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Outline

1. Introduction

— RHIC, PHENIX, and STAR

2. Nucleon helicity (Longitudinally polarized p + p)

a. Sea quark polarization (Aq)

b. Gluon polarization (AG)

3. Transversely polarizedp + p
— Probes from PHENIX

— Probes from STAR



EIC workshop 2023 - Daegu, Korea

Introduction What p + p can provide?

e DIS primarily probes via: * p+pprimarily probes via:
— Electromagnetic interactions — Stronginteractions
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
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Introduction RHIC

Absolute Polarimeter (H-jet)

\ pC Polarimeters (2/ring)
. &

CEC/LEReC

Siberian Snakes

!

Siberian Snakes

Pol. Proton Source
500 pA, 400 ps &

200 MeV Polarimeter Warm Snake

AC Dipole pC Polarimeter

Cold Snake

* RHIC @ Brookhaven Lab., NY

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

— Polarization direction (L or T) chosen by each experiment’s decision
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Introduction RHIC Spin Runs (2009 - 2017)

Polarized protons PHENIX STAR
600 : ‘ ‘
’ j ‘ 2017P=53% Vs (P) Int. L int. L
— 250/255 GeV T
(Lpeak limited Year Type
2 I G /Y i - (GeV) (pb™) (pb")
2 500 b SR TN SN S—
= / 200 L 56 /57 16 25
& 09
Z 500 L 33/36 14 11
£ 400 S U S —
E / 11 500 L 48 / 48 28 12
=
a0 bt A 12 510 L 50 / 54 50 86
;; 13 510 L 51/55 242 306
£ 200 L 2ISP=SS% 15 200 L 53 /57 X 53
g 72009 P=34%
3 2012 Ip = 594 11 500 T 48 [ 48 X 22
= 2011 P=48%
g 100 T 12 200 T 62 /57 18 25
: 2 TS
| foomE== 200? P=3i4°/“ 15 200 T 53 /57 110 52
0 2 4 6 8 10 12 14 16 18 20 17 510 T 55/56 X 356

Time [weeks in physics]

*  Summary of RHIC Spin Runs

— CAVEAT:int. L can be different by the observable

(the values presented here was obtained by MB trigger or trigger without prescale)
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Introduction PHENIX (2016)

* Central Arms *  MuonArms
- In|<0.35, A¢=§ x2,078T - 12<|n|<22(24), Ab=2r, 0.72T
- VTX(Sipixel andsstrip, from 2011) - FVTX(Sistrip, from 2012)
—  Tracking: DC, PC —  Tracking: MuTr (CS chambers)
—  pID:RICH, ToF —  plD: MulD, RPC

—  EMCal: PbGl, PbSc

«  MPC/ MPC-Ex

— 31<|n|<38, Ad=2n
—  MPC: PbWO, EMCal
—  MPC-Ex: W absorber+ Siminipads
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Introduction STAR (2017)

TPC

In] <1.3, Ad=2m, 05T
Charged track reconstruction
Primary vertex measurement
Charge / Particle ID

* Barrel EMC * Also,
- Inl<1.0, Ad=2n —  BarrelToF(|n]| < 1.0, Ad = 2n)
—  PbSctowers+SMD + preshower —  VPD(Vertex Position Detector)

—  Energymeasurement, Trigger

- 2.5<n<4.0, Ad=2n

PbGl towers + pre/postshower

e Energy measurement, Trigger

\
|

Endcap EMC
— 11<n<20, Ap =21
—  PbSctowers+ SMD + pre/postshower

—  Energy measurement, Trigger
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2. Nucleon helicity

(Longitudinally polarized p + p)
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2. Nucleon helicity Motivation

0.4 e e (.03
L x(Au + Au) - x(Ad + Ad) y 1 1
0.3 0 e S =—=-A2+AG+L
P2 2 z
0.2 0.05
0.1 o e AX?
e e i OIS — (Ag+ AQ): well constrained downtox ~ 1073,
A SR T
T° ] thanks to DIS results
] 0 — . . .
— AQ: poorly constrained with large uncertainty,
—: 002 mainly originated from fragmentation functions
| y 100 -> RHIC: fragmentation free W decay leptons
I i
4~ xAg 4 ol
0.03
0 — Poorly constrained: limited access in DIS
-0.02 . |
[ R Ayl (Lage muliplien) | T™° - RHIC: gluon sensitive polarized p + p collisions,
i Ay"=1 (Hessian 1- QE =10G VE - 0. . .
004 Hllllx Lol J| [ : ol |c| vl L o Varlous prObes (T[O, n,Jet, ...)

