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1. Introduction

— RHIC, PHENIX, and STAR

2. Nucleon helicity (Longitudinally polarized p + p)

a. Sea quark polarization (AQ)

b. Gluon polarization (AG)

3. Transversely polarized p + p

— Probes from PHENIX

— Probes from STAR



Introduction What p + p can provide?

* DIS primarily probes via: e p+pprimarily probes via:
— Electromagnetic interactions — Strong interactions
a. Couple to charge a. Couple to color charge
b. Insensitive to color b. Direct LO sensitivity to gluons

. . c. Insensitive to flavor
— Weak interactions

a. Couple to weak charge

b. Insensitive to color



Introduction RHIC

Absolute Polarimeter (H-jet)
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Cold Snake
* RHIC @ Brookhaven Lab., NY

— Polarized p + p (max. 120 bunches per ring) @ Vs = 62.5 to 510 (GeV)
— Average beam polarization (P) =~ 60 (%)

— Polarization direction (L or T) chosen by each experiment’s decision



Introduction RHIC Spin Runs (2009 - 2017)
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e Summary of RHIC Spin Runs
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PHENIX STAR

200 L 56 /57 16 25
% 500 L 33/36 14 11
11 500 L 48 / 48 28 12
12 510 L 50/54 50 86
13 510 L 51/55 242 306
15 200 L 53/57 X 53
11 500 T 48 / 48 X 22
12 200 T 62 /57 18 25
15 200 T 53/57 110 52
17 510 T 55 /56 X 356

CAVEAT: int. L can be different by the observable

(the values presented here was obtained by MB trigger or trigger without prescale)



Introduction PHENIX (2016)

e Central Arms

*  MPC/ MPC-Ex

— 3.1<|n|<3.8, Adp=2m
- MPC: PbWO, EMCal
—  MPC-Ex: W absorber + Si minipads

Inl <o.35,A¢=§x 2,0.78 T

VTX (Si pixel and strip, from 2011)
Tracking: DC, PC

pID: RICH, ToF

EMCal: PbGI, PbSc

*  Muon Arms

- 12<]n|<2.2(24), Ab=21,0.72T
—  FVTX (Si strip, from 2012)

—  Tracking: MuTr (CS chambers)

- pID: MulD, RPC




Introduction STAR (2017)

« TPC

* Barrel EMC
In] <1.3,Ad=2m, 05T - In] <1.0, A =2n
Charged track reconstruction —  PbSctowers + SMD + preshower
Primary vertex measurement —  Energy measurement, Trigger

Charge / Particle ID

* Also,

—  Barrel ToF(|n| < 1.0, Ad =2n)
—  VPD (Vertex Position Detector)

- 25<n<4.0, Ad=2n
—  PbGl towers + pre/postshower

s —  Energy measurement, Trigger

* Endcap EMC
- 1.1<n<2.0, Ad=2m
—  PbSc towers + SMD + pre/postshower

—  Energy measurement, Trigger



2. Nucleon helicity

(Longitudinally polarized p + p)




2. Nucleon helicity Motivation

I e e TPt rrrrr—r—r=rrrrry (.03
- x(Au + Au) - x(Ad + Ad) . 1 1
03 0 . Sp=—=—AZ+AG+LZ
2 2
02 -D_[lj
0.1 o e NAX?
! T | R R E A — (Aq + AQ): well constrained down to x ~ 103,
R R
T * 1 thanks to DIS results
’ — AQ: poorly constrained with large uncertainty,
-0-02:— —— — 0.02 mainly originated from fragmentation functions
b — DSV .....‘"‘. - _ o0 - RHIC: fragmentation free W decay leptons
T T O | T
0.02_ 1= xAg - 0l
o - 0.03
i i 0 — Poorly constrained:
002 =l
[ 208 Ay’=1 (Lage. multiplien | ™ limited access in DIS via evolution effect
i =1 (Hessian 1- Q2= 10 GeV* - . L. . L
oo B e e T ot —> RHIC: gluon sensitive polarized p + p collisions,

1072 ' 10 T
various probes (1%, n, jet, ...)

