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SPIN PHYSICS PROGRAM AT RHIC

Goals:

« Using spin as a unique probe to unravel the internal structure of nucleon
» Understanding the role of spin in QCD

Questions:
1 1
S = 5 = 5AZHLAGqLquLLG

* How do gluons contribute to the proton spin?

« What is the landscape of the (un)polarized quark-sea
in the nucleon?

* What do transverse-spin phenomena teach us about
the structure of the proton and properties of QCD?
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RHIC - POLARIZED PROTON COLLIDER

Absolute Polarimeter (HT jet) RHIC pC Polarimeters
\

v .

S

Spin Rotators
(longitudinal polarization)

Pol. H™ Source Solenoid Partial Siberian Snake (longitudinal polarization)

LINAC Helical Partial Siberian Snake

BOOSTER

‘/ AGS Internal Polarimeter

200 MeV Polarimeter — - )
% AGS pC Polarimeters

Rf Dipof Strong Helical AGS Snake

Polarized protons Vs = 62, 200, 500 GeV

Transverse and longitudinal polarization

Alternating spin configurations bunch by bunch and fill by fill
The only polarized high-energy proton-proton collider

Hard scattering processes with control of systematic effects
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RHIC - POLARIZED PROTON COLLIDER

Polarized protons
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SOLENOIDAL TRACKER AT RHIC

Electromagnetic Calorimeter

e Ap=2m, -1<n<2

« Barrel(|n| <1)and Endcap (1 <n<2)
« Energy measurement, trigger

Time Projection Chamber
« Ap=2m, [n|<1,05T
 PID, tracking, vertex reconstruction

FMS

Time of Flight Barrel
« Ap=2m, |n| <1
« PID

Forward Meson Spectrometer
e Ap=2m, 2.6<n<4
* Energy measurement, trigger

Beam-Beam Counter
Vertex Position Detector
 Relative luminosity and MB trigger

Zero Degree Calorimeter Characteristics
« Relative luminosity and local polarimetry « Large acceptance (PID and calorimetry)
Roman Pots * Good for jets and correlations

» Upgrades: iTPC, EPD, ETOF
Forward Upgrade (discussed later)
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PHENIX DETECTOR Took data up to 2016

Being replaced by sPHENIX

CertTalggrg M= /2 098 T 2012 PHENIX Detector
* NI <U55 AP =2xTU/Z, 0.

VTX detector

Electromagnetic Calorimeter

Tracking: Drift chambers, Pad chambers
PID: RICH, ToF

weL

Muon Arm

« 1.2<|n| <24, Ap=2m,0.72T

* Muon PID and Tracking

 PID, tracking, vertex reconstruction

¥ 9T

Muon Piston Calorimeter West Beam View East
RPC3
[ = < < =
Ap =21, 3.1<|n| <3.9 , —
Beam-Beam Counter
Zero Degree Calorimeter

 Relative luminosity

ZDC South ZDC North
- ]
. . MulD
Characteristics
» High rate capabilities + good resolution
* Central arms: m° and n
e Muon arms P
b South Side View North
= 185m= 60 ft i

I do not discuss BRAHMS, A DY, pp2pp here
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HOW TO ACCESS GLUON HELICITY?
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HOW TO ACCESS AG?
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Which processes dominate at RHIC? What are a | for these processes?
AG AG Ag AG Aq Agq Ann.Rev.Nucl.Part. Sci. 50 (2000) 525-575
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Sensitive to qg and gg - Access to AG/G
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CROSS-SECTIONS

Jet and 1t° production

Phys. Rev. D93, (2016) 011501 Phys. Rev. Lett. 97 (2006) 252001
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» Cross-section measurement to support the NLO pQCD interpretation of asymmetries
» Theoretical error includes the PDF uncertainty and sensitivity to the variation of the factorization
and renormalization scales (altered simultaneously by factors of 0.5 and 2.0)
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CROSS-SECTIONS

di-jet production and photon
Phys. Rev. D 95 (2017) 71103 | Phys. Rev. D 86 (2012) 072008

. ’ By 3 \
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» Cross-section measurement to support the NLO pQCD interpretation of asymmetries of
correlations and rare probes
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STATUS OF AG

Precision A |

0.07=STAR 2009
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Parton Jet P, (GeV/c)

1 |35

1. A positive for large p, - positive gluon
polarization

2. Included in DSSV and the NNPDF PDF fits

(NLO)

 These data drive the constraints on AG in both
fits

- Initial sensitivity to different x, from rapidities

« In the PDF fit also PHENIX m® A , included

PRD 90, 012007 (2014)

Evidence for positive gluon polarization
in the x range 0.05 <x < 0.2 and at Q2= 10 GeV?