-2 -1 -2 -1
10 10 x 10 10 x

PRD80. 034030 (2009)
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2. Nucleon helicity - a. AG RHICW program

Ao _o,—-o0_

A = =
o o, to_
proton (polarized) ‘ AW+ = —Au(x,)d(x,) +Ad(x)u(x,)
L - — —
u(x)d(x,) + d(x)u(x,)
AW- = —Ad(x)u(x,) + Au(x,)d(x,)
L d(x )u(x,) + u(x,)d(x,)
helicity = +
(chirality) .
technically,
helicity = —
(chirality) N 1 N, — RN.
L " PN, + RN_
proton (un-polarized) e P:avg.polarization of each beam

* N+ (N-):vyields in same (opposite) helicity
L+ . o
. =" relative luminosity

Aq measurements at RHIC

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

—  W?* S p*: PHENIX forward rapidity (1.2<|n| <2.2/2.4)
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PH
2. Nucleon helicity - a. AG PHENIX, WA, (2011-2013)

1.0 T T T T T
PRD93, 051103 (2016) PRD98, 032007 (2018) L@ uviottoy o

| 0.5 [®] PHENIX Af (2011-2012), p’ > 30 GeV ]

[x] PHENIX A;'_ (2013), p‘% > 30°GeV
05 . . [ :
f(a) W+Z° (b) W +Z° ] - @

0.4¢ PHENIX Run 2011 (500 GeV) +

0_3;' Run 2012 (510 GeV) |n |<0.35

0.2
g. PHENIX Run 2013 p+p 510 GeV
01_ m°|<0-35 I* STARA‘L(PRLIIIS(2014)072301I)
[ o DSSV E>25 GeV
; r:;.sbﬁ’fopgzxition scale uncert. not shown) f
0.1 + 3 "
CHE NLO calculations . .
] < N ; ]
== DSSV 14 ] i Eﬁ ]
] [ & NNPDFpoll.l : ]
N == GRSV STD
. -0.5- - DSSV -~ DSSV 0.6 --- DSSVO0.S5 T
— i -=- DNS KKP
] i === DNS Kretzer
| | | | 1ok , , ,
02 0 02 04 2 -1 0 I 2
LR "
s W->eA,|n| <0.35  W-uA,1.2<|n| <2.2/24
— 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)

R
™

ENIX
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2. Nucleon helicity - a. A STAR, W A_(2011-2013)

0.5

-0.5

P+poW + X e+ X
Vs =510 GeV

25 < E7 <50 GeV

STAR 2011-2013
------------ BS15 CHE NLO
——— DSSV14 RHICBOS
===z NNPDFpoli.1 CHE NLO

=====2= NNPDFpol1.1rw CHE NLO
3.3% beam pol scale uncertainty not shown

-1 0 1
n

e

- WeA,|n| <13

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

Signal extraction by e* isolation +
missing energy detection + Jacobian peak

0.05<x<0.25

PRD99, 051102 (2019)

0.08

0.06

0.04

Sea Asymmetry
X(AT - Ad)

<>
I
b,
AT
QRO
otsystatetereretatel-t

. boteTelelere,
o o o e B o o
0.02: .:35.:;.:.0.0.000
0
002 Q%= 10 (GeV/c)
o NNPDFpol1.1
-0 04__ RREERS NNPDFpOH Jdrw
C . . L Ll
107 107"
X

Sizable positive Ali / negative Ad observed

Clear flavor asymmetry (At - Ad)
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2. Nucleon helicity - b. AG Probe AG at RHIC

