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Relativistic Heavy lon Collider (RHIC)

Only collider in the world able to run polarized proton beams
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Longitudinally Polarized
Measurements
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Versus
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The Proton Spin Puzzle

Relatively unconstrained
Quark and gluon ~ Proton-proton collisions
internal motion _ am | aresensitive to gluon
. my dynamics at leading order

Quark spin
Does not account for the

full spin of the proton
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Parton Jet x; (=2p / (s)
The jet A;; is sensitive to the gluon polarization at leading order,

dominating processes at RHIC gg and qg scattering
« Higher collision energy — access to lower x
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STAR, PRD 103, 091103 (2021)

DI_JEt ALL 0101 sTAR, Vs =200 GeV

Stricter constraints on underlying p+p — Jet + Jet + X

C : Anti-k, R=0.6
partonic kinematics sign(r) = sign(r,)

Better constraints on the x-dependences
of Ag(x, Q%)
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Di'Jet ALL Vs = 510 GeV pp data from 2013

« High statistics — finer binning in jet
topologies
STAR, PRD 105, 092011 (2022) « Higher collision energi/ — access to
STAR 2013 @ 510GeV lower x, down to x ~ 02

p+p— Jet + Jet + X
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Forward - Forward

Topology C
Central - Central

A 2012, PRD 100 052005 (2019)

Y 2013, this work
Forward - Central — -DSSVi4

=X NNPDFpoli A

Topology B

Topology D
Forward - Backward

P RS R R NP I B B R
6 80 100 40 60 80 100

—%0 80 ' 120 ' '
Parton Dijet M, (GeV/c®) Parton Dijet M, (GeV/c?)

cIl

9/1/2022 Nicole Lewis - CIPANP 2022



See Sook Hyun Lee’s Talk P_|'|\‘\\.i/’/E_N|X

D | re Ct P h OtO N ALL during this session N

Photons that come directly from the hard First published direct photon A4;; result

interacti iti ICs, wi
teraction Cleanly sensitive to gluon dynamics, will

« Only sensitive to initial state effects, no :
effects from hadronization help constrain Ag for 0.02 < x < 0.08

« Production dominated by quark-gluon
Compton scattering 0.04

e |solation cut reduces the contribution of
fragmentation and Bremsstrahlung photons

- i

Figure from Zhongling Ji, DIS 2021
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Hyperon Longitudinal Spin Transfer i

- > -

p+p = A+X, V{s=200GeV STAR Preliminary
-

o, 5 = 20732 A rest frame

YiYu, DIS 2022

DA _ oc(p*p > ATX) —o(p™p > A X)
jetp, =5GeV, 07<n_ <09, R=06 L U(p+p - ATX) + U(p+p - A~ X)

AN) p.z1GeV

IIIIIIII]IIIIIIIIIIIIII

» Direct probe of polarized
fragmentation function

» Sensitive to strange quark’s
contribution to the proton’s spin

» First measurement of D7} as a function
PADjet
of z = .
|pjet|
« Most precise measurement of DA to date

Theory curves: Kang et al, PLB 809, 135756 (2020)
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Transversely Polarized
Measurements

LEFT

R <
é N
RIGHT




Transverse Single-Spin Asymmetries
Probing hadrons in three dimensions 0; — Op
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STAR, PRD 103, 92009 (2021)
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Nonperturbative Spin-Momentum Correlations

Large spin-momentum correlation that can’t be explained by the perturbative
part of hadronic scattering— must be nonperturbative dynamics

Transverse Momentum
Dependent (TMD) Functions

* Two scale process: explicit
dependence on nonperturbative
parton transverse momentum, k¢

* Where k; < Q

From Alessandro Bacchetta

9/1/2022

Twist-3 Collinear Correlation Functions
* Quantum interference between scattering
off of one parton versus scattering off of two
partons at the same x
Measurements only need to be sensitive to a
single, hard scale

|
I
Q?]P |

P,5 |

Twist-3 Twist-3
Initial State Final State

Daniel Pitonyak, arXiv:1608.05353

Nicole Lewis - CIPANP 2022



Origin of Large Forward Asymmetries

STAR, PRD 103, 92009 (2021)
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~ Jetalgorithm: anti-k_R=0.7

- 29<n*"<38
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X
e Large forward % asymmetry is larger for isolated °
« Possibly because of a larger contribution from diffractive processes?
« Non-isolated % — part of a jet which has fragmented from a parton

« Small Ay for EM-jets, smaller for Multiplicity > 2

» Weak dependence on center of mass energy
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Midrapidity ° and n Ay

