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What is SPIN?

As a fundamental observable of (sub)-atomic physics,
“spin” was introduced by Goudsmit & Uhlenbeck (1925)

“This is a good idea. Your idea may be wrong, but since both
of you are so young without any reputation, you would not
loose anything by making a stupid mistake."

-Ehrenfest upon receiving the paper by Goudsmit & Uhlenbeck

Original measurement (1922) & | i
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A Global polarization in heavy ion collisions

A global polarization observed at STAR (Nature cover ), as
predicted by Z.T. Liang and X.N. Wang in 2004.
STAR, Nature 548(2017)62
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A Global polarization in heavy ion collisions

A global polarization observed at STAR (Nature cover ), as
predicted by Z.T. Liang and X.N. Wang in 2004.

STAR, Nature 548(2017)62
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-An example you may be familiar in heavy ion physics,
but | will talk about the proton spin today



Spin structure of nucleon

In the naive Quark Model, the nucleon is made of three quarks - p(uud)
The quark spins make up the nucleon spin, since the quarks are in the s-orbit:

‘pT>= %uTqui—\/g\E(uTuMuluT)dT

NEERVER
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1974: With Parton Model (sea quark, gluon) but assumes strange quarks
carry no net polarization (Ellis-daffe sum rule):

AY=~0.6

1988: European Muon Collaboration (polarized Deep Inelastic Scattering)
“Spin Crisis”--- proton spin carried by quark spin is rather small: AX ~ 0.2




Spin structure of nucleon

« Spin sum rule (longitudinal case):

1=1A2+AG+<L

AR
Quark spin, Orbital Angular Momenta
Best known Little known
(~30%)-DIS

AY = Aut A+ Ad+Ad+As+A5  [Aq = [Aq(x)da]

>
9.8

» Polarized parton densities:

A(x,0) = ¢ (2,05 ¢ (x,0?) @'—@’

1(x0) = ¢'(xQ)+q (xQ) (o= )= +(~e




World data on pol. and unpol. deep-inelastic scattering
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Detailed knowledge on Aq(x), Ag(x)- global fit using DIS and pp data
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World efforts for spin physics

Finished experiments: SLAC, EMC, SMC, HERMES

Current running

— Lepton-nucleon
scattering:

RHIC@BNL

COMPASS. JLab 9

— Polarized proton-
proton scattering,
RHIC

Future facilities
— EIC (US, BNL)
— EicC (China)

— JPARC (Japan)

— GSI-FAIR
(Germany)

— NICA (Russia)

- '?il pp@200&5OOGeV

F142- 155 4 EMC/SMC ;

e-p@6,12GeV

¢

Jefferson Lab o

HERMES®@ DESY
et p @27GeV

COMPASS@CERN
1 p@160GeV

Ty

-Courtesy of Feng Yuan




RHIC- 1st polarized proton-proton collider

Absolute Polarimeter (H jet) RHIC pC Polarimeters

Js =200,500GelV Siberian Snakes

P ~60%
—_ PHENIX o

<«—— Siberian Snakes

Spin Rotators
(longitudinal polarization)

© Spin flipper

'N\ Spin Rotators

Pol. H Source  Solenoid Partial Siberian Snake (longitudinal polarization)

LINAC Helical Partial Siberian Snake

BOOSTER

/ AGS Internal Polarimeter

/ AGS pC Polarimeters
Strong Helical AGS Snake

200 MeV Polarimeter

Rf Dipole

« World’s only polarized hadron-hadron collider: longitudinal & transverse

 Spin direction changes from bunch to bunch
« Two main experiments: PHENIX (till 2016) & STAR




RHIC performance with pp collisions

» Long runs with
long. polarization at
200 GeV in 2005,
2006, 2009, 2015.

» Collisions at 500
GeV with long. pol.
in 2009, 2012 and
2013.

» Long runs with
trans. pol. in 2006,
2008, 2012 at
200GeV and 2011
2017 at 500 GeV.

Integrated polarized proton luminosity L [pb!]
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AqQ(x), Ag(x)- global analysis of data
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1 1AZI + AG+ < L,,
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Spin’ AngU].aI'

(~30%)_ Momenta
Little

DIS known

RHIC (jet, n0)

|_—" 200 GeV, 500 GeV

D. De Florian, R. Sassot, M. Stratmann, W. Vogelsang, PRD80(2009)
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RHIC spin program

O Experimental aspects: RHIC
O Recent highlights on RHIC/STAR spin:
v’ Gluon polarization (Jet, m® production): gluon polarization Ag
v’ Quark/Anti-quark polarization (W/Z production): sea quark Ag
v’ Hyperon spin transfer : strange quark polarization
v’ Transverse spin asymmetry (Hadron production): Collins & Sivers

v’ Transverse spin asymmetry (W/Z production): Sivers function

-current focus of SDU group

O Upgrade plans for cold-QCD physics in 2021+ at RHIC

13



STAR - Solenoid Tracker At RHIC

Magnet
« 0.5T Solenoid
Triggering & Luminosity Monitor
« Beam-Beam Counters

- 34<|n|<5.0
«  Zero Degree Calorimeters
Vertex Position Detector
Central Tracking
« Large-volume TPC

FMS

- In|<13
Calorimetry
Barrel EMC (Pb/Scintilator) ¢\ Wesi
- In|<1.0 rost O | [l = £l
»  Endcap EMC (Pb/Scintillator) <« T [] ~
- 1.0<n<20 "l = Y R
» Forward Meson Spectrometer | =~
— 25<n<40 ‘

Qinghua Xu (Shandong U.) 14



Accessing Ag(x) in pp collision

e Longitudinal spin asymmetry: Af; Af ALL =
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Jet Reconstruction in pp at STAR