Run 2009 - 25 pb-!
Further precision: Run 2015 - 50 pb-'
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STATUS OF AG

Impact of ALL from 2009 data on AG

Nucl. Phys. B 887 (2014) 276-308

PRL 113 (2014) 1, 012001
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STATUS OF AG

Impact of A, from 2009 data on AG

| dx Ag(x)

S 0.001

N

0.05

-0.5

11/14/2019

PRL 113 (2014) 1, 012001

Low-Xx range

IIIlll[l!ll!lllllllll]llll]

[ X855 NEW FIT i Extend sensitivity to smaller X,
B 90% C.L. region . qe
g Dssye - - forward rapidity
90% C.L. region
s DSSV Lg X eXP(—’ﬂ)
i * Vs =510 GeV data
: Lg X 1/+/(s)
: ] High-x range
__ Q2 =10 GeV2 //
L S e — Further precision from:
02 0.1 -0 01 , 02 03
| dx Ag(x) » Jet and neutral pion probes

1
AG:/ Ag(x)dx
0

0.05

* Complementary probes
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CENTRAL t® AND JETS AT 510 GEV

Towards smaller X,

PRD 93 (2016), 011501 PRD 100 (2019), 052005
= v
=l #
- pp — %X |n|<0.35 < 0.02 = STAR pp-Jet+X o
| W 510 GeV: Runi2-13 E ! 12 510 GeV R=0.5 1 <0.9 :
0402 - 510 GeV: rel. lum. !”M'('-’Tﬂf‘”l‘_‘n' E . ammmms ‘09 200 GeV A=0.8 =10
. @ 200 GeV: Rund-9 (PRD90,012007) 7] L UERL Syet. .
L 200 GeV: rel. lum. uncertainty i ) ‘_='J 0.01 b= ----Dssvi4 #ﬁ
= 510 GeV/ 200 GeV pol. scale uncert. 6.5%/ 4.8% -~ c | G MNPDF1A
o —
5 B .
< 0.01 L
K T
- L
T 0 - . _______
0 | : +6.6% polarization scale uncertainty
i not shown
| Theory curves: LSS10p (dashed), DSSV 14 (solid) and NNPDFI.1 (Yotted) -0.01 P | | : .
1 1 1 1 1 1 1 1 1 d el el e ———— el
0 0.05 0.1 0 0.05 0.1 0.15 0.2

=2
X7 ( F'T/ 8 Parton Jet x, (= Epr \'s)

« Consistent result from both energies and both experiments
« Higher Vs pushes sensitivity to lower x > 0.02

* More to come:
> 2013 data: High luminosity (300 pb') 510 GeV STAR
> 2015 data: Double 2009 statistics 200 GeV: STAR

STAR: A  of m?at 510 GeV with FMS (2.6 <n < 4), x> 0.001, run 2012 (82 pb™) and 2013 (300 pb™")
PRD 98 (2018), 032013
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DI-JET MEASUREMENT

Towards smaller x_ and complementary probes
8 PRD 98 (2018), 032011
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Di-jets give stricter constraints to underlying partonic kinematics

* May place better constraints on functional form of Ag(x)
« More-forward production - lower x down to 0.01, x, - likely gluon, x, - likely quark

* Narrow ranges of initial state partonic momentum tested
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DI-JET MEASUREMENT

Towards smaller x_ and complementary probes
8 PRD 98 (2018), 032011

F 0.08
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 Central di-jet measurement Run 2009 v's = 200 GeV (25 pb'): PRD 95 (2017), 071103
 Central di-jet measurement Run 2012 v's = 510 GeV (82 pb'): PRD 100 (2019), 052005
* Further precision: Run 2015 Vs = 200 GeV - x 1.5 statistics, Run 2013 vs = 510 GeV - x 3.2 statistics
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DI-JET MEASUREMENT

Impact on Ag(x)

arXiv 1902.10548
D. de Florian, G. A. Lucero, R. Sassot, M. Stratmann, W. Vogelsang,

xAg(x,Q°=10 GeV?)

0.15
0.1
0.05
0 ", &
il s STAR 2009 dijet impact
s ’ y 5
W — sign(ny) =sign(ny)) 0 N~
0,05 WA D e sign(n,) # sign(1,) MC ave;age =
’ '.-" ''''' east barrel-endcap MC—F?[J 1cas
7 -=:=. west barrel-endcap combined impact ==
,_\' v Endcap.endcap and 1-o contours
_0 l ] 1 1 1
0.01 0.03 0.1 03 05 1
X

« Influence of central and forward di-jets from 2009 data (25 pb™') Vs = 200 GeV on DSSV calculations
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FUTURE OPPORTUNITIES

Phys. Rev. D 92 (2015) 094030 arXiv:1602.03922
1,5 LI IIIIIII LI IIIIIII LILIL IIIIII LI ||||||| LA \.';:5[][](;(.\F \/’;:500(1‘0\!
F a ) 103;1.2<n3m<1.8/2.B<n4(3)<3.7 ) 'oa;z.s<n3(4)<3.?12.3<nm)<3.7
L DIS + SIDIS s RHIC projection | = 107 = 107f
L 90% C.L. constraint data < 2015 | i:v 10 6 Ef c
- == DSSV 2014 mm EIC projection { g ain g
1 with 90% C.L. band Vs=78GeV 3 mi Z
102;—
10 F
1 Lol | sl
10° 10" 10° 107 107 1 107 1
%, (%) X, %)
x10 x10
3 %2 B2cng<18/28<nag<07 3 %% [28cny <37/28<n,5<87
r 015 |
0.1 . 500GeV
005 |-
005 B ' o )
~= GRSV STD 0.1 [= GRSVSTD
0.1 == DSSV-08 - DSSV-08 ,
_0 5 Lol Lol Lol Lol L1111 d.02 0:}4 ubs oba -0'15002 uc"zs I:III:Ia o':lias 204
' -5 -4 -3 =2 -1 I k VX *;-’x =M Iv'; ‘ . \:'x u\u")l." =|'-|."v";
10 10 10 10 10 1 o b
X .
Deep insight with EIC i Potential future with forward upgrade
« Scaling violation in inclusive DIS: g.(x, Q%) * Di-jet asymmetries with x up to 103
. . . . )
Polarization: 70%, Efficiency: 50% 66%
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HOW TO ACCESS QUARK-SEA?
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QUARK HELICITIES