0.04

PHENIX, PRD 103, 052009 (2021)

N
PH-<ENIX

" PHENIX p' + p, Vs =200 GeV

epl+p =00+ X
spl+pon +X

, n|<0.35

“pl+p - %+ X, Vs =200 GeV, n|<0.35

~ 0.001F

—— qgq Contribution
—— GPM
------- CGI-GPM Scenario 1

mim CGI-GPM Scenario 2

PHENIX

4 6 8

I 1I4 L
o [GeV/c]

» Factor of three increase in precision compared to previously published
results and higher reach in pr

» Sensitive to both initial and final state effects, sensitive to gluon spin-

momentum correlations at leading order

9/1/2022
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N
PH-<ENIX

Charged Pion Ay

= PHENIX, PRD 105, 032003 (2022)

e First results of
midrapidity
charged pion Ay from
PHENIX

- m¥ A, consistent with
zero and with the ¥
asymmetry

- Some indication that r*
might behave differently
(potential flavor
dependence)

9/1/2022

<
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0.03

0.02

0.01

0

PHENIX

pl +p — 1+ X,|S= 200 GeV, Inl<0.35
3.4% Polarization scale uncertainty not shown

- —¢— 1, this result
:_ —— wtt, this result
- 4 1 from PRD 103 (2021), 052009

- " qgq Contribution from Cammarota, et al '20

4 6 8 10 12
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Collins Asymmetry with 7= in Jets

STAR, arXiv:2205.11800
— STAR

See talk by Kevin Adkins
s =200 GeV QCD-PDF Joint Session
Friday 9/1

Spin-dependent modulation of hadrons in jets

R, > 0.05 +

A<2<08 | 1+ mDOMP+2013: 2 Transversity Func;tion — Collinear PDF for the
i liwe w7 EDMPH2013: transversely polarized proton

Collins function -TMD Fragmentation Function
Correlation between quark transverse spin and
unpolarized hadron relative transverse momentum

:

3 2% Scale Uncertamty Not Shown

10" 520
Particle jet p_ [GeV/c]

O

9/1/2022 Nicole Lewis - CIPANP 2022



~—
| = PH-“ENIX

Direct Photon Ay M Fgurefrom
9 9o PHENIX, PRL 227, 162001 (2021) : %x ! PIS 2022

N iso [ =
p'+p — v*°+ X, \s =200 GeV, n|<0.35 Measured for the
PHENIX l first time at RHIC

Consistent with
zero to within ~2%

This result will also

s gq Contribution help constrain the
— — ggg Contribution Model 1, min/max : :
999 Contr|but|on Model 2 mm/max twist-3 collinear

5 T s o 0 11 15~ trigluon function
p_ [GeV/c]
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—_—
Open Heavy Flavor Ay PH T ENIX

PHENIX, arXiv:2204.12899 Cleanly sensitive to gluon spin-
o+p >e" +X . Open Heavy Flavor e’ momentum correlations in the proton

(s =200Gev | = OpenHeavyFlavore Will help constrain the twist-3 collinear

ml <0.35 PRD78. 114013 trigluon correlation function

PHENIX
Ay Ay = (-0.01,0.11) GeV (f.d) _
é _fx l; £0.01,0.11}Gev Tg ™ (x,x) = Ap,aG(x)

£0.08
0.06
0.04
0.02
0

Ayp'+p — HF (") + X)
{s = 200 GeV

ml < 0.35

PHENIX

PRD84, 014026 -
-+ Kg = 6.0x10™ o =2.5x10™

- Kg = 6.0x10* - Kg' = 2.5x10™

EEEEEIEtAs

3.4% polarization scale uncertainty not included it Theory: PRD78, 114013

Az D — e"f'(lf’kd)

ll

4)05‘ 0.05 0.15
A [GeV]

Theory Curves: Z. Kang, et al, PRD 78, 114013 (2008)
Y. Koike, S.Yoshida, PRD 84, 014026 (2011)
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Far - Forward Neutron Ay doring this session for PHENIX
The RHICf experiment

results in pp and pA

z L RHICf Preliminary

<t p'+p—>n+Xat {s=510GeV (6 <n)
e T and a1-Reggeon exchanges model i

predicts no xr dependence and Ay gets
more negative with pr

0

B. Z. Kopeliovich, et al PRD 84, 114012 (2011) g

« Measurement indicates e
some xr dependence, OO 028<x: <046 ] o @
especially at high pr T : 0.46 < x, <0.64 m

at 510 GeV

»
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PHENIX at 200 GeV

Polarized proton

10/12/2021 Nicole Lewis, Brookhaven National Laboratory



Nuclear Dependence of Ay PriENX §

_ PHENIX, PRL 123, 1220031 (2019)
C tOOk PHENIX charged Loo PHENIX @ <004 PHENIX ©