Jet direction
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1) Midpoint cone algorithm
(Adapted from Tevatron Il - hep-ex/0005012)

* Seed energy E;%¢¢9 = 0.5 GeV

* Cone radius R = VAn2+A@2 = 0.7
- Split/merge fraction f = 0.5

2) Anti-Kt algorithm
([arXiv:0802.1189])

* Successive Combination
« Radius R=0.6

2

_ AR
d; = mln(%,i) d

ki ki | R2

1

d, =
K

1) was used in previous years, now
2) is widely used.
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STAR Run6 results on jet x-section and A

d%c / 2rdprdn [pb/GeV]

* Cross section well described by

NLO pQCD+Hadronization

10° 1 Inclusive Jet Cross Section
pp @ 200 GeV
Cone Radius=0.7

10* 1 -08<n<08
STAR preliminary

10% 1
ILdt =539 pb”
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10/ 2ndprdn

e STARRun-6
D Systematic Uncertainty
011 Theory

[] NLOpQCD +CTEQSM
- Had. and UE. Corrections
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*STAR run6 data rule out several previous
models of gluon polarization, and included
in the DSSV global analysis together with

PHENIX 110 results.

T Ag(x)dx = 0.005 =

0.05

0.129
0.164

at Q2=10GeV?
-arXiv:1304.0079
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STAR inclusive jet A | from run9

STAR, Phys. Rev. Lett. 115(2015) 92002

007 STAR 2009 » 2009 STAR data is a factor of 4
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DSoSV global analysis Including S TAR/PHENIX data

-Observation of gluon polarization

DSSV, PRL113,12001(2014)

I LI LR | I LI | I LI !

A
=
Q
lllllllll

e
o
astle
.
......

.
~TTELAEEE
______

.......
A e

o PEE —
:" |RHIC x range
01 [DSSV: arxiv:0904.3821 - nERG I ]
IDSSV*: + all new (SI)DIS  —.—.— DSSV*
HOSSV: + RHIC 2
A SS C 2009 — - _ DSSV
02 Lol L1 1l L1
-3 -2 -1
10 10 100 x 1
1.0
—_ 0.06 2
[ dxAg~0.2+00¢ @ 10 GeV
0.05

> 1st Lattice calculation:

1
[ dxAg(x)=0.251+0.047(stat) +0.016(syst)
’ xQCD, PRL118,102001(2017)

LI L L L L L L L N BB L |
. - ’ —
= |
S - . .
éo « . NEWFIT

1 — 90% CL. region| -
» [ = 'DSSV* i ]

v O - 90% CL. region! ]

=8 | . : -

TS [ . Dssv | ]

i
05 5 s ]
L i it : -
u : ---------- i
- E . -1
i i R s ]
"1 [ S ——— 1;..-.--.;.-...-...._._._.-; ............... —
L ! : i
L i i
i
5 2z rl | —]
05 - Q*=10GeV’|
v lov e o by v b v vy b b |

-02 01 -0 01, 02 03
| dx Ag(x)
005

To further constrain Ag(x), need to
go to lower x

-> higher energy, forward di-jets
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New results on jet A | from 2015 data

* New result on A, of inclusive jet production from 2015 data at 200 GeV.
 Consistent with 2009 data, twice in figure-of-merit (LP4) with improved

systematic uncertainty
* Provide more constraints on gluon polarization with global analysis

-
< - STAR Preliminary
0.06 | p+p—> Jets + X, s =200 GeV
"L Antik, R=0.6, In| < 1.0
 ©2009 Data, PRL 115 (2015) 92002
0.04— []2009 Data Syst. e
— = 2015 Data, Preliminary
— []2015 Data Syst. | |
- .-DSSV'14 -
0.02— _NNPDF1.1
: . Lumi. Syst.
2015 2009
0-00 I e IOt ISR
— + 6.1% (2015) and 6.5% (2009) scale uncertainty from polarization not shown
| | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
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A, results on jet/nY at 510 GeV from RHIC

Inclusive Jet A |

Can we further improve our knowledge on Ag(x)? Yes!

i
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STAR, PRD100,52005(2019)

o PHENIX 20 A, at 510 GeV,

which is also sensitive to Ag in

small x region
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STAR jet A, at 510 GeV,

access small x region down to
x~0.015, compared to x~0.05 at

200GeV.

- pp - 1°+X |n|<0.35

| W 510 GeV: Runi2-13
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Central di-jet A at 200 GeV at STAR

- Access to partonic kinematics via di-jet: M =X X2
75 +17, =In—
g I . . X>
STAR Barrel T - 190<M<230 GeV/c® Slgn(n1)=S|gn(n2)
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z % ° I
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allowing for constraints on the

STAR, PRD95,071103(2017
shape of Ag(x) ( )
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Central-forward di-jet at 200 GeV at STAR

STAR, PRD98,032011(2018)
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Di-jet A, at 510 GeV at STAR

STAR, PRD100,52005(2019)
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* New results on di-jet A at 510
GeV, further constraints on the
shape of Ag(x)
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Probing sea quark polarization via W production

* Unique quark polarimetry with W-bosons at RHIC:

"Proton helicity ="+" Proton hglicity ="
yodlan{ - o Ad (x)u(x)
f,«"':,(_\-:, \z ,ﬁ’}'(m \z
:U}_ | ﬁfvb_ — W-deteotlon through
high energy lepton

» Spin asymmetry measurements:
_Au(xl)

_ _ , V. . >>0
AV o,-0_ —Au(x,)d(x,) + Ad(x,)u(x,) _ u(x,) TV
L O, +0_ u(x,)d(x,) +d(x,)u(x,) A_d(xl) Ly <<
d(x,) "
Ad(x,)
_ -—— y,->>0
AZV ~ {(xl)
A_u(XI)a V- <<0
u(x,) v
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W selection via W -> ev at STAR

