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Overview

Polarized protons
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RHIC Run Overview — BNL

Available at: https://www.rhichome.bnl.gov/RHIC/Runs/index.html
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RHIC is the world’s first and only
polarized pp collider.

STAR Spin/Cold-QCD group investigates
the inner structure of the proton with

the longitudinally-/transversely-
polarized/unpolarized beams.

Overview

* Longitudinal polarization
— Spin composition

* Transverse polarization
— 3D image of the proton

* Unpolarized beams
— Parton distributions
— Non-linear gluon effects




Longitudinally-Polarized Beams




Proton Spin Decomposition

» Jaffe-Manohar Spin Sum Rule:

* R.L.Jaffe, A. Manohar,
Nucl. Phys. B 337, 509 (1990)

5—1—1A2+AG+L
2 2

* The spin contribution from quarks, AZ,
only accounts for less than half of

proton spin.
c 06 STAR, PRD 100 (2019) 5, 052005 , Midrapidity jets at STAR mostly originate
2 [ o9 a9 from qg and gg scatterings
8 o5 % .
% S * Probe the gluon contribution,
7] C _ 1 2
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Proton Spin Decomposition (Cont’d)
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* Earlier measurements of WA, at STAR
investigated the light quark
contribution to the proton spin.

* Improved understanding of light quark
spin contribution further motivates
investigation of gluon polarization.




Inclusive Jets at STAR

PRD 105, 092011 (2022)

0.06
- STAR p+p— Jet + X
0.05[— Vs = 200 GeV:
~ e 2009, PRL 115 092002 (2015) * |
_ 0.04F = 2015, PRD 103 L091103 (2021) | .
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® o3 * 2012 PRD 100052005 (2019)
o E  * 2013, this work
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Parton Jet x; (=2p_/ Vs)

* A;; with inclusive jets at STAR midrapidity. * Improved precision by including the latest

* Features two different collision energies, datasets (STAR Run 2013/2015).

probing the gluon helicity distribution in a » Slight preference for DSSV14.
wide range in x. e Concludes the longitudinal spin data-
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Dijets at Midrapidty at 200 GeV
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Correlation measurements with dijets provide
more stringent constraints on the initial state
kinematics.

* The jet topology sensitive to the different
ranges of x.

Presented on the left are A;; as a function of
relative dijet mass,

M;p, /S = \/X1%25//s, in two different
topologies with two different 200 GeV pp
datasets.

* STAR Run 2009:
s PRD 95, 071103 (2017)
— Features ~20 pb~1

e STAR Run 2015:
— PRD 103, 091103 (2021)
— Doubles the statistics of 2009.

— Additional background rejection scheme
employed, greatly reducing systematic
uncertainty.




Dijets at Higher Energy

LL

Dijet A

PRD 105, 092011 (2022)
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* The latest dijet study has been published along with inclusive jet study.

* 510 GeV pp sample from 2013
* Finer bins in jet topologies allowed by higher statistics.
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Dijets in Intermediate Rapidity
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Jets that are
reconstructed in the
endcap region (0.8 <n <
1.8) can be used to
extend the kinematic
reach into low x regime.

Measurements show
higher values of A;; than
the global fit predictions.

Combined results being
finalized.




A Hyperon in Polarized pp Collisions

* A hyperon production in pp collisions can be

S— = used to probe the strange contribution to the
. p+p > A+X, Vs=200GeV STAR Preliminary Lambda spin via polarized FF (D4).
0.1—
~ a
- pr 9P = ATX) —a(ptp — AX)
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- 2@ &0
-0.05—
, 1:_ jet_p.l. =5GeV, -07<n <09, R=06 o< T +  First measurement of Dy, (2); Z = _I))A.p_]:et |
E A®p, 21GeV R Djet'Djet
P b b b oo b b besocboood g provyides direct probe of polarized FF.
C mA
ol Y * Compared to few different scenarios with
- different assumptions on u, d, s contribution
005 s*, L to the Lambda spin.
A oF < "*; ----- * """" * """"" ~fae-=|  » The new preliminary results (Run 2015)
- . 2 consistent with the previous measurements
~0.0s)~ —scen.l (Run 2009).
C scen.2 _ _
01 scen.3 by-12<m _ <0 * Consistent between A and A.
= A(A) .
o leea et bl eeea bttt * Most precise measurement to date.
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Theory curves: Kang et al, PLB 809, 135756 (2020)
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Transversely-Polarized Beams