Single spin asymmetry and cross sections for W production

Goal: Constrain the sea-quark helicity

X X
Separation of quark flavour

1 2
« W*(W): predominantly u(d) and d(u) . . B . 8
Maximal parity violation - o 0 =
* W couples to left-handed particles or . +
right-handed antiparticles
The decay process is calculable

) . AW+( ) Ad(z)u(zs) — Au(zr)d(z?)
Free from fragmentation function L Ww) X - -, - B (=)
(LO)
A}JV— (yw) - Aﬁ(fﬁl)d(ﬂfg) — Ad(.’ﬁl)ﬁ(l‘z)

ﬁ('ﬂl)d(ﬁg) + d(”}jl)ﬁ(ﬁ’iz)

Access both to sea and valence quarks

e Experiment Signature:

- Large p, lepton, missing E.
Experiment Challenges:

* Charge-ID at large |n|

 Electron-hadron discrimination

* High luminosity needed

11/14/2019

M. Zurek — RHIC-Spin Program and EIC&LHC Page 20



QUARK HELICITIES

Cross sections for W production

PRD 85 (2011), 092070 Agreement between theory and

10* & Theory: FEWZ and MSTWO08 NLO PDFs e experiment for different bosons,
= = 8T for different collision systems, and
s - s over a wide energy range
> 10°
T S * Support for the NLO pQCD
= [ ppow interpretation of asymmetry
| ) ® STAR measurements
m 10 = pp — W* A Phenix  * UA2
8z % : QL;AS _:_ ggF * Ratio measurements may provide

- pp—>W ’ insights in unpolarized light quark
10 | | distributions

* PHENIX:
W-pA,o 1.2<|n| <24,

PRD98, 032007 (2018)
W-eA_, |n| <0.35 PRD93, 051103 (2016)

W - e o, PRL106 062001 (2011)
e STAR:

iy
o
w

pp — Z/y*

.- BR(Z/y* — 1I) (pb)
=)

W - e g, PRD85 092010 (2011)
5% 10— W-eA_, |n| <1, PRL113, 072301 (2014)
SN =
o = pp — Z/v* W - e A, PRL116, 132301 (2016)
: — '1(')3 ' e W — e A, PRD 99, 051102 (2019)
Vs (GeV)
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QUARK HELICITIES

Single spin asymmetry for W production at STAR

PRD 99 (2019), 051102

+
- pEpoOWTEXoet+ X
B Vs =510 GeV 25 {E';.(EGGEV

0.04,

| XAu

| %5 NNPDFpol1.1+STAR2013

107 107"

0.08; Sea Asymmelry
- X(AT - Ad)
0.06_—
0.04
0.02
0_
_002__ 02 =10 (GBV)(C)E
[ ===== NNPDFpoli.1
_0.04— 2528 NNPDFpoll.1rw
12 107 1
X

« Significant preference
for Au over Ad

* Opposite to the spin-averaged
quark-sea distributions

« Verification of different nucleon
structure models

107 =
AL
0.02-
: W+ NNPDFpoli.1
ol & STAR2011-2013
| == BS15.CHE NLO i
DSSV14 RHICBOS -
B = NNPDFpol1.1 CHE NLO
L SRR
3.3% b E“ﬁf“?ﬁp"l'ﬂ'lﬁ.f’!*ﬁ ok shown Y
—1._...|....|....| - — -
10° 107 10
-1 0 1 x
ne
For covered lepton n: 0.05 < x; <0.25
« 2013 data (300 pb") - Most precise data to date
» Combined precision (full available data set) - important constraint on sea asymmetry
* Predictions from DSSV and NNPDF agree with data
« Data agrees with DIS results in the valence region
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QUARK HELICITIES

Single spin asymmetry for W production at STAR

_1|_ 1 I L 1 I 1 1 L ] ] L 1 1 1

11/14/2019

PRD 99 (2019), 051102

_b
- pEpoOWTEXoet+ X
25<E;’.~:50{3e\£
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r weemeeees BS156 CHE NLO
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3.3% beam pol scale uncertainty not shown
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0.02-
I NNPDFpol1.1

Motivation to investigate further the sea asymmetry

Opportunities at EIC

0.08; Sea Asymmetry
- X(AT - Ad)
0.06_— o

0.04F

0.02

Q° = 10 (GeV/cy

—0.02
[ ===== NNPDFpol1.1
_0.0af- #¥25% NNPDFpoll.1rw
16" 10™ 1
X

« Significant preference
for Au over Ad

» Opposite to the spin-averaged
quark-sea distributions

« Verification of different nucleon
structure models

« Accurate determination of Au and Ad through CC DIS and SIDIS with pions
 Access to strangeness: SIDIS with kaons and CC mediated charm production in DIS: W*s = ¢
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UNPOLARIZED SEA-QUARK DISTRIBUTIONS

Probing the d(x)/u(x) ratio

Drell-Yan cross sections

NA51, E866, SeaQuest

Ratio of cross-sections with proton and
deuteron target gives access to d(x)/u(x)

o 1 |+ d(z)
20, 2 u(x)

W*/W- cross section ratio at STAR
* Complementary to NA51, E866, and
SeaQuest

- STAR data cover ~0.1 <x<~0.3, [n_| <1

« Higher Q*=M,?