W —e+ v Candidate Event:

» Isolated track pointing to
isolated EM cluster in
calorimeter

* Large “missing energy” opposite

the electron candidate

N - D . W AN —

QCD Background Event

Several tracks pointing to
energy deposit in several
towers

ptsum is balanced by di-jet,

no large “missing energy”
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W selection at STAR : Jacobian peak

Al] =01

4pi-nearCone
Transverse

Plane views

Sum Jets

B |solation ratio

®  Isolation ratio Egwo/E4sx4
> 95%

& near-cone
AR=0.7

P

PT

—»baI:

P+ ZAR>0.7 PT

Signed Pr-balance =
> 14GeV

— jets

p—?_e.p—_»rbal

IPTe|

away ET < 11GeV

Signal of Jacobian 10°
peak with E distribution
after selection : 10*

T T TTTTT

1 IIIIIII

108

T T lIll[[l

102

-STAR 2013 with BEMC (|n|<1)

T Illllll

20

40

Vertex/Track Selection and BEMC
cluster reconstruction

E?> 14 GeV, Ady ok Clust
and EY/E* > 95%
ES/ESR7 > 88%

signed pT-baIance >14 GeV/c
away EE <11 GeV

<7cm

60
EZ? (GeV)
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STAR mid-rapidity W A —2011+2012

 First multiple-eta-bin A, results from 2011+2012 data:

A | Bip > W' et v « A_of W-shows indication
(s=510GeV  25<E;<50GeV - that data are larger than
05 - = the DSSV predictions

W + JLJ‘} T
Aul| T —’+‘ a"a - A_of W+ is consistent with

theoretical predictions with
DSSV pdf.

) W
0.5 wW'w

- @~ =+ STAR Data CL=68%

* Indication of symmetry
breaking of polarized sea.

| — - DSSV08 RHICBOS =
-.-DSSV08 CHE NLO
----- LSS10 CHE NLO
DSSV08 L0 Ay*/y*= 2% error
B 3.4% beam pol scale uncertainty not shown STAR, PRL1 1 3, 72301 (201 4)
| | A ' l A L | l l | A I I ' A I '
-2 -1 0 1 2
lepton n
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Global Analysis with STAR W A results

Big impact seen in
NNPDFpol1.1 global
analysis after including
STAR A, data.

NNPDF1.1, Nucl.Phys. B887,276 (2014) <<

Polarized sea asymmetry:

I I Illllq

T TTTTT I FrTrr

0.12— —
ME_ Sea asymmetry E
ol x(d-70) x(Ai-Ad)
o.osf— S T _f
o.oaf— _f
002k, _f
ops f
-002f- =
00sf- Q*=10 GeV? E
-0.06F- 77771 NNPDFpol1.1 x(AT - AD) E
_o_osé_ NNPDF2.3  x@-0) _
10'3 — ll“;é_z — “lll(;" — l““1
X

T

0.04

0.02

T

LA

XAT(X,Q°=10 GeV?)

-0.04—

-0.06—

TlY]YT‘II

[7] NNPDFpol1.1

L[] Dssvos ay®=1
I~ —— positivity bound

Ll

10°

10?

X

0.04

0.02

T

— xAd(x,Q°=10 GeV?)

-0.02

—
-
-
-

-0.04—

-0.06—

] NNPDFpol1.1
[ ]Dssvos Ay’=1

I~ — positivity bound

llll

~
,,,,,

10°

102
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W A, results— STAR 2013

A p+p—> W+ X ﬁeei + X v’ Most precise W A, results from
05l Vs =510 GeV 25 <ES <50 GeV _ 2013 STAR dataset
L W
% %} %j v Consistent with published RHIC
% e results; with 40-50% smaller
0 L uncertainties than STAR
et 2011+2012 results
¥ g v’ Confirmed positively polarized
05- & ¢ tia anti-up quark first seen in the
- | 2011+2012 data.
g g 2::'-22 I%(;:I?113(2014) 072301 W+
PHENIX PRD 98 (2018) 032007
1, 3|.3°/|o bxlean? pcI>I slcal? u?celrtailntylno:[ shlowln |
—1 0 1
M,

STAR, PRD99, 051102R(2019) @Jinlong Zhang’s thesis
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W A, results— STAR 2013

-0.5

- D+ p—=WEE X e+ X

- s =510 GeV 25 <ES <50 GeV

&
555

- e syst

5 STAR2011-2013
L e BS15 CHE NLO
----------------------- DSSV14 CHE NLO
DSSV14 RHICBOS
- S NNPDFpol1.1 CHE NLO

- 2545 NNPDFpol1.1rw CHE NLO
3.3% beam pol scale uncertainty not shown

1 0 1
U

STAR, PRD99, 051102R(2019)

e

v’ Most precise W A, results from
2013 STAR dataset

v’ Consistent with published RHIC
results; with 40-50% smaller
uncertainties than STAR
2011+2012 results

v Confirmed positively polarized

anti-up quark first seen in the
2011+2012 data.

v’ Combined STAR 2011-2013
results in comparison with
theoretical predications

@Jinlong Zhang'’s thesis
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Impact of STAR 2013 W A, results
« Reweighting based on NNPDF pol1.1 confirmed the polarized

sea asymmetry: Au > Ad STAR, PRD99, 051102R(2019)
0.04 0.02 r
i _ I 0.08 Sea Asymmetry
. XAU o i NNPDFpol1.1 : X(AT - Ad)
[ | 0.06|-