Transverse Single Spin Asymmetry, Ay

Elke Aschenauer et al. arXiv:1602.03922 [nucl-ex]
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STAR, PRD 103, 092009 (2021)
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pQCD’s prediction of TSSA:
0; — OR

A =
N O-L‘I‘O-R

~0

Large values of Ay observed in p'p collisions at
forward rapidity.

TMD frameworks that account for higher twist
effects have been developed.

Collins effect

e Correlation between the spin of scattered
quark and pr of fragmented hadron (j7) in
transversely polarized pp collisions.

ﬁquurk’ Z = Ph
Piet
il
[
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Collins Effect with Pions e S

arXiv:2205.11800, submitted to PRD

< 0.04F _
£ o003 p' iTﬁ L jet+ 1+ X * Based on QCD formalism,
0.0 S =200 GeV N + we define Collins azimuthal spin asymmetry,
= X >0 + + 4= 1 l
0'015_ Asinqb singb Y ((.b) —0 (¢)
oF ) —
ot R
- Lins gy L
—0.025— ﬁ}} >00§8 * + + ® fb ® O-Clg—fcns 1,h/c
-0.03:- 0.1<z< o ' EDMP+2013: 1* = l
_0_04;1 <JTMax = T DMP+2013: 1 X0 R fr K Zgﬁg Dy ¢
0.04= _ .
0.03F %e <0 * h{ = Collinear transversity
0.025- - Hf 'nyi = TMD Collins frag. func.
0.01- i I
1 SO T, P G RPN Vs SRR SRR S o .
001 R # * Theory prediction (D’Alesio et al, PLB 773
_0.02E (2017) 300) based on SIDIS (transversity)
~0.03- and eTe~ (Collins FF) experiments.
~0.04F- 3-2% Scale Uncertainty NotShown | | « In general, the observed asymmetry is larger
° 10 pa:-t?dejet pf(EGeV/C] 2 %0 than the theory predictions.
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Collins Effect (Continued)

sin(o, - 9,)
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* p/p asymmetry consistent
%H*}+ with zero.
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Ay in the Forward Rapidity

PRD 103 (2021) 9, 092009

0.25 C R
A | STAR P +p->n+X ¢ Isolated n° 200 GeV 0.04— STAR p'+p->EM-jet + X $200GevV
N 0 2:_p > 2 GeV/c 4+ Isolated n° 500 GeV Ay - Jetalgorithm: anti-k_R=0.7 ¢ 200 GeV Multiplicity>2
£ ¢ Non-isolated 7° 200 GeV 003k P> 2 GeVic 4 500 GeV
- 27<n<4.0 4 Non-isolated n° 500 GeV TE LT e 4 500 GeV Multiplicity>2
0.15—3,0/3.4% beam pol. scale uncertainty not shown - 29<n" <38 + A\DY 500 GeV
E [ Theory 200 GeV 0.02— 3.0/3.4% beam pol. scale uncertainty not shown $
0-1" ] Theory 500 GeV /T
0.05— b f o o o8 * ' $ » § 0
ST I [ i
ke T |
;..1?...111..[....1..[..1.1 S
5 b N T o [ | Theory 200 GeV
> 4 L 4t > o [ | Theory 500 GeV
O aha i O 4 R )
5 L . T sast e oo v 0T
& o . © S, at ¢ °
C —l oo by by by by by
L I Y R Y S Y Y 0.1 0.2 0.3 0.4 0.5 0.6
Xg Xg

e Ay measured with forward EM-jets High multiplicity EM-jets (n,, > 2) and
and 7° in 200/500 GeV pp collisions. non-isolated 7 (w/ nearby y) tend to

* No significant collision energy generate smaller Ay.

dependence observed. — Contribution from diffractive process?