PRD80. 034030 (2009)



2. Nucleon helicity - a. A RHIC W program

Ao o,—o_

AL = =
o o4+o0-
proton (polarized) AW+ - —Au(xl)_&(xz) + _A&(xl)u(xz)
L u(x)d(x,) + d(x)u(x,)
ALW - —Ad(x)u(x,) + Au(x,)d(x,)
dx)u(x,) +u(x,)d(x
helicity = + ( 1) ( 2) ( 1) (x,)
(chirality) .
technically,
helicity = —
(chirality) W 1Ny— RN
AW== 2
P Ny + RN_
proton (un-polarized) »  P:avg. polarization of each beam

* N+ (N-):yields in same (opposite) helicity
* R-= i—+ : relative luminosity

* Aq measurements at RHIC

—  W* 5 e* : PHENIX midrapidity (|n| < 0.35), STAR (|n| < 1.3)

—  W?* 5 p*: PHENIX forward rapidity (1.2 < |n| <2.2/2.4)
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2. Nucleon helicity - a. AqQ PHENIX, W A (2011-2013)

1.0 T T T T T
PRD93, 051103 (2016) PRD98, 032007 (2018) L @ pavtioey B Ao

[@] PHENIX AS (2011-2012), p°. > 30 GeV ]

iﬂ [x] PHENIX A7 (2013), p > 30°GeV

0.5

(@) w+Z°

0.4- PHENIX Run 2011 (500 GeV) +

e
0.3C Run 2012 (510 GeV) he|<0.35

< 00f

-0.5F

0.2 .

E. PHENIX Run 2013 p+p 510 GeV 1 0- . . . . .
0‘1:_ n,|<0.35 o (t'>) W'+Z—>u',le' '+ STAR A{(PRL'1|3(2014) 072301) ]
o X ww DSSV E;>25 GeV

<< 2 > 30 GeV/c ] [

E fis% polarization scale uncert. not shown) E 05_
'0.1__ ] -

r CHE NLO calculations
0.2 ] < 0.0pm=si : ]
-0.3" == DSSV 14 _z E = N,\lP[}:FpoH.l m E

: ] 0.5 L DSSY  P... DSSV06 -~ DSSVOS .
04 . 3 - - DNS KKP

E ] [ == DNS Kretzer
'0.5_ | | | | ] _1‘0- 1 1 1 1

-04 -02 0 02 0404 -02 0 02 04 2 -1 1(1) I 2

n, n, 1
— Int.L=240pb1(2011-2013) — Int.L=53(2012) + 285 (2013) pb
— Signal extraction by e* isolation + Jacobian peak — Signal extraction based on W likelihood

— X (partonic momentum fraction) ~ 0.16 (M, / Vs) —  x~0.1 (backward) / ~ 0.3 (forward)



ty —a. Ag STAR
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2. Nucleon hel

, WA (2011-2013)

Sea Asymmetry
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W->eA,|nl<13

Sizable positive At / negative Ad observed

Int. L= 86 (2011-2012) + 250 (2013) pb*!

Signal extraction by e* isolation +

Clear flavor asymmetry (At - Ad)

missing energy detection + Jacobian peak

0.05<x<0.25



2. Nucleon helicity - b. AG Probe AG at RHIC

AG measurements at RHIC

Ao _ O44+— O
o O'+++ 04—

Zaps (Afa®Afp) ® A5 TP X @ D
- Lapf fa®fp)® g atb-h+X @ D}l

*  f(&f) : unpol (pol) PDF
* & (Ad) : unpol (pol) partonic cross section
. Df" : fragmentation function

technically,

1 N4yt — RN4_
PgPy Ny4y + RN, _

A=

*  P:avg. polarization of each beam

*  N++ (N+-) :yields in same (opposite) helicity
L++ . . .