11/14/2019

M. Zurek — RHIC-Spin Program and EIC&LHC

W. Lorenzon (SeaQuest), Hadron-China (2019)
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UNPOLARIZED SEA-QUARK DISTRIBUTIONS

Cross sections for W production

M. Posik et al. (STAR), RAUM 2018

S. Fazio et al. (STAR), DIS 2015
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- ——— STAR Preliminary (2011+2012+2013)j|_=345 b’ E C Pk + ) et - STARIL_ 102ph _
1o B %8 Systematic Uncertainty 7 — STAR Preliminary B85 systematic uncertainty
A s Fiscasai PHD W X e 4X 6[Ns=500/510 GeV M eenseny
g é O~ B Sl /S = 500/510 GeV 5F RHICBOS-CT10
= e 4F-
B oo
B 3F R
4 - ]
N 2F
B 1
0 i L | ' | L L i | O - | 1 1 1 1 | 1 I I |
-1.5 —1 -0.5 0 05 1 1.5 -0.5 0 0.5
Ne yW
Publication in preparation ow+ u(@1)d(@2) + u(z2)d(z1) (LO)
ow-  d(x1)u(z2) + d(x2)u(w1)

* W-boson kinematics determined by reconstructing its recoil
 Rapidity determined from data combined with simulations

« Constraints on global PDF fitting for u and d quarks through W production at higher Q2 than
SeaQuest and NuSea and overlapping x region: 0.1 - 0.3.

11/14/2019
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SIVERS FUNCTION - SIGN CHANGE
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TMD FACTORIZATION AT WORK

TMD factorization formalism used to extract universal TMDPDFs and non-perturbative
evolution kernel from DY/Z boson production

150+

100+

66 -

16}

JHEP 1906 (2019) 028
V. Bertone, I. Scimemi, A. Vladimirov

104 10-3 10-2 10! 1

41150

ATLAS(116<Q<150) [
l{e'

1100

166

LHCb
ATLAS(46<(Q<66)
E288 ;
E605 |16
E77
Total: PHENIX
457 data points O 0
. : : 14
1074 1073 1072 10! 1
X

State-of-the-art implementation of TMD factorization

* Analysis performed at NNLO in pQCD

* Scale fixation within the {-prescription approach
- non-perturbative evolution values can be used in,
e.g., the analysis of polarized TMDPDFs

=107° i - .
) kv X102y fitxky) uncertainty
B
. (d+d) o . (d+d)/2 20%
x=107 | 15% x=10"2] |- 15%
I | Ve f i
i 10% L all
e ! ;L S
| 5% x=0.1 7 Ve 5%
| N A
s A N i /
! g’ ¥ o | “"/1’ \ 1 KU Al 4 - ’ . " 4
L Wy X ; il T A
0'9:/ e OLI /+ I YA S : _L’_ [P s ——
r 1
06 : AN N el
ok O'U?, g e gl Ko
0.3 0 o S X 4 2
1 £ s A A ;‘_ ) 0.0 .\’"' ; 5 ) E >
05 1. 15 2 25 3. > pbGeVT) 05 1. 15 2 Z5 3. = kr(GeV)

« 457 data points with restrictive cut on kinematics

11/14/2019

— well within TMD factorization range
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SIVERS FUNCTION - SIGN CHANGE

Transverse spin structure

* Most observables in pp only related through Twist-3 formalism: collinear quark-gluon-quark
correlations (1 hard scale needed, e.g., p, of hadron or jet)

- TMD parton distributions: e.g. Collins or Sivers functions (require 2 scales, e.g., p, and M of W)

Sivers function - describes correlation between parton’s transverse momentum inside the proton

with proton transverse spin (initial state TMD)

Not universal in hard scattering
Rescattering of the stuck parton in the color field of the remnant of polarized proton

Sivers . = - Sivers

DY/W/Z

DIS

Final-state interaction
Opposite colors attract

Drell-Yan, W or Z

Initial-state interaction
Like colors repel

At ,\f\/\f\'
!

Fundamental prediction about the nature of QCD
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SIVERS FUNCTION - SIGN CHANGE

A, for W* and W- at STAR

Nonuniversality of Sivers function in QCD: Sivers . = - Sivers

> Critical test of k_factorization

PRL 116 (2016), 132301

_ §_+W+—hl+v

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

KQ (assuming '‘sign change")
C Global +*/d.0of.=7.4 /6

L 3.4% beam pol. unceriginiy nof shown

0.5 0 0.5
yw

z 1
< [ STARp-p 500 GeV (L =25 pb’)
0895 <P) <10GeVic
u-E__
0.4f
0.2¢
u A0 T B N R RN
-0.2¢
-0.4}
s E__ KQ (no “sign change™)
E Global y¥/d.o.f. = 19.6 /6
-0.8 - 3.4% beam pol. uncertainty not shown
_-l_ T R Y NN TR NN S RO N B
0.5 0 0.5
yw