Syn= 200 GeV syv= 200 GeV

In 2015 RH
0 5 hadron AN .03 h*, 0.1<x_<0.2 0.03 h*, 0.1<x,<0.2
transversely 14 < n <24 0.02 1.4<1 <24 o IR

I 0.1 < xr» < 0.2 0_01_ 0.01 o0-ea
polarized data for 18 < of < 7eeve ™1 O

pr, pTAl‘and pTAU. Noticeable Ay A

suppression in pA -

collision e
A1/3

STAR, PRD 103, 072005 (2021)

0.17<x , <0.21 0.21<x , <0.27 0.27<x , <0.37

STAR Fit to Ratio=A" STAR Fit to Ratio=A" 3 STAR Fit to Ratio=A"
——— P=-0.075£0.036 (Typel) ——— P=-0.058 :0.010 (Typel) L —— P=-0.037::0.007 (Typel)

A ‘ . = = ' P=-0.049 £0.042 (Type2) = = ' P=-0.054+0.012 (Type2) _ = = ' P=.0.026 0.008 (Type2)
STAR forward m® Ay 2+ | A
26 < n < 40 .

0.2 < xp < 0.7
1.5 < pr < 7GeV/c

Less strong A dependence
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Beam View Trigger

Di-Hadron Correlations Hadror

STAR, PRL 129, 092501 (2022) Associated
x10°° Hadron Ad

- _ 0.0 STAR x107
m—ZOOGeV, NN — %X VSr = 200 GeV

C(A¢) _ Npair(A¢) B p:ig=2_2_5 GeV/c, p:330:1_1_5 GeV/c _’(/'\\' NN — 1%4+m%4+X

NirigxXAg 26<n<4 ! _ _ 26<n<4

—_ B o O O dAu: STAR preliminary pTg=1 5-2 GeV/c

g 6 O + p$s°°=1 -1.5 GeV/c

. . +

e Probing nonlinear i : N
gluon dynamics at +
*

small x | | |

N H | | ri asso | | | 8 8 8
- High gluon density 4} p[*253 Gevic, p*-2:25 Gevic it | gtleaeeals
2 *

en Vi ro nme nt B opp *pAl *pAu pp,pAuU: arXiv:2111.10396 dAu: shifted by pedestal in pAu

proyldedatforwaﬁi 04l SN SN RPN R S P

rapidity at STAR = A¢ [rad] A¢ [rad]
> d dAu has a X 5 higher pedestal

+ opp *pAu *dAu
* —1t

_@@
+ *

il l L L 1 L l 1 L 1

e Clear suppression 02 | com
: pared to pp and pAu
|Of C(Ap) inpA at ' | | - Could be explained through Double
OW Pr I Parton Scattering (DPS): two separate
hard interactions in a single collision
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Future Measurements with

the RHIC Spin-Program




Installed in time for Run 2022

STAR FO r'wa rd U pg rad e Forward Rapidity 2.5 <n < 4

" « Access to highly asymmetric partonic

:‘rj collisions: high-x quark and low-x gluon

Nl i
iy

« Sivers function through tagged jets, direct

Run: 23099024 photon

EventId: 1731
p+p at 510 GeV . Transversity at high x + Collins and IFF

« Diffractive Process
Midrapidity —1.5 <79 < 1.5

 Improved statistical precision and
the extended acceptance with iTPC

O e Sivers with W /Z and di-jet
/ A .« Transversity + Collins/IFF

« Unpolarized W /Z cross section

STAR Beam Use Request for Run-23-25
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SPHENIX

Currently being installed, going to
start taking data in 2023

The sPHENIX barrel will be able to
measure jets, heavy flavor, direct
photons to probe

« Sivers effect with y-jet, di-jet

 Transversity with Collins and IFF
through hin jet and di-hadron

e Trigluon correlation function with
direct photons and heavy flavor

« Hadron Ay in pp vs pA
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Summary

RHIC has played a critical role in
expanding our knowledge of the
internal structure of the proton

» Spin structure of proton through Iongltudlnally polarlzed coII|5|ons
« Constraints on the polarized gluon distribution

