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Proton Structure in pp
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With Longitudinally Polarized Proton
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Proton Spin: E —ZSq +S7 +yLT + 11

DIS data consistent with ~30% quark
helicity contribution
RHIC data sensitive to sea quarks and gluon




With Transversely Polarized Proton

Af(x) = @~ (o
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Proton Spin: E —ZSq +S7 +yLT + 11
4(LO, NLO, NNLO)

* DIS data consistent with ~30% quark
helicity contribution

fa(z2) \\ * RHIC data sensitive to sea quarks and gluon
X
. %

U% hi(x) = —

long-range  short-range «  Much less known
e Chirally-Odd
n — Cannot be measured inclusively

dO'pp X f1 & frQop & Df — Requires chiral-odd partner

(Collins/interference fragmentation functions
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With Transversely Polarized Proton

Af(x) = @~ (o
&

Proton Spin: E —ZSq +S7 +yLT + 11
4(LO, NLO, NNLO)

fa(z2) \\
X

R %
S -G

DIS data consistent with ~30% quark
helicity contribution
RHIC data sensitive to sea quarks and gluon

long-range  short-range «  Much less known
e Chirally-Odd
n — Cannot be measured inclusively
dO'pp < f1 Qf ®on® Df — Requires chiral-odd partner

(Collins/interference fragmentation functions

(FF), etc)
fo) = ®- T @ In Addition,

e Initial-state parton k

* And its correlation with proton spin
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Relativistic Heavy lon Collider

* RHIC continues to serve as
the world’s first and only
polarized pp collider

\ * Facilitates pp/pA/AA
e ‘ collisions at various
SPHEN'XF_ ~ R M P o i G , gl energies

e At RHIC, protons can be
polarized either:

* Longitudinally,
e Transversely,

e Or use unpolarized
beams

* Main focus of STAR Spin
Physics program
s pp+/s =200 GeV
pp s = 500/510/508 GeV
All three polarizations
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Solenoidal Tracker At RHIC

Calorimetry PID

Tracking

*STAR BEMC, EEMC, TPC, TOF provide full-27 coverage in azimuth.
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Solenoidal Tracker At RHIC

Calorimetry
Barrel (|n] < 1) EMC
Endcap (1.1 <n < 2) EMC
High spatial resolution

PID

Tracking

*STAR BEMC, EEMC, TPC, TOF provide full-27 coverage in azimuth.
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A; with W production at STAR
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Event display: W, dijet, Z
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Decay lepton W — ev
tagged

— Sensitive to Aq.
— Flavor given by
W charge

Impact of STAR data in
global fit _
favoring Au > Ad

Important constraints
for non-pQCD models
of u/d asymmetry




Ay with W /Z production at STAR

Z
<

0.8F p+p—>W@\S—510GeVTAR
0.6 :_ 1nt_350 pb : S '(\'dt\]
- \\m\ s
C < i
0.4F Y
0.2F
oF ]
-0.2F
—0.4:—
C L. Adamczyk et al. (STAR), PRL 116 (2016) 132301
E i Bury, Prokudin, Viadimirov, PRL 126 (2021) 112002
L A PRI BRI BRI PR i

—0 8 —O 6 —0 4 —0 2 0 02 04 06 0.8
yW,reco
B STAR, arXiv: 2308.15496 |
- STAR
04 - 0 3
- Z N°LL Bury et al. NLL Bacchetta et al.
0.2
O [ﬂ --------------------------------
- Vs =510 GeV, L=340 pb"
- p+p—>Z°/y'+X, Zoly'—>e*e'
-0.2f- Q
 73<M, <114 GeV/c?, pz <10 GeV/c
E p>25 GeVic, <1
_0-4; 1.4% beam pol. uncertainty not shown
: | I I L1 L1 | | 11 1 I | 1 L1 | 1 | - | 11 | 1

-1.5 -1 -0.5 0 0.5 1

1.5

yZ

0.8: + 1.4% polarization uncertainty not shown ° Fu” W kinematICS
0.6F reconstructed

0.4F

02F << -

£ W e « 7 bosons identified
—02F AR withZ - ete”
04f Sy qary
N pfe\\mm oo
_0'8:_ [P B EPEPE BRI AR B B AN_O'L"'O'RWIth

—08 —06 —0.4 -02 0 02 04 06 0.8 transverse
yW,reco pp
Tests of non-universal “sign-change” hypothesis

of Sivers function between SIDIS/W /Z

0.01

0.00 =

—0.01

—0.02

—0.03

—0.04

—0.05

—0.06

-0.07

1072

A. Bacchetta et al., PLB 827 136961

PV11[Q? = 1.0 GeV?]
77 TC[Q? = 1.2GeV?]

550 EIKV[Q? = 2.4 GeV?]
110 JAM20 [Q? = 4.0 GeV?]
N This work [Q? = 4.0 GeV?]

EEER PVI1 Q7 = 1.0 GeV?)
vZ2 TC[Q? = 1.2 GeV?]