0.02

RXR
ORISR
0
e 00003
KA RRIXRALXXARR
R SRR AN ARHHIHKKRS
B R A H A KA R HHAH A
R EIERKS
R AR RIRX K HIHH KK
K X AR X KX XK
RIS
$50,00008,

0.04

0.02§

o .
- 0_
: o002l @ =10 (GeV/cy
oook S55E  NNPDFpolt.1+4STAR2013 ook — OO NI\?PDCFpoHJ
_ | XAd 004k ? NNPDFpol1.1rw
1072 T ”.1IOI'1 - ”“1 1072 - “I1IOI'1 T ““1 1072 1(;‘1 1
X X 5 1 X
. . > \ e E866 O HERMES
v' The polarized flavor asymmetry is :.‘\;ﬂéf\’ggg%e
opposite to the unpolarized case ! N )
_ _ i d(x) — a(x)
At > 0> Ad. |Ad| > |Agl 1
0.4 AS - A’U, B Ad 0.25 - |

dr As(z, Q% = 10GeV?) = +0.06 + 0.03

0.04

Qo.()?i 0.01 I s
-E. Nocera @ Hadron2019 - E866, PRD64, 052002(2001) A

- NNPDF2.3, NPB867,244(2013) 32




Impact of STAR 2013 W A, results

« Reweighting based on NNPDF pol1.1 confirmed the polarized

sea asymmetry: STAR, PRD99, 051102R(2019)
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.90 0000,
&ﬁvwﬂ&qwﬁuvv§QV' a*f
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&
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s
e

%
000000,
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NNPDFpol1.1

Q
CRARARH N,
S50
0000:400‘0000000.00“’
555
-0.02 SRR oases

1072

v" The polarized flavor asymmetry is
opposite to the unpolarized case !

v' Compatible with Pauli suppression by
the polarized valence quarks, among

different models.

0.08

0.06

0.04—

0.02}

-0.02

Sea Asymmetry
X(AT - Ad)
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D, -Longitudinal spin transfer & strange quark polarization

« Expectations at LO show sensitivity of D, for anti-Lambda to As:

D, = Oy p=trx ~9pporx _ dAC
LL — -
ptp—=ATX + O'p+ p—>A"X do
<027 GRSVO00-M.Gluck et al, Phys.Rev.D63(2001)094005
0.1 "'- SU(B), GRSVDD(standard) .? xAS i L 1ltll | I LA | TTII] T L LB ']Tl;
A i Q=8 GeV (LO AR _
: SU(6), GRSVDD(valen ce) d 0.005 | (LO) vafence .
0.08 |- o DIS, GRSVOD(stan dard) i~ ol fraq. func. models L o’ “ i
L - DIS,GRSVOD(valence) | / - 'rag. JUnc. i N
0.06 | A E ¢
Vs =200GeV :
004 , >8GeV R N ']
- Pr \ ) 005
. : odels
[ et ) -0.01
0F -
1 i - Typ. range at RHIC
-om; _-: _0.015 hlllllll 1 :l lllllli l=1 llllll-
[ 1 | 1 1 1 1 1 1 1 | 1 1 L 1 ’ 10-2 10-‘
-2 -1 0 1 2

Q. Xu, E. Sichtermann, Z. Liang, PRD 73(2006)077503 N

- A D is less sensitive to As, due to large u,d quark fragmentation.

-A Promising measurements for anti-strange quark polarization.

X




D, results of (anti-)Lambda at STAR

* D, measurements from STAR 2009 data, which is expected to
provide sensitivity to strange quark polarization As.

01" e A a2 -STAR, PRD98, 112009 (2018)
0.05
= 0
Q
-0.05
DSV A+A, scen. 1 e XLS A, SU6
01— _ DSV A+A, scen. 2 XLS A, SU6

——— DSV A+A, scen. 3
| | |

P, [GgV/c]
- D.de Florian, M.Stratmann, and W.Vogelsang, PRL81,530(1998)
- Q. Xu, Z.T. Liang, E. Sichtermann, PRD 73, 077503(2006)
» D, results are still consistent with zero within the uncertainties.

» Statistics uncertainties are comparable to the spread of models calculations.
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D, results of (anti-)Lambda at STAR

AA

« Theoretical studies show impact on asymmetry of strange and
anti-strange quark polarization:

X.N. Liu, B. Q. Ma, Eur.Phys.J. C79 (2019) 409

0.10 f oy =-1.20 + 1.31 0.10 o, = -0.24 +0.49

0.05 [ 0.05 |

0.00 < o0 '___-—El—-"ér ----- $

: : i :
-0.05 | [ _
e A 005F A A

ook === AN with As = AsPSSY [ - - - A" with AS = ASPSSY
[ AN with As = a,,AsPSSY 010 [ AN with As = a,AsPSSY
2 3 4 5 6 7 2 3 4 5 6 7
pr[GeV/c] p[GeV/c]
(a) Longitudinal spin transfer to A. (b) Longitudinal spin transfer to A.

Table 1 Fitting results of ¢ and calculated results of As and A§

coefficient value As AS Xiin

o —1.20+1.31 —0.014+£0.015 0.37
o0 —0.24+0.49 —0.003£0.005 2.48




Transverse spin transfer D7 results at STAR

* D+t measurements in p+p collision at 200 GeV, which is relevant to
transversity and polarized fragmentation functions:

0.05

DTT

-0.05

0.05

DTT

-0.05

[ (@ 0<n<12
O ,+ ..‘--—-#”"’%"““%'
el |
i % T @ H
SN i
— A A

- ---- XLS, A, SU6

[ XLS, A, SU6

[ R B

IIII|I|

(b) -1.2<n<0

Ly

—

¥ ?* +T+—+ l I

j_ Q. Xu, Z.T. Liang, E. Sichtermann, ¥

- PRD 73, 077503(2006)

I S R S A

p. [GeV/c]

v 18t transverse spin transfer
measurement in p+p
collisions at RHIC.

v' Most precise measurement on
hyperon polarization in p+p
collision at RHIC, which reach
pr ~6.7 GeV/c with statistical
uncertainty of 0.04.

v' D7 of A/Aare consistent
with a model prediction, also
consistent with zero within
uncertainty.