AO- _ O-++_ O-_|._

AL=

0 04+ o0,_

_Zaps (Afa® Afp) @ A5 “*P X @ pt
 Zapy (fa® fp) @GP X @Dl

£ (Af) : unpol (pol) PDF
* & (Ad) : unpol (pol) partonic cross section
D/ : fragmentation function

technically,

1 N++ - RN+_
PgPy Nyi + RN, _

AL=

* P :avg. polarization of each beam

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

* R =T relative luminosity

* AG measurements at RHIC

— Various probes: jet, directy, n®, n*, n, heavy flavor decay electrons, etc

— Wide pseudorapidity (n) coverage
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»

~—
PH-“ENIX
2. Nucleon helicity - b. AG  PHENIX, 0/ 1t A,
PRD93,011501(2016) PRD102, 032001 (2020)
I T T | 1 T T | T T |I | T T T I 1 T T | T
R 0 = i
n'+X |n|<0.35

[ PP X | oscl PP = m+X [/<0.35 PHENIX ]

| W 510 GeV: Runl2-13 - ]

0.02 510 GeV: rel. lum. uncertainty i m 7" Vs=510 GeV ]

. @ 200 GeV: Run6-9 (PRD90,012007) u e T Vs=510GeV |

= 200 GeV: rel. tum. uncertainty 0'1__ A T Vs=200 GeV (Phys. Rev. D 91, 032001) ]

= 510 GeV /200 GeV pol. scale uncert. 6.5% - v 7 {s=200 GeV (Phys. Rev. D 91, 032001) .

B = » [ 510 GeV rel. lum. uncertainty ]

.{' 0.01 F <—' 0.05— 200 GeV rel. lum. uncertainty —

- PHENIX + P - i .

()

”“W#ﬁ#l ‘

Data points for n* slightly shifted horizontally for legibility

| Theory curves: LSS10p (dashed), DSSV14 (solid) and NNPDF 1.1 (§otted) o 510 GeV /200 GeV pol. scale uncert. 6.5% / 4.8%
0 —_ 0_(']5 —_ 0.1 | '0.62' | '0.64' | IO.(lJGI | 'o.i)s' | '0|.1'
e (=20,/) x=2p/19)
* Inclusive m°A;,, |n| <0.35  n*A,, In] <0.35
— Int.L=20(2012)+108(2013) pb* — Int.L=108 pb1(2013)
— Confirm non-zero AG via hadron production — Complementary probe to

— xdownto™~0.01 previous m°/ it results
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2. Nucleon helicity - b. AG STAR, inclusive jet A

PRL115,092002 (2015) PRD100, 052005 (2019) arXiv:2110.11020
I I

4 _0.06
f 0.02 [~ STAR pp—JetsX f E STAR pipo Jet +X
3 : ——— '12510 GeV R=0.5 |1<0.9 5 0051 /s = 200 GeV:
o L rmeet 09200 GeV R0 |net0 0 C+ 2009, PRL 115 092002 (2015) .
‘n = [ UE/RL Syst. g 0.04— = 2015, PRD 103 L091103 (2021)
% 0.01 DSSV'14 = C Vs =510 GeV:
= NNPDF1.1 < oo0af. * 2012, PRD 100 052005 (2019)
TTE % 2013, this work
C -- DSSVi4
0.02 > NNPDFpol1.1
0 -

- ! 0.01

: +6.6% polarization scale uncertainty E

| not shown 0—

-0.01 = M P T TP B R _00: - ' e
b 0.05 0.1 0.15 0.2 0.25 0.3
0 0.05 0.1 0.15 0.2 Parton Jet x; (=2pT/ Vs)
Parton Jet x; (= 2p / Vs)
* Inclusive jet A, |n| <0.9
— Firstnon-zero AG observed (2009): — 2009:Vs=200GeV, int. L=21pb?, x>0.05
- DSSV14: f0105 dx Ag(x) =0.20 ¥296 (90 % c.L) — 2012:Vs=510GeV, int. L=82pb™*,x~0.015
_ . = i -~ -1 < <
S NNPDF1.1: f006250 dx Ag(x) = 0.17 +096 2013:Vs=510GeV, int. L="~250pb?, 0.015<x<0.25