DY/W/Z

STAR: A for W production with 25

pb” of data - W kinematics fully
reconstructed

2017 results will be based on
350 pb " data - more definite test

Other opportunities, e.g.
photons (sign change in the
Twist-3 formalism), Drell-Yan

Gradual upgrades to existing
STAR forward instrumentation

 Fit based on Kang-Qiu (KQ) model Z. Kang and J. Qiu, PRL 103 (2009), 172001
» Results favor sign change if evolution effects are not large

11/14/2019
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SIVERS FUNCTION - SIGN CHANGE

A, for W*and W- at STAR

Nonuniversality of Sivers function in QCD: Sivers . = - Sivers
> Critical test of k_factorization
arXiv:1602.03922

DY/W/Z

z 0.2 z = . .
< - STAR projections & .3 STAR projections e« STAR: AN for W production with 25
0.15]-L(del.) = 400 pb™ e ol pb of data - W kinematics fully
0./ I v o2 Wi reconstructed
: P .
0.05; . T » 2017 results will be based on
PSS SO S 0 I 350 pb-' data - more definite test
-0.05; 0.1 « Other opportunities, e.g.
Z Xiv:0903.3629 : H :
T pbgpslessgd il T — phptons (sign ;hange in the
. Uncertainty 0.21 TMD evolved Twist-3 formalism), Drell-Yan
C due to TMD evolution
-0.15:—: Uncertalnty on sea quarks 0 3 Ij Uncertainty on sea quarks
ot L. . . U ' o . » Gradual upgrades to existing
"~ 0.5 0 0.5 -o 5 0 0. 5 STAR forward instrumentation
A yW

Uncertainties on sea quarks from DIS and SIDIS measurements large

Precision data on from DIS from EIC

Kang-Qiu (KQ) model Z. Kang and J. Qiu, PRL 103 (2009), 172001 — No TMD evolution

EIKV model M. Echevarria, A. Idilbi, Z. Kang and 1. Vitev, PRD 89 (2014), 074013 — TMD evolved
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COLLINS AND SIVERS ASYMMETRY

arXiv:1602.03922

lllllll 1 L) l[lll[l | 1 lllllll T I Illllll L) L
" current data for Collins and Sivers asymmetry: |
4
10 "~ -
" o COMPASS h':P,; <16 GeV R ———— E
- O HERMES > K':Py;<1GeV ]
- ¥ JLab HalA =x': P,; <0.45 GeV . 1
5 [ =< JLab 12 (upcoming) i
N> 107 & o RHIC 500 GeV -1 <1 < 1 Collins 3
o - O RHIC 200 GeV -1 < n < 1 Collins ]
O, [ = RHIC500GeV 1<n<4 Collins X
‘Y [ ¥ STARWhbosons i
102~ STAR-ppDY Vs =500 GeV .
10 £ 3
1 E— 1 1111 I| 1 1 1 ¥ ITE
-4 3 -2 -1
10 10 10 10 X 1

 Fixed-target DIS, RHIC-spin, and EIC are truly complementary

» RHIC-spin has a unique role in hadro-production with kinematics
from high to low x at high Q?

 Precision tests of universality when EIC data become available
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TRANSVERSITY
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TRANSVERSITY

Methods to access it at RHIC: Single spin asymmetries of the azimuthal distributions A ;

* Spin-dependent modulation of hadrons in jets = Collins function (TMD FF)
* Di-hadron correlation measurements — “interference FF” (collinear framework)

PLB 780 (2018), 332 PRD 97 (2018), 032004
<'5 g ::;i\i;i,ét_ago\oggeioo Gev B pT +p —jet+ n + X Vs =500 GeV
; STAR \E;zooeev 0.05 — O<T]Jet<1 (p.r‘jet)=31.0 GeV/c
= hroger s - [@ sTAR2011 7
(p,} = 13 GeVic for s =500 GeV I~ ||O | STAR 2011 A
0.05 (p,)= 6 GeVic for s = 200 GeV ;I = 3 ,\\\%
:.5% scale uncertainty ? '5 0 i
due to beam polarization ( B ; DD 7y i.' /\ KK .\’
+ [ A . %&&
: % : Model Curves Positive: " %
] T 005 — Model Curves Negative: n’ o)
| "7 | ---- DMP+2013 >%<- KPRY === KPRY-NLL T
t | ' : : ! | L : : ! | ! ; ! : | ! ' ; : 1 1 1 I 1 1 1 Il I Il 1 1 1 I L 1 L 1 i Il 1 L 1 i .I 1 ‘ 1 1 I 1 1
0.5 1 15 w2 (Gevic?) 0.1 0.2 03 o4 0.5 0.6
* Well described by recent IFF asymmetry * Theory predictions using transversity and Collins FF
calculations incorporating SIDIS and Belle e*e” data extracted from SIDIS and e*e
« 200 GeV data included in gobal analysis: D'Alesio, Murgia & Pisano PLB 773 (2017), 300
M. Radici and A. Bacchetta, PRL 120, (2018) 192001 Kang, Prokudin, Ringer & Yuan, PLB 774 (2017), 635

without and with evolution
More from STAR on IFF and Collins

 Collins results from 2012 200 GeV (22 pb") being finalized
e 200 GeV data from 2015 (x 2 more then 2012) & 500 GeV data from 2017 (x 12 more)
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TRANSVERSITY

