton 1
5 =5AZ+Ag+Lq+Lg
3n 1 16
Taser =1 2" o8 Ag+L, =— =0.32
2 " 23n,+16 23n, +16




Aur

STAR forward upgrade

p'+p»;jet+n' at is = 500 GeV D8 <my <O/ 28 <nyp <8T

0.02;

dold, (doldx,) (pb)
s 3
doldx, (doldx,) pb)

' . 28<n <37
-0.02| . . jeten

" jet+x 1 - -
01 02 03 04 05 06 07 08 09 1 B W % % W 1
z pa X, ﬁ,)

VS~ 200 CeV
1.2 < my < 1.8/28 <n g, <37

p' +p - '+ at Vs = 500 GeV
0.4/

doldx, (doidx,) (pb)
s 3
doldx, (doldx,) (pb)

0.2 »

* Detector Level
28<y <37 = Particle Level

il L 1 Liid
0 01 0.2 03 04 0.5 0.6 0.7 0.8 09 1 X, (l,) x, (!,)
m,.. [GeVic?]
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Pythia Antix_R=0.7 p_» & CeWe,n = 1733

—up Quark

[ e dovwm qraark

w— Glher partons
“=beam

PHENIX forward upgrade

sources of jots

o
~
TrerprTTTrrT T

wourcen of jets w! 2#0.5 N
- a
o L

A I M IR AN ML I MR | \RARS B3
I Pythia Anti-k_ Re0.7 p_> 4 GeVic, 1= 1.7:3.3, P60%, 7 pby”

o A alljets
0,04, * Aletswiz>0.5leading h"
[ Ay jets wiz> 0.5 leading

0.02!

I . . . . . 0*
i | . . )
z I - -
0 . -
I -
[ .
-0.02;
-0.04— -1
-0.06¢ L L
0 01 02 03 04 05 06 07 08
Ll A

! [
Pythia Anti-k_ R=0.7 p_> 4 GeVic, 1 = 1.7-3.3, P=60%, 97 po’
0.01 o Agalljots
[ » Ay jats wi 2> 0.5 Isading h*

0,005 * A iots wiz> 0.5 Ieading

.

5 [ . . .

Z o e
[ . . 1
[ -

0,008}

001" 1
| I I PP PN PP P P | sl
0 01 02 03 04 05 06 07 08
X ® pllpn--

02
X:
=21 02 o3 ea
x,=p/ ".___
F Pythia Antix_Re0.7 p_> & GeVic, 1 = 17-3.3, P60, 97 pb” |
0.06 |
oAy
.04 *AY
o AS
N ee———— .}
0.02 1
& /
0| - |
PO S
o Aﬂ al.inw25 |
—=A, |
004 =A¢ g
0.06f
0 01 02 03 04 05 o0& 07 08
xr = PX’ pb.lm
Pythia Antik R=0.7p_ > 4 GeV/c, 1 = 1.7-3.3, P=60%, 57 pb" |
0.011 A,
oAy
0.008(— * A"
/’—\ t 1
< 0 —*\\ '
. |
¢ |
-0.005 1
Gamberg, Kang, Prokudin: n» 2.5 } |
[ =As ]
0.01- —a® |
=P
0 01 02 03 04 05 06 07 08

ey AT e e e e Vv T T T e e e e
j E Pythis Anti-k R=0.7 A 4 CeVie, n=1733 E Pythie Arti-h R=0.Tp »4CeVic,n=1733
q PO — wp quank 85 —up quank
! 985 = Sown quark .85 == 0own quark
[ = cther partons | =—other partons
”E — baam OTE e beam
06—
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