— 2015:Vs=200GeV, int. L= pb?,0.05<x<0.5
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2. Nucleon helicity - b. AG STAR, dijet A,

0.08
C [ pijet A, STAR 2009
0.06 ro-— DSSV 2014 p+p— Jet + Jet + X
PRD95 071103 2017 [ —— NNPDF Pol 1.1 {s =200 GeV
’ ( ) [ 08« T|3<0;D.s< n_l<1‘8
0.04 —
0.08[ MESEE Di-Jet A, e DY - -
[ = DSSV 2014 F R i 5
006; = == NNPDF Pol 1.1 0
o '5_ 19.0 < M < 23.0 GeVic Sign(n) = Sign(n,) . F ﬁgﬂ%ﬂ::;:;:::;y C +
- 84<p <117 GeVic <_| 0.04 C == Rel. Lumi. Uncertainty —0.02 O , , ,
2 C C
> i - - [] scale Uncertainty
E a 0.02 — - 0.06 — [ PDF Uncertainty
] C =T o C [ Rel. Lumi. Uncertainty 0
zg 03‘ > ; 008 0<n <0808<mn <18 g
ool signn) =sign(n) | < - ©
T R R R B B R 5 002 ~m
 Dijetx Sign(n) = Sign - E &
Didjet x! gntn) = Siontr) 0.081 STAR 2009 Sign(n) = Sign(n,) oF o
T nn,l<o08 F p+p— Jet + Jet + X C o
g 0.061~ /s = 200 GeV 002 o
7 /s = 200 GeV 4 f Antik.. R c 0.6 L [
8 < 0.04f I Tog ) F =
£ = r ngn,l <0. e T [ o08<n, <18
= (3] - * L 34 N
H _— r B R 0.06 r o
=z « 0.02 AT LeSetate e tats e
o r - Y r =
L. p=— ‘ 0.04 (%)
[ r ~
X ! r + 6.5% scale uncertainty 0.02
Gluen -0.02— from polarization not shown r
Lo b v v b by P L
20 30 40 50 60 70 0F *
Di-jet Invariant Mass [GeV/c?] [
-0.02— + 8.5% scale uncertainty from polarization not shown
P e S

20 30 40 50 60 70
Parton Level Dijet Invariant Mass [GeWcz]

* Midrapidity dijet A, by n topologies, |n| <0.8
— Dijetinvariant mass M = Vs V(x;x,) — Top:-0.8<n;<0;0.8<n,<1.8
— Dijetn, +n, =log (x,/x,) — Middle:0<n;<0.8;0.8<n,<1.8
— Bottom:0.8<n; ,<1.8



2. Nucleon helicity - b. AG STAR, dijet A,
Xiv:2110.11020

A5E- 0.06]—
g 045 Topelogrd F Topology A
=y Forward - Forward 0.04fF~ Forward - Forward
S < E 008 STAR 2013 @ 510GeV
E 5 0.02— C pp—s det + Jet + X
o = " + —_— 0.06 - Tapology A Anti-k ; R=0.5
E = = [ Forward-Forward ~~ 177"
H E T I r
2 = o
-0.02 7+ 0.04 E
= R | o 002 JEPLPEE v
0.06/— o X - B DR
Topology B F  Topelogy B ﬁﬁfﬂjﬂ‘i@ 510 GeV W) ] et e T S e R
Forward - Central 0.04F Forward - Central Andk R=05 [IEY F +
E ) -002f
0.02— o - L L L L ' L
N E ~ 008~
o o o & 2012, PRD 100052005 (2019)
F - Topology B * s
—0.02— ul 008~ korward - central =~ 747" e
- C - = DSSV14
E B 00af X NPDFpalt. 1
0.08— T E
Topology € E  TopologrC (@) -
Central - Central 0.06—  Central - Central (U] —E
X_\? 0.04F —_ oF—
/ 1 E N -
! 0,02 o E
/ = ~0.02f—
2 ST 1 — — - Ly < F
T T = =DSSV 2014 (o) T E
~0.02 ' - 2 gosf-
02E — NNPDFIL g =
L = L L L ! [ Topology ¢
0.0 008 contral - Central
Topology D F TopologyD c
Forward - Backward 0.04—  Forward - Backward 0.04—
0.02 F
\ S n N . } oo2f- L
: TFF = D__W*
-0.02 | -
F  +6.6% polarization scale uncertainty not shown L +
. E ; | | —002[—
102 1 2077730 A TR0 R T 70 B0 90 00 o F
X Parton Dijet Minv [GeV/c?] 1
006
T Topology D
Bin 73 and 14 Regions Physics Description 004 Forward - Backward
A | 0.3<|nm34| <09;m3-14 >0 | Forward-Forward 002 N
B | |n3,4] <0.3; 0.3 < i3] < 0.9 | Forward-Central of-- E
C [13,4] < 0.3 Central-Central oob
D 0.3 < |m34| < 09;m3-14 <0 | Forward-Backward s %

