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The RHIC Cold QCD Program

"  Gluon polarization
= Sea quark polarization
" Transverse spin effects

 What is the nature of the spin of the proton?
e How do gluons contribute to the proton spin?
 What is the landscape of the polarized sea in the nucleon?

* What do transverse spin phenomena teach us about the
proton structure?

* How can we describe the multi-dimensional landscape of
nucleons and nuclei?

 How do quarks and gluons hadronize into final state
particles?

e What is the nature of the initial state in nuclear collisions?

arxiv:1602.03922




The Relativistic Heavy lon Collider
at Brookhaven National Laboratory




RHIC as a Polarized Proton Collider
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Sea Quark Polarization
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Unpolarized TMDs
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Accessing the Gluon Polarization

Oc Double helicity asymmetries in proton collisions:
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Gluons are polarized 1in the proton!

PRL 115 (2014) 092002
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A different global analysis finds similar result.
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Inclusive Meson Measurements

PRD 94 (2016) 112008 PRD 93 (2016) 011501 PRD 102 (2020) 032001 Patel, RAUM 2020
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* PHENIX has measured a wide variety of probes at 200 & 510 GeV
* Very precise data
* Asymmetries are small

* Limited sensitivity to non-zero gluon polarization




Jet Asymmetries at 500 GeV
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Dijet Asymmetries

* Inclusive jets
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Dijets at Moderate Forward Rapidity

Phys. Rev. D98 (2018) 032011
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Dijets at 500 GeV

Phys. Rev. D100 (2019) 052005
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Recent Results
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Pion Asymmetries at Forward Rapidity

* Forward rapidity 2.6 <n < 4.0
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The RHIC Cold QCD Program

" Gluon polarization
= Sea quark polarization
" Transverse spin effects

 What is the nature of the spin of the proton?
e How do gluons contribute to the proton spin?
 What is the landscape of the polarized sea in the nucleon?

* What do transverse spin phenomena teach us about the
proton structure?

* How can we describe the multi-dimensional landscape of
nucleons and nuclei?

 How do quarks and gluons hadronize into final state
particles?

e What s the nature of the initial state in nuclear collisions?

arxiv:1501.01220

arxiv:1602.03922
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Transverse Spin Effects
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__World Data (Collins & Sivers TMDs)

T —
| current data for Collins and Sivers asymmetry:

® COMPASS h*: P, <16GeV

O HERMES  p”* K" Py, <1GeV
¥ JLab Hall-A p*: P <0.45 GeV
S JLab 12 (upcoming)
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¥ STAR W bosons
355555 STAR-pp DY Vs = 500 GeV
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Factorization and scale!

TMD factorization: two characteristic
scales Q2 and Q%

Collinear factorization: twist-3 with one
hard scale

Both are closely related
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Inclusive Measurements

Phys.Rev. D95 (2017) 112001
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Direct Photons

0.03
e First measurement from PHENIX —_—
e Constrains twist-3 ETQS function —
* Related to Sivers-TMD 0.015
2
e Larger asymmetries expected at <C 001
forward rapidity 0.005
0
~0.005
~0.01—

Gamberg, Kang, Prokudin
PRL 110, 232301 (2013)
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-0.08
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M. Patel et al. (PHENIX), RAUM 2020
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Hadrons in Jets

e Two scales for TMD measurement
* profjet
* jrofhadronin jet

e Jetreconstruction (anti-ky)
* PYTHIA + GEANT

e Kinematics corrected to
particle level and parton
level matching

* Trigger bias
* Pion purities / hadron contamination

* Leak through from other asymmetries

Particle Detector

Parton

Jet direction

‘E:-!—-—t _Ijﬂ_g_ull:!gi";'

Geant

Pythia

i
.qvkgm

do' — do' < dAc, sin ¢ + dAa; sin(pg + ¢y) + dAcst sin(¢ps + 2¢y)
+dAoq sin(¢ps — ¢py) + dAo; sin(¢ps — 2¢y)

/

\

Collins TMD & transversity Collins-like (linear gluon polarization)




Collins Asymmetries

sin(0,-9,)

-0.05

rt hih (x1, kr) fg, (X2, k1) 6yr (S, L, ﬁ)ADZf:—r (z,jr)

ur ~ ~ T _
fq1 (x1, kT)fqz (x2, kT)UUUDZITl+ (z,jr)