Connection to BSM physics

Tensor charge for a quark type g: first moment of the transversity distribution for valence quarks

|
f dx (K{(x, 0% - h{(x, 0%))
0

Intensity frontier: search for low-energy footprint of BSM physics at higher scales

Neutron EDM d : estimate CP violation induced by quark chromo-EDM d_

2e = 5
6Lepv D — 5 Y, (df fouysF" f
= dyse
)= 97du + g7lda + g7ds

Experimental bounds Tensor charge

Bounds on CPV sources encoded in quark EDM

Gobal analysis including 200 GeV IFF STAR data:
g"=0.53(25) at Q> = 4 GeV?
M. Radici and A. Bacchetta, PRL 120, (2018) 192001

11/14/2019 M. Zurek — RHIC-Spin Program and EIC&LHC

gT = gTu _gTd |

DSE
Lattice

Pheno

EE N

Pheno

Phys. Lett. B767 (2017) 91-98

- Gockeler et al (2005)
—— Bhattacharya et al (2013)
—— Aoki et al (2010)
- Green et al (2012)
- Bali et al (2015)
—_— Gupta et al (2014)

— Bhattacharya et al (2016)

Gamberg, Goldstein (2001)

Anselmino et al (2013)

Radici et al (2015)
Kang et al (2015)

1.0 1.5

gr

Comparison to the lattice QCD calculations
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ORIGIN OF LARGE FORWARD A
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ORIGIN OF LARGE FORWARD A,

Puzzle since E704

Z |
< [ v ZGS, Vs=4.9GeV

0.4~ AGS, Vs =6.6 GeV
- m E704, ys = 22 GeV
| @ BRAHMS, Vs = 62.4 GeV

- ® BRAHMS, ¥s = 200 GeV
0.3

)

arXiv:1602.03922

=)

E704, \s = 22 GeV
PHENIX, s = 62.4 GeV
STAR, Vs =200 GeV

PHENIX, Vs = 200 GeV, <n>=0.
STAR, Vs =500 GeV

* O X% *+ @ m

STAR, Vs = 200 GeV, <>=1.5 {

0.2;- } % -0.25— x + mz—

0.1 } -0.3 0.05F

——

ZGS, Vs = 4.9 GeV
AGS, Vs =6.6 GeV

SERES - : T
[ of* - m E704, s = 22 GeV i g:w:
oF gl _04l-® BRAHMS, Vs = 62.4 GeV 0'_m_+ [ ﬁa- én
: L L 1 1 L L 1 L 1 L l | : I L T IT
0

BRAHMS, Vs = 200 GeV
PRI IR T R RN A | L1 1
0.2 0.4 0.6 0.8

T
(=N ol

1 1 1 1 1 1 L L L L
0.2 0.4 0.6 0.8
Xe &

 Large asymmetries nearly independent on Vs (especially 1)

 Interpretations within Twist-3 formalism:
« K. Kanazawa, Y. Koike, A. Metz and D. Pitonyak, PRD 89 (2014), 111501(R) - 3-parton collinear FF fit to
RHIC data + soft-gluon pole term fixed - good description of TTA,

« L. Gamberg, Z.-B. Kang, and A. Prokudin, PRL 110 (2013), 232301 - description of forward jet A, from
A, DY Collaboration, PLB 750 (2015), 660 - Twist-3 parton correlation function for u and d valence
quarks cancel - opposite sign but equal magnitude of Sivers functions from SIDIS
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ORIGIN OF LARGE FORWARD A,

L P
suojoyd *ou

EM-Jet Energy = 40-60 GeV 60-80 GeV 80-100 GeV
< 0.050 1| STAR Preliminary 4
Z ] é ]
ARHPRILENE B %;-.l*--.f ...... -
i é 1 I Ié 1 §.¢ é I l
0.05 . .
i e e !
L ® [ ] L ]
IR Pl S S 5 24P S ;%aoo ----- b R
0.05] 1 i -j
N %
0.05] + + i -j
R gmh,ggs ----------- 2
0.05:—I | .XF>O - | - 1 | o
oXg<0 ] }
oF % ggé 8] --.-‘.}#4»-3.4 ----- .t SRS ¥ TP S 3+
. s . . 4 . .
53 4 5 65 4 6 8 p_IE_MJet?GeV;’C?

I

- Description of A beyond pQCD 2 — 2 process

* Low-multiplicity observation suggests diffraction mechanism
« STAR Roman Pots + FMS (2.6 < n < 4) - direct access to diffractive A,

11/14/2019

0.04

0.02-

M. Mondal et al. (STAR), DIS 2014

e mdets (x_>0)
" o aJets (xF <0)

- = EM-Jets (xF >0)
T o EM-Jets (xF <0)

STAR Preliminary "
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500GeV
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OUTLOOK Experts at the workshop: E.-C. Aschenauer, Z.Ye

STAR Forward Upgrade

Ensure jet (Vs = 500 GeV) and Drell-Yan capability, and charge-sign discrimination

Access to the charged hadron asymmetries and flavor-enhanced jets up to the highest Vs at RHIC
Drell-Yan and direct photon — initial state and hadronization in nuclear collisions, Sivers sign change
Full jets in forward direction - TMDs at low and high x and Ag(x) at small x