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

— Narrows down sampled x, distribution and 6* (scattering angle in partonic CoM frame)
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2. Nucleon helicity Impact of RHIC data on AG constraint

PRD100, 114027 arXiv:1702.05077

e | e —

2 ) 0.08 é'etsl N 0.02 f on°
XAg(x.Q=10 GeV") b ALJL [sign(n;)=sign(n,)] EALL
0.06 | {s-200 GeV |n;5l<0.8 0.015 5200 GeV [n|<0.35
0.04 0.01 £
002 0.005 | E
ol NNPDFpol1.1 [0 ot NNPDFpol1.1 7§
3 NNPDFpol1.1 (rw) 14 3 DFpol1.1 (rw) 14
5 00z . (STAR (2009) —=— 1 0005 | ol _ PHENIX (rune-9) ——=— 1
| o st sstsbshe e oon I T e —
L AL [sign(n)=sign(n,)] i ] ]
if "N 0.06 i 0015
/ / STAR 2009 dijet impact 0.04 ¢ 0.01 F
- A — iiiﬁﬂiiiiliﬁﬁ’i MC-average === | 002 0.005 |
B (L +===- east barrel-endcap MC-r@hcas i e i
= . west barrel-endcap combined impact == 0 ] 0 ]
. B3 2 1 —— endcap-endcalp | and l-clcomouxs 002 b 0,005 |
0.01 0.03 0.1 0.3 0.5 | 10 20 30 40 50 60 70 80
. 1)
X M3 [Gev] P} [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 11°)
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3. Transvesely polarized p +p
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3. Transverse p + p Motivation

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

AnF ! 0.2 l

L et B p+p -0+ X
04 - 4| ot ii* B
02t {' 0.2F o 0.15|— ® PHENIX 2° 3.1<1<3.8, 5=62.4 GeV

[ - (] | A E704 1°1.0<n<4.6, (s=19.4 GeV

Obcccccc e pe el Db B — - ] -
2 0 Roes I % STARn® <n>=3.3, s=200 GeV +

-02L[ ‘} —02 a | ¥ STAR1® <n>=3.7, {s=200 GeV

; 8 z 011
—0.4F ANL 0.4l BNL < [

I (s=4.9 GeV 15=6.6 GeV ‘£ =
) ) 5} SRR ISP PPN IR PPN By - PPN U SR B | B H‘

0 02 04 06 08 0 02 04 06 08 0.05 — ** ‘i

B *
04 } + 0.4f of & A ,,,*,,,Xfﬁ,f# ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
0.2 e ? ook o? C | A [ \ |
® 1] 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
of---- il ------------ Of -~ ceeeea Xg
iy
-0.2 A A -0.2F A
i o,—og_1 NL—Ng 2p,
04} Fermilab 4 1} _o4LRHIC & A} A = == x =Pz _ (y _y
s=19.4 GeV V5=62.4 GeV N o,+ogr P Ny + Ng 4 F \/S ( 1 2)

Jiy )Y SFEFENE EPEFEI IPIFEFE EPIVIFE ISR Ry I -] SFEPIFE IFUFEN AP M I

0 02 04 06 08 0 02 04 06 08

XF XF

e Transversesingle spin asymmetry (A,)

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

— TMD (transverse momentum dependent) / Collinear Twist 3
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3. Transverse p + p Maotivation (continue)