@Jincheng Mei’s thesis

-STAR, PRD98, 091103R (2018)

37



Transverse spin structure of nucleon

» Transversity- least known pdf
among 3 leading twist pdfs.

6Q(X,Q2) = ‘IT(xan)-ff(x,Qz)

Proton spin T

@-@ -

momentum

0% i
0.05

Kang et al (2015) —_—

-0.15 — Anselmino et al (2013) ==xxxssss

0 04 06 08 1

-0.1 —\ /
02

- Transversity involves helicity flip, thus no access in inclusive DIS process.

o Possible experimental measurements on 6q(x):
- Via Collins function (SIDIS, p+p), di-hadron production (SIDIS and p+p)
Several Global fits available: Anselmino et al’13, Kang et al’15, M. Radici et al'18

- Transversely polarized Drell-Yan process

- Transverse spin transfer to hyperons (DIS, p+p)
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If you are not getting bored with these spinning ones....

Let's continue with transverse spin @
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Transverse spin physics at RHIC

e Transverse spin asymmetry (Hadron production):
Access to transversity via Collins & Siverse asymmetry
e Transverse spin asymmetry (W/Z production):

Sign-change of Sivers function
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Transverse Single-spin Asymmetries

A dot — dot
N p—
dot + dot

“Left-right asymmetry”

AN,

R
0.4:. AT G| 04t ’{u}
0.2} °® 02k .0
Of--------- .ta Of-------- Bap -

-0.2[ 1976 % -0.2} 2002 . b
0.4} ANL _0.4l BNL

O4f 5=4.9 GeV 04f 15=6.6 GeV
- PPN EPEPUPIS IR SRS SEPEP R o I S

0 02 04 06 08

XF

0 02 04 06 08

-0.6

Figure Aidala et al. Rev. Mod.

Phys., Vol. 85, No. 2

« Anomalously large Ay observed for nearly 40 years:

“LEft”
”Right”
Polarized
<‘n
+ + 0.4+
oo’ 0.2} o?
1. .
=== -A-; """"""" 0"-"8'-A """""""
. 1991 -02+2008 a
| Fermilab “3 % _04LRHIC 2
/s=19.4 GeV {s=62.4 GeV
Lo ool ) 5| IFEPIFEN SR BRI B B

0 02 04 06 08

Xp = 2ps/\s

0 02 04 06 08

Qinghua Xu (Shandong U.)
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Mechanisms for Transverse Single-spin Asymmetries

« Two QCD-based frameworks:

» Transverse Momentum Dependent (TMD) parton distribution or
fragmentation functions. Need two scales (Q and pr), Q>>py

€ Sivers effect (Sivers’90):
parton spin and k; correlation
in initial state (related to orbital
angular momentum)

@ Collins effect (Collins’93):
quark spin and kt correlation in

fragmentation process (related to
transversity)

S
K. q P
P
\p

- Sq ki,rr

Sensitive to orbital Sensitive to X

transversity
angular momentum

» Twist-3 mechanism (Efremov-Teryaev’82, Qiu-Sterman’91):

Collinear/twist-3 quark-gluon correlation + fragmentation functions
Need one scale (Q or p1), Q, pr>>/\acp

Both mechanisms apply when Q>>p+>>/Aqcp Ji-Qiu-Vogelsang-Yuan,2006

Qinghua Xu (Shandong U.) 42



Forward m° Ay at RHIC-STAR

p+p —> m°+X

PLB,261,201(1991)

0.251 . PRL,101,222001(2008)
- ° \s=194GeVeh ETO4 PRD,90,012006(2014)
0.2 - m 15=62.4 GeV/c?, PHENIX 3.1<n<3.7
R 18=200 GeV/c? STAR <>=3.3
0.15 _— * 15=200 GeV/c?, STAR <i>=3.7 \
I 1s=500 GeV/c?, STAR 2.7<n<4.0 + AN
0.1 ; Preliminary + +
0.05|— ; %‘r’ i’ ‘F
i N * ¥ T
o__+ ....... *gyﬁ(b&* ........................................
v e s by by e v by s by by g sy
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 08
Xg = 2Pz/ s

0.08

0.04

0.0

0.08 -

0.04

0.0

0.12
0.1
0.06

p+p —> n’+X at vs=200 GeV

|

<x>=0.28
e FPD data

<x¢>=0.32
Sivers (E704 fit)

0.02 bt

pr, GeV/c

B Rising Ay with Xg, Ay nearly independent of \'s up to 200 GeV
B A, persist at high p; no falling evidence.

» For hadron SSA, both Sivers and Collins effects can contribute.

» Study of jet production can separate Collins & Sivers effects.

Qinghua Xu (Shandong U.)
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Forward 0 Ay at RHIC-STAR

* New results T Ay from STAR at both 200 and 510 GeV

0.25

Ay

0.2

0.15

0.1

0.05

<pT>/[GeV/c]

I

\®)

5 e < 6 o e >

STAR 500GeV,2.7<n<4.0 This Paper
STAR 200GeV,2.7<n<4.0 This Paper
STAR 200GeV, <n>=3.7

STAR 200GeV, <n>=3.3

RHICf 510 GeV, 1>6

PHENIX 62.4GeV,3.1 <n<3.8

E704 19.4GeV rL ok
4 l£] O o%{]T l
o o4d o%f’o .l

STAR Preliminary

TTTT IIIIIIII[|IIII|III||IIII

Zhanwen Zhu @ BNL seminar March 2020

v' Weak scale dependence
of the ¥ TSSA for a
center-of- mass range
from 19.4 to 510 GeV

v" Comparison to the
former results at STAR
shows higher TSSA in
current measurement,
which can be explained
by the higher average pT.
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New observation: isolated ° Ay

3 Definition: Y with no other energy around

O Method: Constructing a jet (anki-kT R=0.7) first, and if a 1% is inside the jet

and takes most of its energy, it is defined isolated.