* R-= P relative luminosity

Various probes: jet, direct y, n°, n%, n, heavy flavor decay electrons, etc

Wide pseudorapidity (n) coverage



Y
PH--ENIX
L] L] _ +
2. Nucleon helicity - b. AG  PHENIX, m0 /1= A,
PRD93, 011501 (2016)
= E
= 0 < = ~—
[ PP — T +X [n|<0.35 - pp - ©+X [n<0.35 PH ENIX
. W 510 GeV: Runi2-13 02— o 510GV prellmlnary
0.02 510 GeV: rel. lum. uncertainty I o 7:510GeV
L @ 200 GeV: Run6-9 (PRD90,012007) 5 15_ 4 200 GeV (PhysRevD.91.032001)
L 200 GeV: rel. lum. uncertainty TR 4 :200 GeV (PhysRevD.91.032001)
- 510 GeV/ 200 GeV pol. scale uncert. 6,59/ 4.8% B = 510 GeV rel. lum. uncertainty
- B 0.1 :_ [ 200 GeV rel. lum. uncertainty

< 0.01 | o

- PHENIX P -
0.05—
of —wty ¢
: Data points for x* slightly shifted horizontally for legibility
L Theory curves: LSS10p (dashed), DSSV 14 (solid) and NNPDF 1.1 (§otted) -0.05— 510 GeV /200 GeV pol. scale uncert. 6.5% / 4.8%
L 1 1 1 I 1 1 1 1 B L I 1 L 1 ] 1 1 1 I 1 | 1 l | 1 1 I 1 L
0 0.05 0.1 0.02 0.04 0.06 0.08 0_.12 :
X(= P,/ \'s)
X7 (=2p,/ Vs)

Inclusive n® A, |n| <0.35

Int. L = 20 (2012) + 108 (2013) pb

Confirm non-zero AG via hadron production

x down to ~ 0.01

n*A,, |n] <0.35

Int. L = 108 pb'! (2013)

previous 1° / * results

Complementary probe to



Inclusive Jet A |

2. Nucleon helicity - b. AG STAR, inclusive jet A

PRL115, 092002 (2015) arXiv:1906.02740

0.02 = STAR pp—Jet+X
= 12510 GeV R=0.5 |1|<0.9
RLLLLT '09 200 GeV R=0.6 |n|<1.0
= [ UE/RL Syst.

0.01 = -=---DsSsvi4
L. B NNPDF1.1

0 |- '

: +6.6% polarization scale uncertainty
B not shown

-0.01 -

b b 21 g . .1, . . .1

0 0.05 0.1 0.15 0.2

Parton Jet x; (= 2p_/ Vs)

* Inclusive jet A, In| <0.9

—  First non-zero AG observed (2009):

- DSSV14: [, dx Ag (%) = 0.20 395 (90 % C.L.)
- NNPDFL.1: [, dx Ag (x) = 0.17 *$:9¢

arXiv:1809.00923

& 0.04
0.035
0.03
0.025
0.02
0.015
0.01
0.005

0

-0.005

STAR Preliminary
p+p— Jets + X

--DSSV'14

= NNPDF1.1

* 2013, 510 GeV, Anti-k_R=0.5, Il <0.9 (Preliminary)

* 2009, 200 GeV, Anti-k_ R=0.6, Il <1.0

+ 6.4% scale uncertainty
from polarization not shown

-0.01

o

0.2 F_,25
Parton Jet x, (=2pr s)

2009: Vs = 200 GeV, int. L =21 pb?, x > 0.05
2012: Vs =510 GeV, int. L =82 pb?, x ~0.015

2013 results coming soon:
embedding study is underway for systematic



PRD95, 071103 (2017)

e Di-Jet A,

— DSSV 2014

= == NNPDF Pol 1.1

[ Scale Uncertainty
253 PDF Uncertainty
I Rel. Lumi. Uncertainty

Sign(n,) = Sign(n,)

Ill\\x\l\l\\l‘l\\‘\l\l\
L ke,
L |

STAR 2009 Sign(n1) # Sign(nz)
p+p— Jet + Jet + X

Vs = 200 GeV

Anti-ky, R = 0.6

Inn| <08 '“,,.‘:35::55;:55;5:;

AR

T T T T T [T [T [T 1

+ 6.5% scale uncertainty
from polarization not shown
PR RS RN EEA IR ET R
20 30 40 50 60 70
Di-jet Invariant Mass [GeV/c?]