Theory curves:
*  EM-jet: Gamberg et al, PRL 110, 232301 (2013)
e  Pion: Cammarota et al, PRD 102, 054002 (2020)

e
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Diffractive Jets in the Forward Region

Inclusive EM-jets
0.05= - . . .
_ =2 +p @200 GeV -
< il P O e 0cey | ¢ INClusive EM-jets further subdivided
Ve = 2.8< <338 H
" on>=4 o 2.0 GoVlc based on the y multiplicity.
i ° ° ) ® ¢
0.02F- ° . $ * Clear trend has been observed where
001 + L . $ higher multiplicity EM-jets produce
bl o0 o 0 o ¢  STARPrelminary smaller asymmetry.
E ‘ %. Lo 3.‘0‘%.7 p?larlizafion‘ sc.ale‘unlt:erltai/:lty {1otlsh?w1|1
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. . . X
Diffractive jets F
F 0.1
. 055 o x>0 * Protons from diffractive processes
F } 4 Xg<0 tagged by using Roman Pot.
| I S
- E E » Ay for diffractive jetsin xgp < 0
—0.05¢ % region is consistent with zero.
_( 1= STAR Preliminary . .
0 e EMjetapax * Theoretical inputs needed to
C Vs =200 GeV . .
_0-15_— 3.0% polarization scale uncertainty not shown underStand the negatlve Slgn Of AN'
: 1 1 1 1 ] 1 1 1 1 I 1 1 1 1 l 1 1 1 1 l 1 1 1 1
093 0.15 0.2 0.25 0.3 0.35
Note1: All red points shift -0.005 in x-axis. Xg

Note2: The last point is for 0.3 < x¢ < 0.45 range
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Asymmetry with Di-hadron process

& | STAR Preliminary 2015 [ Radici et. al. . ) )
¢ [ p'+p — x'w+Xat Vs=200GeV - rm1s,cone<07 | * A more exclusive channel involving hadron
< + e pairs in the same jet, p'p - h*h™X, may help
ossl E(;;TSJ;&M access the transversity, h_l, via cou_pllng with .
- a0 Interference Fragmentation Function (IFF), H; .
doyr o sin pqir Zhi ® f, @ H
002 % , + ’ H v
- # . 4 ¢ * * |nitial measurements based on STAR Run 2006
0__': IImclulnmtyflmbeampollmt(lu.w)lI (\/E = 200 GeV) and Run 2011 (\/E =
400812 W e 18 500 GeV) data have been revisited with the
S T latest pp 200/510 GeV samples taken in 2015
Lo and 2017, respectively.
0015 [ Projected Run17
0.01;
0.005f- _ * Significant reduction in §,;,; observed with
bg o; Run 2015.
~0.005[- ~
e 3 e Results with Run 2017 in progress.
0015~ Ly, =25pb” L,, =350pb’
| | | | | | J ' |

0'06. 04 06 08 1 12 14 16 18 2 22 24
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Unpolarized Beams