0.2
AN
0.15

0.1

0.05

<pT>5:
) Gevr

Zhanwen Zhu @ BNL seminar March 2020

L p'+p->°+X@ Vs=200/500 GeV ¢ Isolated n® 200 GeV

T p.>2GeVic ¢ Isolated n° 500 GeV
T ¢  Non-isolated n° 200 GeV
- 27<n<40 ¢  Non-isolated n° 500 GeV
[_ 3.0/3.4% beam pol. scale uncertainty not shown

I [ ]Theory 200 GeV //_///
T[] Theory 500 GeV > - b

; * + ° . ///"’// ‘ Q
UL e

STAR Prelimirgary

Theory curves:
J. Cammarota, et al., arXiv:2002.08384

The isolated 0 Ay is significantly
larger, which is separated from

those from fragmentation process.

The non-isolated m° Ay is very
small, which are mostly from
parton fragmentation process.

Similar results at both energies.

The physical origin and
mechanism accounted for higher
TSSA of isolated 1° is not known
yet.

-> diffractive process?
need more theory efforts!
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Searching Ay origin : EM-jet TSSA

Jet AN - sensitive to the initial state effect, related to Sivers effect, decoupled

fro

m Collins effect

Anti-kt algorithm is used for EM-jet reconstruction using FMS (EM calorimeter)

A ~ p'+p->EM-jet + X @ (5=200/500 GeV ¢ 200 GeV o
5.02  Jetp, 2 Gevic i %88 82¥ Multiplicity>2
— 2.9<J 3.8 ¢ 500 GeV Multiplicity>2
| #9<detn< + ADY 500 GeV
I~ 3.0/3.4% beam pol. scale uncertainty not shown
0.01— o b ut $
. B ° 5 Q
° o
B ° ® o )
—® @ ; g ’.é é(«‘ (e}
o gl
B [ ] Theory 200 GeV
B [ ] Theory 500 GeV
pp [ BN B
/GeV L ]
c 6
i .t STAR Preliminary
4- ¢ °
L ] e
F L e ® e . ) o
2r
1 1 1 Il ‘ 1 1 1 1 ‘ Il 1 1 1 | Il Il 1 1 | 1 1 1 1 | 1 1
0.1 0.2 0.3 0.4 0.5 0.6

Xg
L. Gamberg, Z. Kang, A. Prokudin,
Phys.Rev.Lett.110(2013)23,232301

Zhanwen Zhu @ BNL seminar March 2020

» The jet TSSAis a few times
smaller than the 1° TSSA in
the same xF bin.

* The jet with photon multiplicity
minimum requirement has
significant smaller TSSA.

= The ANDY result shows the
TSSA of the full jet, and is
consistent with the result of
the EM-jet which has at least
3 photons.

> Initial state effect is small
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Searching Ay origin : Collins asymmetry

« The Collins asymmetry — final state only
the 0 is a part of a jet, which is fragmented from a polarized parton

0.02
F b7 e b s EM-i ) _ 0.02
A - p' +p-> EM-jet + 1%X @ {s=200/500 GeV | 200 GeV A - p1 +p -> EM-jet + 1%+X @ {5=200 GeV O <i <02 GaVic
UT L Jet algorithm: anti-kT R=0.7 uT - ¢ 00<j<0.
0.015— - =u- 0.015 [ Jetalgorithm: anti-kT R=0.7 ‘
T Jetp >2GeVic + 500 GeV = C Jetp >2GeV q; 0.2<j <03 GeVic
C 20c N, <38,27< 1, <40 § 0.01— 29<n, <3.8,27<n, <40 + 0.3<] <0.4GeVic
0.01— ot ’ — [ 3.0% beam pol. scale uncertainty not shown
[ 3.0/3.4% beam pol. scale uncertainty not shown — C 17 0.4 < jT < 0.6 GeVic
C — 0.005—
0.005— . . % -
- STAR Preliminary o o— & $ % $ !
- . o) I = S -
0 i s R T == S E
C =1 ? -0.005— % %
-0.005— -0.01— Y
T = Theory200GeV  £::71 Theory(Evo.) 200 GeV  STAR Preliminary
_0.01- [m Theory 500 GeV r-==»Theory(Evo.) 500 GeV -0.015—
C 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 :
0.3 0.4 0.5 0,6 0,7 0,8 0,9 _0-02 _I 1 | 1 11 | 11 1 1 | 111 1 | 111 1 | 111 | | 11 1 1 | 11 1 1
Zem 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Z. Kang, A. Prokudin , F. Ringer, F. Yuan Zem

Phys.Lett.B774(2017)635-642

» For both energies, the Collins asymmetries are tiny, or consistent with zero, in
agreement with the small Ay of non-isolated m° .

= |ndication of j; dependence, which was seen by mid-rapidity measurement at
200 GeV, underlying physics is understood yet.