Midrapidity dijet A;,, |n| < 0.8

Dijet invariant mass M = Vs V(x;X,)

Check previous page for conditions (Vs, etc)

2. Nucleon helicity - b. AG STAR, dijet A,

arXiv:1809.00923
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STAR 2009 & 2013
p+p->Jet + Jet + X
Anti-k, R=0.5, sign(n ) = sign(n )
[ 2013 Data, {s = 510 GeV (Preliminary)
[ 2009 Data, s = 200 GeV (Phys. Rev. D 95, 071103(R))
[ Relative Luminosity & UE Error
“<. NNPDFpol1.1
---DSSV14

+ 6.4% scale uncertainty
from polarization not shown
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STAR 2009 & 2013
p+p-> Jet + Jet + X
Anti-k; R=0.5, sign(n ) # sign(n)
[ 2013 Data, {s = 510 GeV (Preliminary)
[ 2009 Data, s = 200 GeV (Phys. Rev. D 95, 071103(R))
[ Relative Luminosity & UE Error
<. NNPDFpol1.1
---DSSV14

+6.4% scale uncertainty
from polarization not shown

o

' 2g
&
o
-

0.15 0.2

Parton Invariant Mass/ (s

2012: arXiv:1906.02740 / 2013: analysis near completion

PHSIL T LN DN Tl (A [N L VI JNY N Y |




2. Nucleon helicity - b. AG STAR, dijet A,
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C Dijet A STAR 2009 E C
[ [pieta, 0sE oo
oog [ ~77"DSSV2014 p+p— Jet + Jet + X 5 0D Topologya E Topologr &
- = NNPDF Pol 1.1 15 =200 GeV € 0.3 Forward - Forward 0.04— Forward - Forward
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o041 ’ ) 2 < 0.02F
r 8 T
F é 5 F
oo2— o E 0F
C . et 2 C
o 1 oo -0.02—
0 + C
C 0.06—
-0.02— 'l' o E Topolosy B STAR 2012 @ 510 Gev’
r L L L pe) 0.04F— Forward - Central Pag‘_"]?i:::x
- [] Scale Uncertainty (w) B Anti k R=0.5 2
0.06 — [Z] PDF Uncertainty (o) 0.02— >
C [ Rel. Lumi. Uncertainty (0e] F _
0<n <08;08<n <18 ~ o <
0.04 — s J o £
| = = =
< F w -0.02— o)
3 ool N E o
=] r =
C S 0.08 ()]
L Topalogy C £ Topology € p
o [ERY 035E. Central-Central 0.06—  Central - Central 8
L — E
C —_ =
-0.02— ) 002 / ] 0.04: Ny
N o . [ 0.02F- + S
[ = 01 8 o 4.+ A = — - o
006 o o o ozi T T = =DSSV 2014
F 0.05E- E s NNPDFI11
0.04 . 08 ;_ . 06: 1 1 1 1
F 04F Topology D FE TopologyD
0.02 — 0.35E-  Forward - Backward 0.04—  Forward - Backward
L 0.3E E
r oasE N 0.02F |
°F 0.2E- 0 4} + :
[ + 0.15E- E T T + |
_ o1 F
-0.02 — -0.02
0.02 N Ii 6.5% scalle uncerlain‘ty from pnl‘arlzxtlon n:‘Il shown | 0_055 . E +6.6% polarization scale uncertainty not shown
20 30 40 50 60 70 100 T 1 200 30 40 50 60 70 80 90 00 110
Parton Level Dijet Invariant Mass [GeWcz] X Parton Dijet Minv [GeV/c’]
- Top: -0.8 < N3 < 0;0.8< Ng < 1.8 Bin 73 and 74 Regions Physics Description

- Middle:0<n;<0.8;0.8<n,<1.8
- Bottom: 0.8 <n; , < 1.8

A 0.3 < |’n3,4| <09y nm3-1m4 >0 Forward-Forward
B |T]‘374‘ < 0.3; 0.3 < \774,3| < 0.9 Forward-Central
C [n3,4] < 0.3 Central-Central
D 0.3 < |n3,4] < 0.9; 3 -4 < 0 | Forward-Backward

* Dijet A, by n topologies, -0.8 <n<1.8

— Narrows down sampled x, distribution and 8* (scattering angle in partonic CoM frame)