Le ad I ng TWISt TM DS O—o Nucleon Spin @ Quark Spin

Quark Polarization

Un-Polarized Longitudinally Polarized Transversely Polarized

(L) (T)

I -® =@ - @
:

Boer-Mulders
0@ = B o - @

Helicity

Sivers L
h1T

fu= (o) - (@) - " @25@
O - Olar=® - & P

 TMD * 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 forinclusive Ay (1, v, jet)

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

3. Transverse p + p PHENIX, m° n, and charged hadrons Ay

PRD103,052009 (2021)

[ 0.01F
01 :_-0.02 ,3 ------- [{’,% %
i 2 1
S I S U

0.1
-p' +p — 1+ X, Vs =200 GeV, |n|<0.35
- 0.005F
S
0.05j 0005E, . . %
= - 2 4 6
O—°-0‘!§-f# {_
[ o PRD 90, 012006 (2014) PHENIX
- e ThisR It
005k o TETA
2 4 6 8 10 12 14
P, [GeV/c]

" p'+p — n+X, Vs =200 GeV, |n|<0.35

%

01 T e o PHENIX
N S S [ SR SR SR RN SR SR S NN T S S N S TR |
2 4 6 g 10 12

P, [GeV/c]

n®andn Ay at |n| <0.35
— Vs =200GeV (2015)

— Sensitive to Twist-3 trigluon correlations

— Consistent with zero

PRD108,072016 (2023)

R
™

n* and K* Ayat 1.2<|n| < 2.2

— Vs=200GeV (2015)
— Increasing h* Ay forx. >0

— Comparable to BRAHMS results
(PRL101, 042001 (2008))

ENIX

0.1 -
0 08:— PHENIX 1.4<qn|<2.4 1.25<pT<7.DGeVIc Vsun=200GeV E
= —e— p+p = h'+X 3
0.06F- —8— pl+p o h'+X =
0.04F 3
0.02 + 3
= c e ® =
< O i !i & L % +, =
-0.02F 3
-0.04F E
-0.06 <p,>=1.6,1.7, 2.1, 2.8, 3.7 GeV/c (x >0) —
.0.08 f_ 3% scale uncertainty not shown _f
-0_1 : 1 1 1 1 I 1 1 1 1 I 1 1 1 1 l 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 :
-0.2 -015 -0.1 -0.05 0 0.05 0.1 0.15 0.2
Xg
[ ]
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3. Transverse p + p STAR, W A,

£ STAR p-p 500 GeV (L = 25 pb")
F0.5<P) <10GeVie

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

0.6 -

04F

0.2¢ {

{2 oF {z oF J_ FAAAANATA%AS SAVAANATICIVIISSAA A A i

-0.2F —0.2F PRL116,132301(2016)

—04f FW STy —04L W 1y

06:_—KQ—noTMDevoI. 06:_—KQ—noTMDevoI.

" F = EIKV - TMD evolved "F — EIKV — TMD evolved
-0.8 " 3.4% beam pol. uncertainty not shown —-0.8 - 3.4% beam pol. uncertainty not shown
4L 1 1 1 1 1 | 1 1 1 1 | _qLC 1 1 1 1 1 | 1 1 1 1 |
1 -0.5 0 0.5 1 -0.5 0 0.5
yY y"
=z 0.2 Z
STAR projections ES TAR projections
< o15EL(deu=40];;;" < n'sgL(deL)=;00pb" ° W AN at I rl I < 1'0

'”E_—'—W'—H"'v 0.2 —— WoTv
00.5% 0_15 — Vs =500GeV, int. L=25pb1(2011)

BE I o I a. 1°tanti-quark Sivers function measurement
.o.osg - wmu}x '0-1;- ' b. 1stexperimental evidence of Sivers-sign change
-ons‘E e '°'3:F|:| Uncertainty on sea quarks — 2017 analysis (int. L ~ 350 pb!) is underway

| T T S TR R R SR SR | | I S TR T AT N S S S |
25 0 05 5 0 05 (& projection: arXiv:1602.03922)

yw yw
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4. Summary

* RHIC polarizedp +p

— Provides invaluable complementary info to DIS for more consistent and complete picture