£ EIKV [QF = 2.4 GeV?)]
[ JAM20 [Q = 4.0 GeV?]
BN This work [Q? = 4.0 GeV?]

10-!
Jae D. Nam =

100

00352 10! 10° \;Wz
2 10 i@



Solenoidal Tracker At RHIC

Calorimetry
Barrel (|n] < 1) EMC
Endcap (1.1 <n < 2) EMC
High spatial resolution

PID

Tracking
TPC(|n] < 1)
with 0.5 T magnet

*STAR BEMC, EEMC, TPC, TOF provide full-27 coverage in azimuth.
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Inclusive jet cross section
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Inclusive and Dijet A;;

Inclusive Jet ALL

STAR, PRD 103, L091103 (/S = 200 GeV)
STAR, PRD 105 092011 (/S = 510 GeV)
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These measurements provide access to x = 0.015
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Dijet Azimuthal Correlation at STAR
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Solenoidal Tracker At RHIC

Calorimetry
Barrel (|n] < 1) EMC
Endcap (1.1 <n < 2) EMC
High spatial resolution

PID
TPCdE /dx
TOF (|| < 1): Additional
T, K, p separation

Tracking
TPC(|n] < 1)
with 0.5 T magnet

*STAR BEMC, EEMC, TPC, TOF provide full-27 coverage in azimuth.
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Solenoidal Tracker At RHIC

Calorimetry PID
Barrel (|n] < 1) EMC TPCdE /dx
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Tracking
TPC(|n] < 1) |
with 0.5 T magnet

*STAR BEMC, EEMC, TPC, TOF provide full-27 coverage in azimuth.
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mE-Jet A;; at STAR

JAM, PRD 105 (2022) 7,074022
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- STAR, Vs =200GeV
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e Recent JAM QCD analysis (+STAR jet data) found two
solutions for Ag with opposite sign

* Latest STAR analysis ofA

of Ag
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i prefers positive gluon helicity
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Jet Ay at STAR

STAR, PRD 106 (2022) 7, 072010
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Hadrons w/o Jet Reconstruction
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Spin Transfers of A-hyperon

STAR, PRD 98 (2018) 11, 112009
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* P, determined from angular distribution of decay > 1 .3 0
daughters S 10 °
° d—NOC1+aPcost9* 6" = angle between A & p° £ | °
d cos 9* ATA = angle petween P 8 | °
o °e

D} = o o o« Af AD® — Polarized FF 52_ .

O--;-I_O-l i oo. .’oo
ANl A SR e—
Dyr = g hy A7D? — Transverse PFF 0 e — o
Invariant mass [GeV/c?]

A A de Florian et al., PRL 81, 530 (1998) de Florian et al., PLB 439, 176 (1998)
D;; /D7r probes strange ‘e AeEmE T ——
helicity/transversity AN | - V5=500 Gev 1 pAl 5-500 Gev Lot el

d origin of PEF 03 [ P~ 13 GeV 1 TNN[ p>13GeV : -1
and origin o S i 4 02 F
* Scen. 1: only s contributes to P, 02 - o3 —. _:
i o] 0
e Scen. 2: u,d contribute 0.1 |- ]
in opposite direction ! '..-"/'scen.l ]
* Scen. 3: equal contributions I el
fromu,d,s o1 b scen.2 7 [
-U. a 3
Lo Lo A [ S S U U UL N B
5 0 n 5 -2 -1 0 1 n 2
nd i
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D%, and D%, at STAR

e
=

0.05

DLL
S

D7 result consistent with zero
PA " DPjet

|pjet|
providing direct constraints on PFFs

z (=
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L= A2009+2015  F4poA+X, (5=200GeV

E o A2009+2015 “am=I073% py>5 GeV

L — DSV A+ E scen.1

. DSV A+Ascen2 —LMA

[ e DSV A+ Ascen3 =——LMA

_ | | | | | | (b)

1 2 3 4 5 6 7 8
p _ (GeV/c)

T.AN)

0.05

—-0.05

Jae D. Nam
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STAR, arXiv:2309.14220

- STAR 2015

— [ | —

B ﬁ2012+2015 pl+p — AT+X, Vs =200 GeV

L e A2012+ 2015 aMX):iO.732

- # - B @ _______ =Tl @

et

- XLS, A, SU6

L XLS, A, SU6

B | | | | | | (b)

1 2 3 4 5 6 7 8
p _ (GeV/e)

T.AN)

D;; with STAR data prefers scen. 1 & 2 over 3

>—)-dependent extraction in relation to induced jet also performed,
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Forward Region

Calorimetry
Barrel (|n] < 1) EMC
Endcap (1.1 <n < 2) EMC
High spatial resolution

PID
TPCdE /dx
TOF (|| < 1): Additional
T, K, p separation

Tracking
TPC(|n] < 1)
with 0.5 T magnet

Forward (2.5 <n < 4)
Previous STAR FMS (< year 2017)
STAR Forward Upgrade (= 2022)

*STAR BEMC,
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Measurements with previous FMS

STAR, PRD 103, 092009 (2021)