2. Nucleon helicity Impact of RHIC data on AG constraint

arXiv:1902.10548 arXiv:1702.05077
a2 : ' 0.08 £ p2jets N o 002 [ om0
X E . . X EAT
xAg(x‘Q2=10 GeVZ) 3 ALll_ [sign(m)=sign(n,)] FALL
. 0.06 + V5=200 GeV [y ol<0.8 0015 | \s-200 GeV nI<0.35
. 0.04 £ 0.01 £
0.02 £ 0.005 ¢ E
0 0t NNPDFpol1.1 1] ot NNPDFpoll.1 ]
E NNPDFpol1.1 (rw) 1 32 NNPDFpol1.1 (rw) 2711
0.05 Fff oz STAR (2009) —=—1 0005 | s PITENIX (1Un6-0) —s— -
o 008 | adiets .+ v . 002 & "PHENIX (runi2-13) —a— ]
: CALES [sign(n)=sign(n,)] i
0 006 | 0.015 |
i STAR 2000 dijet impact 004 | 1001 b
— siga(ny) =sign(n,) MC-average === i ! !
-0.05 —--- sign(n;) # sign(n,) age = . 0.02 ¢ 1 0005 ¢
w03k CRTERYS f e eastbaxl'rel-endcap MC—re_phcas s 3 E 3
3 e west barrel-endcap combined impact == 0 3 ] 0 ]
P /"' 2 . endcap-endcaf | a.ndl-cslcontouxs 002 b 1 -0.005 E
0.01 0.03 0.1 0.3 0.5 1 10 20 30 40 50 60 70 80 0 2 4 6 8 10 12 14 16 18
" 0
s M2 [Gev] Pk [GeV]

* Impact of RHIC data on AG (2009-2013)

—  Left: MC sampling variant of DSSV14 (STAR 2009 dijet)

— Right: reweighted NNPDFpol1.1 (STAR 2009 dijet, and PHENIX 2009 + 2013 n°)



3. Transvesely polarized p + p




3. Transverse p + p Motivation

Rev. Mod. Phys. 85, 655 PRD90, 012006 (2014)

AnE 0.2
[ et B p+p—nl+ X
04t g | 04t iq i
02f ﬁ.. 0.2F o 0.15| ® PHENIX r° 3.1<n<3.8, (s=62.4 GeV
[ ° ° | A E704n°1.0<n<4.6, Vs=19.4 GeV
Obccccccc e mcpe e Olbcceeee - B o -
[ 2 0 Ao - % STAR n® <n>=3.3, {s=200 GeV +
-0.2[ '} —02LF a 01 [ ¥ STARn® <n>=3.7, {s=200 GeV }11‘,
[ 6;}. z >0
0.4} ANL 0.4l BNL < [
[ {s=4.9 GeV 15=6.6 GeV ‘¥ =
By ) ;) SRR SN EFEPEPIL EPIVEPIN ISPIT R ) SPEPIFN IEPAPE SUNEPE SR | B B ﬂ-‘
0 0.2 04 06 08 0 02 04 06 08 0.05 — ** :
B * ¥
04} ; + 0.4f of A A ,,,*,,,;’ft,’f*’, ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
02l . o2b o? e e e L L
[ . 0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8
ol----i ------------- o----&f ------------ Xe
[ A&, A
-0.2f a, -0.2f A
0.4} Fermilab ét}\ o4kRHIC 2 _0L—or _ 1, NiL-Ng _2Pz (.
04t 15=19.4 GeV 045624 Gew} AN Tor P NN’ NPT (X1 - X5)
—0.6"""""""""" iy )| APV EFIFINI A AP A
0 0.2 04 06 08 0 02 04 06 08
XE XE

* Transverse single spin asymmetry (A,)

— Large, increasing A, : expected to be very small in conventional pQCD calculation

- TMD (transverse momentum dependent) / Collinear Twist 3



3. Transverse P + P Motivation (continue)

* Quoted from Carl Gagliardi, SPIN2018

A

TMD Twist-3

QO0Q000

k| i
\ Efremov, Teryaev:

Qiu, Sterman

ﬁ Sivers fct. >QT/ PT or
AQCD << QT/PT << Q Twist-3 FF
 TMD e Collinear Twist-3
— Requires two scales: Q? (hard) and p; (soft) — Requires single hard scale: p;
— SIDIS, Drell-Yan, W/Z, hadrons in jets... — Proper for inclusive A (T°, y, jet)