Phys. Rev. D97 (2018) 032004
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Comparison with
Phys. Lett. B773, 300-306 (2017)
arXiv:1707.00913

New data at 4/s = 200 GeV
Multidimensional binning pr, jr, Z
Separate asymmetries for ¥, K+
Publication in preparation

T. Lin et al. (STAR), RAUM 2020
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Going Forward

* Electromagnetic jets with forward calorimeter

e 1%injet
e 28<1n<40

e Collins asymmetries are small.
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Comparison with
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Jet asym metries are consistent * Pion asym metries Increase
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Non-Universality of Spin-Orbit Correlations

1

/ [ \ 0.05
Drell-Yan Vs = 500 GeV Drell-Yan
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W -Boson Production in pT TP

* Missing transverse momentum from recoil

p+p-oWE-oef+v

 Requires full reconstruction of W kinematics

P}V = Pf + Py = precot!

Phys. Rev. Lett. 116, 132301 (2016)
Comparison with Phys. Rev. Lett. 103, 172001
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Sivers Asymmetries in Dijets

Correlation between proton spin and parton k
Enhance quark flavor with charge tagging

* Track pr weighted charge

Ntotal = M1 T M2
* Unfolded to parton (k)

More data on disk, v/s = 510 GeV

- -+ tagging
u-quark -+-0" tagging

“&- % 40 tagging
e e e-tagging

Parton Fraction
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J/psi Production in UPC

. . . t 2
 Photoproduction with polarized protons Rl pr large photon flux = Z
14
do/d¢ « 1+ Ay cos¢ %
J/v
9Eg* | _
AV e ImH7E pt small nucleon target, high p_
N Pr |Hg|2 \/\ polarized target, A" = Eg
t2
/ o~ C . 0.5 .
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* Expect larger asymmetry at low W,

Phys.Lett. B793 (2019) 33-40 « Statistical uncertainty is still large




Non-linear Gluon Dynamics

forward rapidity

* High-p; pion (trigger) high-x parton (quark / p)

* Associated pion

Dihadron correlations in p+p / p+Au collisions at

low-x parton (gluon / Au)

C(Ap) = Npair(A¢)/Ntrig

STAR Preliminary
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* Extract from fit: area / width / pedestal

* Area suppressed for p+Au / p+Al

* No suppression at high-pp

* Dependence on event activity
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STAR Forward Detector Upgrade

//////iﬁ.'ﬁr-%::;y

(L L2222l

1
////’,,;;”,7////////{ * Tracking and calorimetry at forward pseudorapidities

SN 'r"!lbd'ﬂ}{

25<n<4.0
e Si-Tracker
e sTGC disks
* Preshower detector * Prototype tests in 2019/20
« EMCAI e Calorimeters installed through 2020
« HCAL * Ready for data taking in late 2021
. P o _
Tracking charge separatlc?n >~ 20 — 30%
photon suppression at 0.2 < pr < 2.0 GeV/c
ECAL ~ 10%/VE ~ 20%/VE
HCAL ~ 60%/VE n/a




Spin Dependent Fragmentation

p' + p(Au) — jet + * + X
o Had ron in jet B -p+p,E:eOUGeV(Preliminaryzmz)

| p+p. ¥s = 200 GeV (proj. stat. 2012+2015)

0.05— B o+Au, Vs =200 GeV (proj. stat. 2015)

* STAR measured at midrapidity, 200 — 500 GeV L | e s cev sTan o

B o+p. Vs = 500 GeV (proj. stal. 2017)
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* Move to higher x
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Other Hadron / Jet Observables

e Suggested large spin dependent effects in quark fragmentation

e Collinear quark-gluon-quark correlators
I:I\IE'SU(Z' ZZ)
* Flavor dependence
e Evolution effects of ETQS distribution functions

e Test origin of large transverse asymmetries

* Compare direct photons and jets
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Summary

 RHIC data at mid- and forward rapidity has made significant
impact on our understanding of

* the gluon polarization,
* the sea quark polarization, and
* transverse spin effects.

 Upgrades to existing facilities are important: RHIC run 2022,
transversely polarized p+p collisions at /s = 510 GeV.

* Measurements are complementary to and will inform
experimental requirements for the future electron-ion
collider.
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