Accessing d /u with W production

+ —_ . .
12 " STAR Preliminary —— s « W™ /W~ production r_atlo at STAR can be
1Q PP /5=510GeV, L =350pb" - cemore et used to probe the d /u asymmetry in the
 25GeV<E:<50GeV MUHT 2014 NLO (FEWZ) proton sea.
- " BS15 (CHE) . .
o2 8 SW ey e e * Recent publication (STAR, PRD 103, 012001)
Q+ 6 features data sets from 2011-2013 (L =
Ebﬁ - 350 pb~1).
4 — . .
- * Preliminary release with STAR 2017 data set
2 - which adds another 350 pb~1.
0  Statistical precision expected to be further
-1.5 -1 -05 T? 0.5 1 1.5  improved with the latest STAR 2022 data set.
e
=04
12 ~ STAR Preliminary = STAR2011+2012+2013+2017 Eﬁ - - STAR 2011+2012+2013
I > 2 CT14 NLO (FEWZ): 90% CL ki -
B y Vs =510 GeV,L =700 b'1 ------ NNPDF 3.1 NLO (FEWZ “ r
10 jp+p p ”””””” MMHT;)”NLOO((FEWQ) 0.3? - STAR 2011+2012+2013+2017 (prel.)
- 25 GeV < E$ < 50 GeV CJ15NLO (FEWZ) L
[ BS15 (CHE [
:C:Jg' 8 jWt ey JAM1€;(FE\)NZ) 0.2} - STAR 2011+2012+2013+2017+2022 (proj.)
O B C
~ L
o2 6 C
© L
4 -
2 -
O L 1 L L L ‘ 1 1 1 1 1
-1.5 -1 1.5 ‘ ‘ ‘ ‘
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Accessing Gluon PDF with Inclusive Jets

Inclusive jet cross section

g101oi\‘\\\\‘\\\\‘\\\\‘\\\-\ ‘-\\\\‘\\\\‘\\\i‘\\\; ;:; W STARpre"m‘nary
© g —+— STAR Run 2012 Preliminary (stat.uncertalnty) 3¢ - p+p — Jet+X at {5=510 GeV
% 109 [ .- Jet Engrgy Scale syst. 'uncert'amty for EMQ . 7; 5 Anti-k, R=0.5 ° Measu rements Of
o = — —— Unfolding syst. uncertainty (simulation statistics) 3 ﬂgﬁqo Inl<0.5 ) K ] .
£ gs — NLOPQCD & CTHINO (k=pf) x hus | 19 inclusive jet cross section
g = — Pythia 6.4.28 @ Perugia 2012, PARP(90)=0.213 = - N . L
S gL PpatyE-200GeV,n| <08 antckr, A=06 | — at STAR midrapidity can
5 08 ;_ 10% luminosity uncertainty not shown E N f'”‘j'r""'.“""'."°‘3."°"l‘“l o = probe gluon density in the
10; Vs =200 GeV L o ——r——-1 . highxregime.
3 T oiee o ——+~1
0t b SR N .
E I E Jetp_ [GeVic] ..
108 [ = N Initial measurements
102; - E ;f 107 = STAR preliminary based on Run 2003'04
o b pessgEesss 2UF es<ini<os (v/s = 200 GeV) and Run
] 2?1}11H}HH}HH}HH}HH}HH}HH}ME°‘°%”W _ - 2009 (/s = 500 GeV)
g 15 — w - suffered from large
- T "FVs =510 GeV | systematic uncertainties
T O VT I At -1 —— due to underlying events.
®H0 15 20 25 30 35 40 45 50 o2 - 1
jot pr, GeVic e R
JetpT[GeVlc]

* Two energy modes provide access to different regions in kinematics:
* pp+/s =200 GeV:0.067 < x; < 0.5
* pp+/s =510 GeV:0.021 < x; < 0.32
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Nonlinear Gluon Effects in QCD

arXiv:2111.10396
(submitted to PRL)
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| 1 | | 1 1 | [ | | 1 | | 1 | |

* Nonlinear gluon effects in high gluon density

environment provided at forward rapidity at STAR.

« Di-hadron (°7°) observable:

C(Ap) =

Npair (A¢)

NtrigXA¢bin

* Clear suppression in C(Ag) in pA
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0 | 1 I | | 1 1 I 1 | 1 1 I 1 | |
2 3 4
A¢ [rad]

(preliminary).

3
A¢ [rad]

* Run 2016 dAu +/syy = 200 GeV set included

* X5 higher pedestal with dAu compared to

pp(Auw).