— Access full transverse momentum k; — Access average transverse momentum <k;>

\ : /

k
—f dsz_ ﬁfﬂlq(x: kJ_Z)lSIDIS = Tq,F(x» X)
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3. Transverse p + p PHENIX, 10, n, and charged hadrons A,
p+p— 7 + X @ 200 GeV, |n|<0.35
o 4% polarization
onef * uncafay ot ncuded 006 1.4<|n|<2.4 1.25<p_<7.0 GeV/c
oot T T —+— p'+p = h'+X (s=200GeV
- p, [GeVic] * L —a pT+ p — h'+X \s=200GeV
P e e T T oo 0.04—
-0.05; | s L @
- PH ENIX 0.02—
C preliminary -
_0.1 1 R I S S P U S S L
0 5 . [égV/c] 15 20 = - 0 (] T
< 0 B J_i @
L p+p — n+X Vs =200 GeV, [n|<0.35 - E % ¢
| 3.4% polarization uncertainty not included 002—
0'1:_ —4— Phys. Rev. D 90, 012006 i -
L —4— This Resul - PH--ENIX
< 0.05- Zieed -0.04— preliminary
< - E}] FL + : <p,>=1.6,1.7,2.1, 2.8, 3.7 GeVic (x_>0)
Qpssssighrisfrsiss ‘i """ s —0.06; Scale uncertainty : 3% (not shown)
E TP}:'%?E__N|X I A A AT TS AT A W
~0.051— preliminary -0.2 -015 -01 -0.05 0 0.05 0.1 0.15 02
i X
i IR AU AT S A AT AVANEN B UNENEN S IVAVEVEN BURUAE A SR A A F

il
2 3 4 5 6 7 8 9 10
P, [GeVic]

« n*andK* Ayat1.2<|n|<2.2
° 0
nand n A, at [n] <0.35 _ s =200 GeV (2015)

— Vs=200GeV (2015) — Increasing h* Ay for x. >0
— Sensitive to Twist-3 trigluon correlations —  Comparable to BRAHMS results

— Consistent with zero (PRL101, 042001 (2008))



3. Transverse p + p STAR WA,

STAR p-p 500 GeV (L =25 pb")
0.5 <P} <10GeVc

BEW 1TV
— KQ — ho TMD evol.

- — EIKV - TMD evolved

= 3.4% beam pol. uncertainty not shown

C I 1 L L L I L L L L I

-0.5 0 0.5
yW

-0.5 0 0.5

yw

E I:I Uncertainty on sea quarks -

1 1
£ STAR p-p 500 GeV (L = 25 pb")
0-8F )5 <P) <10Gevre 0.8
0.6
04F
- —AiA—
0.2 { .
2 2
< 0 . < 0
-0.2F -0.2
-0.4 f_ + W+ —_ I+V -0.4
f — KQ - no TMD evol.
-0.6F Q —-0.6
- — EIKV - TMD evolved
-0.8 F3.4% beam pol. uncertainty not shown —-0.8
—_— o I 1 1 1 1 I 1 1 1 1 I —
1 -0.5 0 0.5 1
yW
z 0.2 F =
< STAR projections & .3 STAR projections
0.15FL(del.) = 400 pb™ EL(deI.)=400pb"
04 —— W SI'y 0_2:_—0—W—)I’v
0.05 0.1
0 c I
-0.05 % 01"
— ., L
O Gy 02— s
0415 due to TMD evolution
|:' Uncertainty on sea quarks 0.3
0.2 I S N S NS SO SO S | P R S

E. .
-0.5 0

05
yw

- WA,at|n|<1.0

PRL116, 132301 (2016)

— Vs=500GeV, int. L =25 pb?(2011)
a. 1st anti-quark Sivers function measurement

b. 15t experimental evidence of Sivers-sign change

2017 analysis (int. L ~ 350 pb) is underway
(¢ projection: arXiv:1602.03922)



3. Transverse p + p STAR, Transversity via p + p

PRD97, 032004 (2018)

PLB 780, 332 (2018)
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0.2 04 0.6 B . . . . . . .
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M, (GeVic?)