A MSE STAR p'+p->7'+X ¢ Isolated n° 200 GeV
N o2l p.>2GeVic 4 ﬁolatedlnt" 15100"(2;82)/G v
[EMC barel | =T ¢  Non-isolated = e
MRPC ToF barrel e — - 27<n<4.0 4 Non-isolated n° 500 GeV
0.15/—3.0/3.4% beam pol. scale uncertainty not shown
= []Theory 200 GeV
01" 7 Theory 500 GeV _ T
o.osf— . W ! I
g SRR
N | o
— ,
T .
> 4 A A
[}] - LA L A ‘
g‘ 34 o ° 8 8 L) ‘ ’ o
P: i ° A * e °
2-_ | | L M L
0.2 03 0.4 0.5 0.6
Xg
0.1
< T .
) ) - o x>
« Measurements of m%-Ay with previous 0.05( A% <0
STAR FMS subdetector hints non-trivial N | } ______________________________
contribution to large Ay from diffractive : % {%
process —0.05c %
-0 1:_ STAR Preliminary
[ p'+p 5 EMjet+p+X
* Ay with EM-jet from diffractive process [ 5=200Gev _
. . . _0-15_ 3.0% polarization scale uncertainty not shown
currently under investigation :
C PR (N SR T N S S S | |
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Forward Upgrade
Dedicated
Forward-rapidity: 2.5<n<4 EM and Hadron Calorimetry,
Vertexing and Tracking

p+p & p+A

: | | Beam: Hopefully!
%ﬂﬂ Auny || 508 GeV:p+p periy
200 GeV: p+p an
Physics Topics: Physics Topics:
* Temperature * Sivers asymmetries
dependence of for hadrons, (tagged)
viscosity through jets, and di-jets
flow harmonicsup " Collins asymmetries
ton~4 at high x
* Longitudinal transversity = tensor
decorrelationupto  charge
n~4 * GPD E,;: gluon spin- e STAR Forward Upgrade has operated
bl S successfully during 2022 and 2023
Polarization * Gluon PDFs for nuclei
= strong rapidity . R, for direct photons
B & DY * Enables a wide range of high-impact
~ ULt measurements at STAR
predictions through
di-hadrons, y-Jets

STAR Forward Upgrade — SPIN 2023 — Carl Gagliardi
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Summary

* Successful and continued running of RHIC
+ large acceptance & excellent PID at STAR allow:

* Measurements of W /Z to probe anti-quark polarization and
”sign-change” of Sivers effect in pp

* Jet production to extract gluon polarization and intrinsic parton k

* Hadrons within jets further constraining sign of gluon polarization and
quark transversity via Collins FF

* Hadrons, without jet association, as complementary probe of
transversity via Interference FF and strange contribution to proton spin

e Exciting spin physics opportunities with STAR forward upgrade
e Stay Tuned!
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Back up
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RHIC pp Run Overview

Integrated polarized proton luminosity L [pb-]

Polarized prot o .
500 —— T e Longitudinally-Polarized pp Runs
—— 250/255 GeV e
800 | e ek lmied -y Year 2009 2009 2011 2012 2013 2015
700 / Vs (GeV) 200 500 500 510 510 200
2017Pf5}%
600 vsTaR) LSTAR (5}-1) 25 10 12 82 300 52
2013 P=53%
500 ‘ / Pol. 55% 39% 48% 53% 55% 58%
400 | —
% Transversely-Polarized pp Runs *projection
300 | j
2012 P=52% 4 Year 2006 2011 2012 2015 2017 2022 %2024
200 // 2013 PZ55% 2009 p=34%
P V5 (GeV) 200 500 200 200 510 508 200
100 -2 2011 P=48% 2006 P=55%
L2 12009 P=56% —47% STAR -
0 | L ISTAR (pb1) | 18 25 22 52 350 400 140
0 2 46 8 10 12 146820 Pol. 60% 53% 57% 57% 55% 52%
Time [weeks in physics]

* Key observables:

« W/Z (/s ~ 500 GeV), jet, hadron production with respect to proton spin
orientation

* Two different energy modes provide large kinematic coverage and opportunities
to study scale evolutions

* Polarized hadron data at RHIC provide reference for projected EIC polarized ep
data




Weak Boson Production at STAR

* Signs of W production:

_ e Decay electron E,~My, /2
w/ narrow shower

* Missing energy from partnering
neutrino

* Clean signal, fully utilizing
spatial/energy resolution of
STAR EMC

2 W event e QCD dijet @ Z event
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Weak Boson Production at STAR

* Signs of W production:
_ e Decay electron E,~My, /2

Ve w/ narrow shower
* Missing energy from partnering
neutrino.
. * Clean signal, fully utilizing

spatial/energy resolution of

Tagged lepton E;

STAR p+p Vs =510 GeV
—— STAR 2017 prel.
------ W' > et v MC

[ | Data-driven QCD
[] Second EEMC

Bl W->1tvMC

Bl Z-5eeMC
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7 SN 500

“’:... da
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Jae D. Nanl E; (GeV)
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