* Nucleon helicity (Longitudinal p + p results)

— AQ: RHICW program concluded, clear physics impact

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

* Transversep + p results

— Many striking results including 15t transversity measurementinp + p
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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
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Backup PHENIX W, Central arms
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Backup PHENIX W, Muon arms
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Backup STAR W analysis

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

W selection

Vertex/Track Selection and BEMC
i cluster reconstruction 4x4 L
10° - L - =14 GeV, Ady,,, ¢ < 7 €M r L ;ﬁ
B and E}/E; > 95% 5

E?‘}ETAH‘Q.? - 88%

. N "
signed p_-balance > 14 GeVic g
10* E [ away EET< 11 GeV ‘ff;ﬁép I |
s “#& & Ad=0.1
- &
10° 9‘&

10?

4pi-nearCone

Transverse
Plane views Sum Jets

_8
8

2bal __ >jets

pr = by + Xar<o Pr

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

Signed-pt balance =
] —vjets
Pt Py

=g
129
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Backup STAR W impact
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Backup RHICW (all)

- P+po WX e+ X

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

AL 0 1 Rel lumi
syst [T

PRD99, 051102 (2019) - ,hﬂ
:

—n
e

-0.5 — L a + |
_ + -
| |
i ¢ ¢ STAR2013 W+
# © STARPRL 113 (2014) 072301

- ¥ % PHENIX PRD 98 (2018) 032007

- 3.3% bxleam pol scale urllcertainty not shlown
1 1 1 1 1 1 1 1 1 1 1 1 1
—1 0 1
n

e u
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Backup W cross sections (PHENIX / STAR)

PRD98, 032007 (2018)

? STAR Preliminary Includes 9% ity
3
o(pp—W*)x BR(W— F) total cross section 2 w T &=
o P P = L Ll
w w* — RHICBOS L0 ppo W I Rt
< A ’__.-":__.--" ------- CT 14 (NLO):(60 GeV < m, <120 GeV)
— PYTHIA 10 PP NLAT 7 pHENX Wou
" ppo WP A PHENIX (W->e)
—— CHE w-
e e pp—
* STARW— e 3 10
PRDS5 (2012) 092010 e jl: 35pb” V5 =500/510 GeV
) PHENIXW— e T B
& A A PRL 106 (2011) 062001 510 e
S E
® PHENIXW-pu n.J . pp—Z/y" B
. - a4 ppsZly .e”
2013 J Ldt = 285 pb © L o STAR PRD 85, 092010:(70 GeV <m <110 GeV)
10 " - STAR Preliminary 2011412413: (70 \fcml< 110 GeV)
R o ATLAS: (66 GeV <m <116 GeV)}
»—ﬁ——i * CMS: (30 GeV < m < 120 GeV)
1 1 |.‘ | L 1 1 ‘ 1 1 1 1 | 1 1 1 1 | L 1 1 | 1 1 1 1 | 1 1 1 h"' i " " PR—— | i i i i " PR | i
50 100 150 200 250 300 10° 10t /s (GeV)

5(pp—sW*)x BR(W—> F) [pb]
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Backu P 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

12 . 8r =, + el
: BTAR Prelminary [20!1+20|2+2013}I L=345p0" g E p+p - W+x —e +x t ST.IRI L= 102pb
10__ 7 Systematc Uncertainty ~. 7 - STAR Pf'fﬁ-ﬂ'l'iﬂﬂo' [ systamatic uncertainty
L MCFM-GTID PP W X e X + o 5=500/510 GeV [ mermcrio
. - = E:Lifoﬁas B 6 E_\ . o RHICBOS-BBS
B 8- RHICBOSGT10 s =500/610 GeV 5 RHICBOS-CT10
T-6 345pbt 4
3 C @ 3
4 ] ."_"‘m \."“‘,.“ r
- e e -""x-_‘_ 25
o v 201142012+42013 e, £ 102 pb 2011+2012
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O3 %5 0 05 T 15 055 0 0.5
n Yw
Y - breliminary ety < - Complementary measurement to SeaQuest
40 IL= 345 pb” (5 = 500/510 GeV and E-866, for ~0.06 < x <~0.4 , constraining
unpolarized sea quark distributions.
=, 301
_;_?g i # - W kinematics determined from data and
e
20[~ .« STAR Preliminary (2011+2012+2013) : S
[ . 7AR PRO 85, 002010 simulation; Cornerstone for W Ay
10— MMHT 2014
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- NNPDF 3.1
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Backup Gluon polarization and ° A,