* Transversity via SSA of the azimuthal asymmetry

Vs =200 / 500 GeV, (2006, 2011, and 2012)

15t transversity measurement in p + p convoluted with:
a. Collins fragmentation function (left)

b. Di-hadron IFF (interference fragmentation function) (right)

Similar magnitude for different energy



3. Transverse p + p STAR, IFF via 1t pairs and Global analysis

PLB 780, 332 (2018)

AUT

0.05

Radici, et al. Vs = 500 GeV
® STAR Vs =500 GeV
O  STAR Vs = 200 GeV

[ particle ID
[ trigger bias

(p,) =13 GeVic for s =500 GeV
(p,) = 6 GeVic for s =200 GeV
n>0

4.5% scale uncertainty

due to beam polarization

M., (GeVic?)

* IFF via t* pair

PRL120, 192001 (2018)

-01F

1072 107" 1

0.05 ¢

0.00

Vs =200 GeV, int. L =1.8 pb* (2006) / Vs =500 GeV, int. L = 25 pb! (2011)

Similar asymmetries even for different scale (200 vs. 500)

Consistent with theoretical calculations + Significant uncertainty reduction in h,*"



4. Summary

* RHIC polarized p + p
— Provides invaluable complementary info to DIS for more consistent and complete picture

— No additional p + p is planned until 2021, but both collaborations are now preparing upgrade:
a. sPHENIX (brand new barrel detector)
b. STAR forward upgrade

* Nucleon helicity (Longitudinal p + p results)

— AQ: RHIC W program concluded, clear physics impact

— AG: observed and confirmed non-zero gluon polarization, via various probes

* Transverse p + p results

— Many striking results including 1t transversity measurement in p + p

— Not finished yet: STAR RUN15 (~50 pb) and RUN17 (~350 pb-1) results are yet to come



for 2017 to 2023
A Portal to the EIC

arXiv: 1501.01220

* RHIC/AGS Users Meeting 2019 ( https://www.bnl.gov/aum2019 )

arXiv: 1602.03922



https://www.bnl.gov/aum2019

Backup STAR detector

* This slide was shamelessly stolen from Carl Gagliardi’s SPIN2018 talk!

o

Full azimuth

Mid Rapidity Detectors
-1<n<1

Full azimuthal coverage
Uniform acceptance

Excellent particle identification




Backup PHENIXW, Central arms

- ml<1.0 1 s (a)y —+Data T Uncertainty in
60000 [(( 10°F —Jacob_lan peak with=F background E
5 - 1w+ = e*x J 1] g GPRAit i ———WYZ et
;—3 50000 ] w- - eX in -:E i —— Backgroun T
- / > 107
40000 A R
- A S C
30000} A or |
- A S 10
20000 A = Z
10000 1/, 1
C e il g
C : . : : : 2,
%5 10 15 20 25 30 35 40 45 50 % {
p# [GeV/c] g -2

10 20 30 40 50 60 10 20 30 40 50 60
o [GeV/c] P [GeV/c]
e W*—>e*at|n|<0.35

— Distinct Jacobian peak

— Triggered by energy

— Momentum measurement by energy

E

cone Ecan iate
— Charge determination by tracking in B-field £ <10 (%)

E candiate



Bac

Kup PHENIX W, Muon arms

10000+
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U W' - pt X
YW - p X

p [GeV/c]

s W*r—-p*tatl2<|n|<2.2/24

Suppressed/No Jacobian peak
Triggered by momentum

Momentum measurement by

tracking in B-field

Charge determination by tracking in B-field

probability

10

(a) -2.5 <1 < -1.1: 1" candidates

_[ L dt = 285 pb"
16 <p_<60 GeVic

L4000 (@)
Sk
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Backup STARW analysis

* This slide was shamelessly stolen from Jinlong Zhang’s RHIC/AGS User Meeting 2019 talk!

W selection

Vertex/Track Selection and BEMC I
]_'_‘ L cluster reconstruction 4y
10° F g - =14 GeV, Ay, = 7 CM 22 %
B . and EYES > 95% . 5

EE™ > 88%

signed pT-baIance =14 GeVic @efb g
away E_< 11 GeV &

10°

10°

10?