Zhanwen Zhu @ BNL seminar March 2020 » Final state effect is small
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Collins asymmetries at STAR: mid-rapidity

sino.0)

Collins asymmetries at 500 GeV & 200 GeV:
| pl+p ojet+n + X Vs =500 GeV
0.05 — 0<ng <1 (P, ) =31.0CeVic pT +p—jet+ n+ X
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* First Collins effect measurements in pp collisions_ .
reasonably described by two recent calculations
that combine the transversity distribution from
SIDIS with the Collins FF from e*e collisions

* Both 200 and 500 GeV pp results hint that the
asymmetry peak shifts to higher j; as z 0.05
increases

200 GeV: Preliminary

0.05— 500 GeV: PRD 97, 032004

o
\\\l\\\\!\\\\l\\\
ot
o e
—DF?T‘
e
e

107 1 i [GeVic]

- Collins asymmetries observed in p+p collisions, providing
information for scale dependence, also access to transversity.

€0>z>¢0 c0>z>10

80>z>¢€0



Collins asymmetries at STAR: mid-rapidity

* New results on Collins asymmetries for m and K in p+p collisions at 200 GeV

sin(o, - 9,)
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0.04— STAR 2015 Prellmmary < = STAR 2015 Preliminary o
oos. P +P letsw4X + o 008 T b Sjet+ KE+ X
o E V5=200GeV G p 006 Vs =200 GeV
0. 025— XF > 0 + + < 0.04:_ XF > 0 1
00, L, ¥ * 0.02F i 0+
OE—F- 0:—-#—--* ----- + -------------- i ------- + --------------------------------------------
- L) —
-0.01— & -0.02— +
= " E = —
0.02= AR, >0.05 LI $ + ~0.04 AR, >0.05 &
—0.03=— 0.1<z<038 —0.06— 51<2z<08
_0_045— lT < lT,Max —0.08:— IT < lT,Max
: llllllllIlllllllllllllllllll :Illlllllllllll I Illll I I I I
0.04 =
E 0.08—
= 0 E X<0
0.03- Xp < 0.06E- F 1 xn
0.02= 0.04-
0.01= 0.02—
= v = (3]
NSRS SN S T NS S b SR, G S
= YT = % %
-0.01= -0.02—
0025, g ¥ 004 g
-0.03= o T —O.OSE— e K Eﬂ
_0.04F- 3% Scale Uncertainty Not Shown —0.08:— 3% Scale Uncertamty Not Shown | | | |
= PRI (I S SO SO (NS SN SO S HNT S S S (SN SO ST SR N SR SN 4C P | | 1 I IR IR P
5 10 15 20 25 30 01 6 8 10 12 14 16 18 20 22 24 26
Particle jet p_ [GeV/c] Particle jet p_ [GeV/c]

« K* shows positive asymmetries for forward jets, consistent within the
currently large statistical uncertainties with the 7+ asymmetries;
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Transverse single spin asymmetry (Ay) of W boson

« Sivers sign change in DIS and DY/W/Z process:

DIS: yq scattering pp: g/qannihilation
attractive FSI repulsive IST

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

| Siversprs = - Sivers (DY or W or 2) |

-Critical test for our understanding of TMD’s and TMD factorization

« Active experimental programs at CERN-COMPASS (DY), Fermi-
SpinQuest (E1039,DY), and RHIC (W production).
« Advantages of weak boson production

» Low background
» High Q2-scale (~ W/Z boson mass)




First W, Z Ay results at 500 GeV from STAR

 Data: STAR 2011 transverse run at 500 GeV, integrated luminosity ~25 pb-

: 4 _ dot — do*
 FirstAyforW*=and Zresults: Ay =
dot + dot
1 1
f STAR p-p 500 GeV (L =25 pb ) STAR p-p 500 GeV (L=25pb )
0805 <P <10 Gevre 0805 <P <10Gevic

0.6F
0.4F

C —_—
0.2 l ,

qz 0...&____

-0.2F ;

04 W STy 04 FEW IV

0.6 - ___ KQ (assuming “sign change”) 0.6 - _ _ KQ(no “sign change”)
= Global x2/DOF = 7.4/6 ’ Global ¥2/DOF = 19.6/6

-0.8 :—3.4% beam pol. uncertainty not shown -0.8 :—3.4% beam pol. uncertainty not shown
-1 C l A 'S L A l A A A A l _1 L l A 'S ' A I 'S A A L l

-0.5 0 0.5 -0.5 0 0.5
yY yY

—

-

" STAR p-p500 GeV (L = 25 pb™)
0.5 <PL’ <10 GeVie

Bt R

o251

3.4% beam pol. uncertainty not shown

l-lllllllllllllllllllllllllllll

-15 -1 =05 0 05 1 15

yzu

STAR, Phys. Rev. Lett. 116,132301(2016)

» Sivers sign-change scenario preferred over no-sign change scenario.
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Coming measurements of W/Z Ay at STAR

« STAR collected ~350 pb! of transverse pp in 2017:

k: t STAR p+p 500 GeV (L =25 pb™)

S 0.5 <P <10 GeV/e

< | STAR p+p 500 GeV (L =25 pb™)
4L 0.5<P% <10GeV/e

0. 6
0.4 0.5 ’
0. 2 —
— | —
-0.2! -
04I W STy -0.5 +Z° >l
VR ¢ run 17 proj. (L=350pb™, P=55%) —4— run 17 proj. (L=350pb™, P=55%)
-0.6- — KQ-no TMD evol. — KQ - no TMD evol.
© -~ EIKV - TMD evolved -1 EIKV - TMD evolved
’0-85 3.4% beam pol. uncertainty not shown 3.4% beam pol. uncertainty not shown
— . A i | A D SR ] S GHES VNS U U G VI U - U S _— l S WD WD U U U S l lllll
05 0 05 15 -1 05 0 05 1 15
w 0
y yZ

k: F STAR p+p 500 GeV (L =25 pb™) <z
F0.5 <P <10 GeV/e
0. 6
0.4;
0.2- 1 :
0 = JLQ‘-‘*_.\.—?:
-0.2/
W STy
=045 4 run 17 proj. (L=350pb", P=55%)
-0. 6 —— KQ - no TMD evol.
EIKV - TMD evolved
-0. 8 3.4% beam pol. uncertainty not shown
T 0 0.5
yW
Goal:

» Constrain TMD evolution sea-quark Sivers function

» Test sign-change if TMD-evolution suppression factor ~5 or less
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Looking Forward at STAR

Beam Energy Scan Il
2019~2021

Early Universe The Phases of QCD
LHC Experiments

(&)
=
=)
-—
©
=
(V)
o
5
=

~170 MeV

Critical Point

Hadron Gas Superconductor

Nuclear
_Vacuum Matter Neutron Stars

e
A - I—

i
0 MeV 900 MeV

Baryon Chemical Potential

ITPC, eToF, EPD

Forward Physics (2.5<n<4)
2021+

A Tale of Initial State:
Nucleon to Nuclei

v Forward Tracking System
-> 4 sTGC+ 3 Silicon disks
v Forward Calorimeter System

53



Future RHIC Spin in 2021+

2021/22

1.1 fb!

STAR

Nerade

Ecal + Hcal

» detector

p'p ~ TMDs at low and highx | A4,,for Collins observables, |
@ 510 10 weeks i.e. hadron in jet modulations || +Tracking
at n>1 (2.5<n<4)
2021/22 pp 1.1fb"! Ag(x) at small x Ay for jets, di-jets, h/y-jets || Ecal + HCal
@ 510 10 weeks at n>1 (2.5<n<4)
2024 p'p 300 pb! Subprocess driving the | A, for charged hadrons and | Ecal + Hcal
@ 200 8 weeks large 4, at high x.and n flavor enhanced jets +Tracking
2024 p'Au 1.8 pb! Nature of the initial state | R, direct photonsand DY || Ecal + Heal
@ 200 8 weeks and hadronization in +Tracking
nuclear collisions
Dihadrons, y-jet, h-jet,
Clear signatures for diffraction
Saturation
p'Al 12.6 pb! A-dependence of nPDF, | R,,: direct photons and DY || Ecal + Heal
@200 | 8weeks +Tracking
A-dependence for Dihadrons, y-jet, h-jet,
Saturation diffraction

» RHIC is the world’s only polarized hadron-hadron collider.
» Unique physics opportunities in pp and pA.

for 2017 to 2023
% A Portal to th¢ EIC

Forward

upgrade
required

STAR ‘SPHENIX

EIC
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Summary of RHIC Spin

O Origin of proton spin remains a fundamental question in QCD.

O Observation of positive gluon polarization from RHIC:

- Probes with jets and pion, are providing important constraints on AG
Global analysis indicates sizable gluon polarization (0.05<x<0.2)

O Unique probe of sea quark polarization via W production:
- Final A results for W= from RHIC run 13 data concludes RHIC W program,
further confirm the SU(2) symmetry breaking: Aiz > Ad
O Transverse spin physics at RHIC:
- Results on Collins asymmetries & hyperon spin transfer provide window for

transversity distribution of nucleon.

- Ay for W,Z at STAR: 1stresults obtained, run 17 to study Sivers sign change

O Future RHIC spinin 2021* & EIC in 2028+
- Unique physics opportunities in pp and pA, essential to fully realize
the scientific promise of the EIC.
- A ultimate QCD machine for proton structure: EIC/EicC !
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Future on proton spin - eRHIC

EIC: arXiv:1212.1701 mmae

- T ! I 1 T " i
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Impact of STAR di-jet A, to Ag global fit

D. de Florian, et al., (DSSV2018), arXiv:1902.10548
0.2 ; ; : .

2 2
xAg(x,Q7 =10 GeV")
0.15
0.1
0.05
0 Kl
A STAR 2009 dijet impact
,_/‘i 7 7 sign(n,) = sign(n,) e
-0.05 -~ A sign(n,) # sign(n,) MC-aver_age T A
. Dol A L s east barrel-endcap MC-rf;pllcas
o ——— west barrel-endcap combined impact ==
,:/ ............ endcap-endcap and 1-o contours
_0 1 1 1 1 1
0.01 0.03 0.1 0.3 0.5 1

X

1
Before reweighting:f Ag(x)dx =0.133+=0.035
0.1

1
After reweighting: [ Ag(x)dx = 0.126 = 0.023
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Forward upgrade: FTS+FCS

Forward Tracking System Forward Calorimeter System
Silicon + sTGC EM Cal + HCal

(2.5<n<4)
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Correlation measurements with partonic kinematics

> Access to partonic kinematics

through di-jet production E#  STAR 2009 Di-jet Cross Section
107
= =
N ? 10_2;_ &=z /| NLO pacD CT10 + UEH
p p T3 ) T 13 é ; s UEH Systematic Uncertainty
i 109 ——
99.99. 99 -5N - ———
5 2 DTy e § 0l —
»> %‘l — o - pp@ Vs=200GeV
P @ qE | Anti-k;, R=0.6, [nn | <0.8 e
1 WS;‘I Ldt =18.6 pb”" + 8.8%
X, = \/’ (pme'h + prae” ) = ' W
1S g 0.4'5% , Y
x2 = T(pTSe_,h + pT4e_'74 ) % 0.2 - :.::44‘{/
S f‘: 0 e
M = \/x,x,s g""z
-0.4
7, +1n, =In—" d 20 30 40 50 60 70 80 90 100
X, Di-jet Invariant Mass [GeV/c?]

|cos (74 *| = tanh|—=—

7735 — 174
2

STAR, Phys. Rev. D95,071103(2017)
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