Tracking: Si disks + small Thin Gap Chambers
Calorimetry: hadronic and electromagnetic

https://drupal.star.bnl.gov/STAR/starnotes/public/sn0648
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PLANS WITH FORWARD UPGRADE

https://drupal.star.bnl.gov/STAR/starnotes/public/sn0648

Year Vs Delivered Scientific Goals Observable Required
(GeV) | Luminosity Upgrade
2023 | p'p @ 300 pb™ Subprocess driving the large Ay for charged Forward instrum.
200 8 weeks A, at high xand n hadrons and ECal+HCal+Tracking
- flavor enhanced
= Jets
& [ 2023 | p'Au 1.8 pb” What is the nature of the R, 4, direct
= @ 8 weeks initial state and hadronization | photons and DY Forward instrum.
; 200 in nuclear collisions ECal+Hcal+Tracking
=
~ Clear signatures for Dihadrons, y-jet,
3 Saturation h-jet, diffraction
E_ 2023 [ p'Al 12.6 pb~ A-dependence of nPDF, R, direct Forward instrum.
- @ 8 weeks photons and DY | ECal+HCal+Tracking
200 A-dependence for Saturation
Dihadrons, y-jet,
h-jet, diffraction
2021 | p'p @ 1.1 b TMDs at low and high x Ayyfor Collins Forward instrum.
= 510 10 weeks observables, i.e. | ECal+HCal+Tracking
s = hadron in jet
E % modulations at 7
= 2 >
2 Z (2021 | pp@ EE TS Ag(x) at small x A, for jets, di- Forward instrum.
5 510 | 10 weeks jets, hiy-jets ECal+HCal
at n>1

» 2023: Concurrent with sSPHENIX run: opportunities with and without forward instrumentation
« 2021/22 (potential): More high-impact science with unique forward capabilities of STAR following
the completion of the ongoing BES-II campaign and before RHIC running with SPHENIX
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PROTON-NUCLEUS COLLISIONS

Probing initial state in AA collisions

Adapted from arxiv:1602.03922 Armesto, N. et al. EPJC (2016) 76, 218

4 . T LI 1 T T LI I T I L II I 1] ,-.,1 4
10 : TEEssssaooo- SErssssioo- 3 e Bl reweighted i, (EPS & CT)
. 1.2l |mmm old R, (EPS & CT)
Measurements with A = 56 (Fe)
W Z° pPb Vs = 5 TeV Wrmmmemnmessmns e o I
— LHCb CMS / ATLAS —= ALICE 0.8f
107w VA DIS (CCFR, CDHSW, CHORUS, NuTeV) = ocl
% F o DY (E772,E866) == E906 ok
O eA DIS (E-139, E-665, EMC, NMC) |
NO starting up: JLab-12 Q:\C/ o2y
102F <55 STAR-pA DY Vs =200 GeV e * o7 107 107 TR
= . S . :}H}‘l =-m ] . o oL
rg o Do 55 ' jf\gj/ 1« Understanding of initial state:
wee e I A critical for LHC and RHIC program
" : / : swac | = Our knowledge about nPDFs still
5 flle At s ] Jimited
| By | | T | ]
/-/ ] [ ]
Ry Opportunities at RHIC:
- .- |+ pAl, pAu
Ll 1 1 Lol 1 1 Ll 1 1 Ll 1 1 L1 11117 éA_dependence OfnPDFS
-4 -3 -2 -1 H
10 10 10 10 X 1 — Test saturation models

predictions of A-dependence
R, for Drell-Yan - nuclear modification of sea-quarks ~ * moderate Q°and medium and low

R , for direct forward photon — gluons X = nuclear effects large
Free of final state effects
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PROTON-NUCLEUS COLLISIONS

Probing initial state in AA collisions

https://drupal.star.bnl.gov/STAR/starnotes/public/sn0648 Armeslto, N.et aII. EPIC (201I6) ’6 218|

15 -~ T I o l l I”: 15 l l l : /\] Qé‘Jld( I reweighted R, (EPS & CT)
| From direct photon l | From Drell-Yan / 12} |mmm old R, (EPS & CT)
Q2> 5 GeV? .~ | @>16Gev | N e |
(05 r U 0.8F
1 1
< % 0.6F
Il ) 0.4F
> o
q < 0.2f
\;?/ 0.5 ;5/ 035
< 1 = 0.0 L - - d
=1} ) 2 | 10 10 10 10 ) 10
[ — EPPS 16 before rew. \jl' I S EPPS16 before rew. Ill T
_ EPPS16 after rew. EPPSI16 after rew. 'II ° Understanding of initial state:
YR P R g T RS E R critical for LHC and RHIC program
S A 0f et et et et « Our knowledge about nPDFs still
X X limited
* Predicted impact of the RHIC 2015 and 2023 data
» Complimentary with future EIC data Opportunities at RHIC:
 Precision of pA data enable test of nPDF universality * pAl, pAu
with future EIC results — Test saturation models

predictions of A-dependence
 moderate Q?and medium and low
R , for Drell-Yan - nuclear modification of sea-quarks x = nuclear effects large

R, for direct forward photon - gluons
Free of final state effects
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SUMMARY

RHIC-spin program has provided unique insight into:
* The polarized sea quark distributions via W/Z production
» Constraints on the polarized gluon distribution
> Towards lower x: high luminosity 2013 data at Vs = 510 GeV
> Towards precision in current x region: 2015 data at vs = 200 GeV
* Sivers’ sign-change from W-boson data
> Sivers’ measurements with W-bosons, Drell-Yan, and photons in 2017 (x 12 more data)
» Transverity through the Collins and IFF asymmetry and gluon linear polarization through
the the Collins-like asymmetry
> More data from 2015 run (x 1.5 for Vs = 200 GeV and x 12 for 510 GeV)

Ongoing forward upgrades will provide unique physics opportunities in:
« Understanding the origin on large forward A,

Testing TMD evolution

Constraining tensor charge through transversity at high x

Accessing gluon helicities at lower x

Understanding nature of initial state and hadronization in pA collisions

Precision measurements at RHIC important for meaningful comparisons and interpretation with
future EIC data to test the factorization and universality.