4pi-nearCone

Transverse .
Plane views Sum Jets

_8
_ 2

>bal - jets

pr" = Pr + Xar<os Pr

signed Pt balance (GeV)
signed PI balance (GeV)

Signed-pt balance =
Y= —vjets
Pr- Pr

7

1A



Backup STARW impact
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Backup RHICW (all)

- DrpoWTE X et X

- | Vs =510 GeV 25 < E7 < 50 GeV

0.5 _— | %}; W-

(R R n
— kg

AL 0 I Rel Tumi [|
L L syst s

PRD99, 051102 (2019) - ,hﬂ %
o5 ® %ﬂ i |
_ ¥ :
N
i ¢ ¢ STAR2013 W+
# o STARPRL 113 (2014) 072301

- ¥ % PHENIX PRD 98 (2018) 032007
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Backup W cross sections (PHENIX / STAR)

PRD98, 032007 (2018)
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Backup STARW/Z cross section ratio

* This slide was shamelessly stolen from Jinlong Zhang’s RHIC/AGS User Meeting 2019 talk!

W/Z Cross Section Ratio

See Matt Posik’s Poster
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Backup Gluon polarization and T ALL

_5 0.6 —.,
3 L s 99 qg
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B Inl<0.35
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- Dotted: {s=500 GeV arXiv: 1501.01220
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Xr (=2p /\9)

* Ao (pp > M X) = Aq (x,) ® Ag (x,) ® AGE & (3) @ DI (2)

— Aq (x4) : quark PDF (parton distribution functions), via DIS
— Ag(x,) : gluon PDF, ?
— AGe&I~ed(S) : partonic hard scattering cross section, via pQCD calculation

0 . . . ..
— D§ (2) : fragmentation functions, via e *e " collision



Backup PHENIX Central arm i# vs. p;
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Backu P Colorinteractions in QCD

* This slide was shamelessly stolen from Carl Gagliardi’s SPIN2018 talk!

Color interactions in QCD

Controlled non-universality of the Sivers function
DIS Drell-Yan, W or Z

Final-state interaction Initial-state interaction
Opposite colors attract Like colors repel

QCD:

Siversp,s €>ivers;,,re,,_‘,aln or Sivers,, or Sivers,
A, for direct photon has related sign change in Twist-3

Critical test of factorization

Opportunity to visualize the repulsive interaction
between like color charges

Can explore all of these observables
in 510 GeV pp collisions at RHIC



Backup PHENIX Forward open heavy flavor
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* Open heavydecay p Ay at1.2<|n| <2.2

—  Vs=200GeV, int. L =9.2 pb (2012)
PRD95, 112001 (2017)

— Sensitive to Twist-3 trigluon correlations

— Consistent with zero within uncertainties



Backup PHENIX Forward J/{

PRD98, 012006 (2018)
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Backup Q2vs. x kinematic coverage

arXiv: 1602.03922
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Backup starRRUN17 DY

* This slide was shamelessly stolen from Renee Fatemi’s RHIC/AGS user meeting 2019 talk!

DRELL-YAN A, FROM 400 PB-' IN

FMS post-shower detector
added for 2017 run.
Combining with pre-shower
allows factor of 10¢
suppression in ratio of QCD
background to signal!

i :
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e e
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SRS

DY e+e-in2.5<n <40
40 GeV <M, <9.0GeV

- Without
- TMD
L Evolution

- TMD

The orange square is :
- Evolution

the statistical uncertainty
achievable with 400 pb-' .
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Backu P Transversity

* This slide was shamelessly stolen from Carl Gagliardi’s SPIN2018 talk!

Transversity
Proton momentum — + Quark polarization along spin of a
Proton spin 1 transversely polarized proton
— Third collinear, leading twist
distribution
— Chiral odd

* Much less data than for helicity

« Before STAR, only observed in
SIDIS combined with ete-

« Several recent global analyses
including:

— Collins effect SIDIS input:
- PRD 93, 014009 (2016)

-0.05 f.,-,-:l*-“ + PRD 92, 114023 (2015)
01 -\ P Kang et al (2015)  — .
SR~ mes — IFF SIDIS + STAR pp input:

Anselmino et al (2013) =remsuass
: + PRL 120, 192001 (2018)

— All show large uncertainties
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Backu Transversity - IFF vs. Collins FF

* This slide was shamelessly stolen from Renee Fatemi’s RHIC/AGS user meeting 2019 talk!

TRANSVERSITY

Correlation between spin of transversely Correlation between spin of transversely
polarized quark and momentum cross- polarized quark and transverse momentum
product of dihadron pair. kick given to fragmentation hadron.