» Transversely polarized collisions probe the 3D structure of the

proton
« Twist-3 gluon dynamics with direct photons and heavy flavor

» Transversity through Collins asymmetry

« Ongoing upgrades will provide unique physics opportunities into:
 Understanding the origin of large forward Ay
« Testing TMD evolution

« Understanding the nature of initial-state and hadronization effects in pA
collisions
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Back Up
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Partonic Fractional Contributions to
Central Jets at STAR

qg STAR, PRD 100, 052005 (2019)

pp—jet+X
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Partonic Fractional Contributions to PHENIX
Midrapidity 7° and n Mesons at PHENIX

200 GeV p+p
Midrapidity

PHENIX, PRD 83, 032001 (2011)

[ | | I | | I | L 1 1 I | L1 | L1 1
10 12 14 16 18 20
p. (GeVic)

4
E
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Partonic Fractional Contributions to PH ENIX
Midrapidity Direct Photons at PHENIX
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Di-jets at
Vs =510 GeV
Event Topology

Four different n
topology bins, different
di-jet configurations are
sensitive to different
kinematic regions
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TAR, PRD 100, 052005 (2019)
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Di-jets at+/s = 510 GeV
and — 08<\7ﬂ <18 =

0.03

Data taken in 2012 . Data taken in 2013

=] Dijet A, STAR Preliminary [7&7] Dijet A, (Anti-k R =0.5)
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Preliminary results are in excellent
agreement with each other and results using 7 5 eevsctouemaiytompoliznionnitshom | E ,
2009 data: STAR, PRD 98, 032001 (2018) * parton Level Difet Invariant Mass [GeVICY) Parton Lovel Dijet Invarant Mass [GeVic]
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N\
PH-<ENIX

Inclusive Jet 4;; fory/s = 510 GeV

5 0.1
<

0.08

V\!_—
PH -ENIX
preliminary

*Higher /s pushes the

sensitivity to lower x
* Inclusive jet at
510 GeV provides
constraints for
x > 0.015

* Agreement between
experiments

0.06

0.04

0.02

0

NLO + InR, DSSV14, Kang & Ringer
PHENIX 2013 pp Vs = 510 GeV
n|<0.15, anti-k_R=0.3

STAR 2012 (510 GeV, |n|<0.5, R=0.6)
-0.08

6.5% pol. scale uncertainty not shown

_0 L 11| | L 11| | I - | | - | - | L 111 | L1 11 | I I I
1) 10 20 30 40 50 60 70 80
pT
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g
Nuclear Dependence of Forward Neutron A PH*ENIX

t . -

v _B
- p 0.4
-V * z .
g R 0.3

0.2

PHENIX, PRD 105, 032004 (2022)

PHENIX 0.40 < x. < 0.55 - BBC Veto 0.55 < x. < 0.70
- Vs=200GeV, n>6.8
(a)

3.4 % Polarization scale -
- uncertainty not shown

e Large nuclear dependence o -
measured in pp, pAl and pAu .-
PHENX, PRL 120, 022001 (2018)
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-0.1

TT

[ p+p—> n+X 0.70 < x. < 0.85

* Dr dependence fOF AN In bp 4—— Mitsuka UPC+OPE

TTT

5] prAlo naX \ ©
.......... Mitsuka UPC+OPE

collisions extracted by usinga ;-
. . “F[Co ] p+Au— n+X
bootstrapping unfolding E " Nitsuka UPG-OPE
: _ 02 o]
technique <

PHENIX, PRD 103, 032007 (2021)
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» Recently Published: neutron
Ay in pA as afunction of py 5004 .06 .08 01 012 014 0.16 018 02 022 0.02 004 0.06 0.08 0.1 012 0.14 0.16 0.16 02 022
3 nd xF p, [GeV/c] p, [GeV/c]
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A Transverse Spin Transfer

A reconstructed through weak decay channel, access to polarization: A - p + ©~

pl+p—o AT+ X, Vs=200GeV STAR Preliminary
@, = +0.732

N JNT(cos 8*)N'(—cos8*) —/NT(—cos 8*)N*'(cos 6%)
. Drp «
T L e i ++ JNT(cos 8*)N'(—cos0*) + /NT(—cos 8*)N'(cos 6%)

« First measurement of D2 as a function of

Jet p_>5GeV PA Djet .
AR p, > 1GeV (@ O0<n<1.2 Z = 5> INp + p

. e Consistent with zero within uncertainties
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Cross Section Ratio for W Production
Sensitive to the unpolarized d(x) /i (x) quark distribution
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complementary to the Drell-Yan data Tuesday 8/30
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