* Double Parton Scattering (DPS) may provide an

explanation to the high pedestal; DPS

Jae D. Nam

contribution may exceed the leading-twist.
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Recent Publications

Publication

Title

PRD 105 (2022) 92011

Longitudinal double-spin asymmetry fro inclusive jet and dijet
production in polarized proton collisions at+/s = 510 GeV

PRD 103 (2021) L0O91103

Longitudinal double-spin asymmetry for inclusive jet and dijet
production in polarized proton collisions at+/s = 200 GeV

PRD 103 (2021) 72005

Comparison of transverse single-spin asymmetries for forward pi0
production in polarized pp, pAl and pAu collisions at nucleon pair
c.m. energy /syny = 200 GeV

arXiv:2205.11800 (summited
to PRD)

Azimuthal transverse single-spin asymmetries of inclusive jets and

identified hadrons within jets from polarized pp collisions at /s =
200 GeV

PRD 103 (2021) 92009

Measurement of transverse single-spin asymmetries of my and
electromagnetic jets at forward rapidity in 200 and 500 GeV
transversely polarized proton-proton collisions

PRD 103 (2021) 012001

Measurements of W and Z/y* Cross Section and Cross-Section
Ratios in p + p Collisions at RHIC

arXiv:2111.10396
(submitted to PRL)

Evidence for Nonlinear Gluon Effects in QCD and their A
Dependence at STAR




Summary

* Longitudinal polarization data-taking program at STAR concluded with
the inclusion in STAR Run 2015.

» Measurements at STAR investigate the proton spin composition in a wide
range in x by using inclusive jets/dijets with a variety of collision energies
and jet topologies.

* Transversely-polarized pp collisions.

> The proton transversity (h,), Collins FF (H{) and Interference FF (IFF, Hy)
probed with hadron(s) in jets.

» Ay for inclusive and diffractive EM-jets are both measured, with an
opposite sign from diffractive process.

* Unpolarized pp collisions.
> The d /il asymmetry probed with W production measurements.

» Inclusive jet productions at STAR midrapidity provide constraints to the
gluon density in the high-x regime.

» Nonlinear gluon effects have been investigated with forward di-hadron
correlation at STAR.




Backup
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Recent Talks

Presenter Title

S. Wissink (DIS 2022) Constraining the Gluon Helicity Distribution of the Proton with
Inclusive Jet and Dijet Measurements at STAR

Yi Yu (DIS 2022) Measurement of longitudinal spin transfer of A(A) hyperon in
polarized p + p collisions at /s = 200 GeV at RHIC-STAR

X. Liang (DIS 2022) Transverse Single-Spin Asymmetry for Inclusive and Diffractive

Electromagnetic Jets at Forward Rapidities in p' + p Collisions at /s
=200 GeV and 510 GeV at STAR

T. Lin (DIS 2022) Azimuthal Transverse Single-Spin Asymmetries of Inclusive Jets and
Identified Hadrons Within Jets from Polarized pp Collisions at 200
GeV

N. Ghimire (DIS 2022) Transverse Spin Dependent Azimuthal Correlations of Charged Pion
Pairs in p'p collisions at /s = 200 GeV and /s = 510 GeV at STAR

T. Gao (DIS 2022) Measurement of transverse polarization for Lambda production in
pp collisions at STAR

J. Nam (DIS 2022) Measurements of W /W~ cross-section ratio in pp collisions at
STAR

D. Kalinkin (DIS 2022) Inclusive Jet Cross Sections in pp Collisions at /s = 200 and 510
GeV
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Dijet kinematics 200 GeV
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Comparison between 2009 and 2015 (A Hyperon)

2015 vs 2009
- p+p— X+X, Vs =200 GeV,O<nA< 1.2, STAR Preliminary
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* 1.4% polarization uncertainty not shown

* Sivers effect provides correlation between the spin of the
incoming proton (polarized) and the pt of struck parton.

* Process-dependent color force — opposite sign in SIDIS vs pp.

* Preliminary results compared to the latest N3LO predictions

(PRL 126 (2021) 112002)
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