Q
o

©
~

Subprocess Fraction

0.2

99 q9

------
Q".
.
.
.

pp — n%+X
Il<0.35
NLO CTEQ6M, DSS

Solid: {s=200 GeV
Dotted: {s=500 GeV

015 0.2
X (<20,/¥9)

L1
0.1

arXiv: 1501.01220

* Ao (pp > TOX) = Aq (x,) ® Ag (x,) ® AGEI e (3) @ DI (2)

Aq (x,) : quark PDF (parton distribution functions), via DIS
Ag (x,) : gluon PDF, ?

AG&3~ 84 (3) : partonic hard scattering cross section, via pQCD calculation

0 : : . .
D]f (z) : fragmentation functions, via e *e "~ collision
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Backup Color interactions in QCD

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

Color interactions in QCD

Controlled non-universality of the Sivers function

CD: Drell-Yan, W or Z
Q * Initial-state interaction
Like colors repel

DIS

Final-state interaction
Opposite colors attract

o Nl 0

Siverspg 7G>ivers[,re,,_.,,an 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

0.15
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Open heavy decay p Ay at 1.2<|n| < 2.2

Vs =200 GeV, int. L =9.2 pb!(2012)
Sensitive to Twist-3 trigluon correlations

Consistent with zero within uncertainties
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------ Twist-3 model 2 (D—p) -==--- Twist-3 model 2 (D—p)
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PRD95, 112001 (2017)



EIC workshop 2023 - Daegu, Korea

Backup PHENIX Forward J/{

PRD98, 012006 (2018)
0.25

0.2 o p+p

0.15 e p+Al

m p+Au

* J/PAyatl.2<|n| <2.2

AA — Vs=200GeV (2015)
+ + — int. L =40 (pp), 6.0 (pAl), and 6.6 (pAu) pb?

— Consistent with zero, No clear A dependence

PHENIX p+p, p+A = J/y + X

IS = 200 GeV, |y e[1.2,2.2]
3% scale uncertainty not shown
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Backup Q2 vs. x kinematic coverage

arXiv:1602.03922

lﬂ 4 __ T T T TTT T T T T T1TTT I T T T T rTTT I T T T T mTTT I T T T T T II__
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Backup sTARRUN17 DY

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

DRELL-YAN Ay, 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!

M
S
Shanan
SR

Semae S
:

i,
N

' TSeyeny

NN,
NS

o

DY ete-in25<n<4.0
40 GeV < M.,..<9.0 GeV

- Without
- TMD
- Evolution

- TMD
; Evolution

The orange square is
the statistical uncertainty
achievable with 400 pb-' .

(#102) €10¥20 ‘68 QAY'sAY4
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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
oq(x) _"‘ _"“ — Third collinear, leading twist
A-q(x) |i/. ﬂ\] — |i/. U\ ) distribution ’
- A N — Chiral odd
» Much less data than for helicity
o~ 03 « Before STAR, only observed in
g 02— SIDIS combined with ete
—f 0.1 « Several recent global analyses
0 including:

0.05 - — Collins effect SIDIS input:
0 —= « PRD 93, 014009 (2016)
-0.05 m » PRD 92, 114023 (2015)
= i Kang et al (2015)

015 LU Anselminoetal QO13) sessens — IFF SIDIS + STAR pp input:
: . . . . . - PRL 120, 192001 (2018)

0 02 04 06 08 1 _—
X — All show large uncertainties
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Backup Leading-twist TMD PDFs

Quark polarization

Unpolarized Longitudinally Polarized Transversely Polarized

(U) (L)

L
L * g1 = (wm = (em | hip =27 - 01
) '
N } } h1='1 = !
TflT:'--.ng—*-* * \
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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.
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