Polarized proton program at RHIC is an important precursor to EIC

11/14/2019 M. Zurek — RHIC-Spin Program and EIC&LHC Page 42



THANK YOU

% mariakzurek@Ibl.gov

_j @mariakzurek

11/14/2019 M. Zurek — RHIC-Spin Program and EIC&LHC



PROTON-NUCLEUS COLLISIONS

Saturation

* Evidence seen at HERA, RHIC, and LHC alternative

explanations remain

» Key observable at RHIC: di-hadron correlations
« CGC predicts suppression
« Study the evolution of Q2 in x and A-dependence

» Resolve ambiguity what causes the suppression in dAu

PRL 107 172301 (2011)

Ry A BEERS EREES RERES BARES LER] RESE] 4 R
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e [ OP+p by~ =0079 b =0.059
S 0.08F Ad+Au 60-88 | pirass_ g qp7 bIA 58 _ 0 106 .
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Increased luminosity with forward upgrade
Additional probes: photon, photon-jet, photon-hadron
and di-jet correlations
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arXiv:1602.03922
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PROTON-NUCLEUS COLLISIONS

Saturation

Increased luminosity with forward upgrade
Additional probes: photon, photon-jet, photon-hadron and di-jet correlations

photon

A 16V Q--.-! [Gev
— = AT, pOL6E

—_— A0S0, pOL6R
- = ATOG0, p 020

14fF !
1.2
|
08 Vs 3
06F - 00 & ——ooooee
04 . 2 =
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Ig:::::{:,‘:}:}:::::::
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Nuclear modification factor
J. Jalilian-Marian and A.H. Rezaeian, Phys.

Rev. D86 (2012) 034016 (CGC)

051

ngm(’:z}

ytjet

Mean & -0.4396
Meany -2.208
RMS x  0.1659
(RMSy 02304

T | Ml |
0.2 0

logao(x,)

Sensitive to gluon dipole

Expected 1M forward y+jet
events in 2023 pAu and pAl
0.001 <x < 0.005

arXiv:1602.03922

hadron+jet
& &k & d & &7 4
0.008k ‘111:3- “‘.f=3 — CQ'Im_-lI.Iﬂ:i G:I‘FJ )
. - = PP CQ_I!I—‘I.I_‘ GeV'y
2epyy [GeV] Em pA(Q 20168 GeV)

0006k 1<PrglGeVi A pAQ,D2GeV)

Rezaeian
PRDES&, 094016(2012)

0.2TeV

0002

e Correlation in minimum bias

pp and pAu
A. Rezaeian, Phys. Rev. D86 (2012)
094016

Error estimation: variation of Q_ 2 from studies of DIS structure functions and particle production in min-bias
pp. pA and AA collisions in the CGC formalism
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TRANSVERSITY

For a complete picture of nucleon spin structure
at leading twist: transversity -

Methods to access it at RHIC
Single spin asymmetries of the azimuthal distributions A

e o

versus
:%>;> = —@—
Spin-dependent modulation of hadrons in jets Di-hadron correlation measurements
Collins function (TMD FF) “interference FF” (collinear framework)
Correlation of transverse spin of fragmenting Correlation of transverse spin of fragmenting
quark and transverse momentum kick given to quark and and momentum cross-product of
fragmentation hadron di-hadron pair
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TRANSVERSITY

Interference Fragmentation Function (IFF)

- The angle ¢.. = ¢, - ¢. modulates the

asymmetry due to the product of
transversity and the IFF by sin(¢,.)

* First significant transversity signal
measured in the central detector in pp

collisions PLB 780 (2018), 332

. Well described by recent IFF asymmetry <& | iAot
calculations incorporating SIDIS and Belle I O STAR {5=200 Gev
e'e data = ger s

i (p,) =13 GeVic for Vs = 500 GeV

» Gobal analysis including the IFF results 0.05— (p,) = & Gevic for Vs =200 Gev
from 200 GeV pp collisions i o0 scale uncerainy
M. Radici and A. Bacchetta, PRL 120, (2018) i due 1o beam polarization
192001 I
> Reduction of the uncertainty for h. ¢
> uncertainty for h.%: dominated by I

g - 't FF 0~
[\ | | L |
0.5 1 1.5 2
M. . (GeVic?)
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TRANSVERSITY

Interference Fragmentation Function (IFF) M. Radici and A. Bacchetta
PRL 120 (2018), 192001

« The angle @.. = ¢, - . modulates the

asymmetry due to the product of
transversity and the IFF by sin(¢..)

* First significant transversity signal
measured in the central detector in pp
collisions

» Well described by recent IFF asymmetry
calculations incorporating SIDIS and Belle

e*e  data

» Gobal analysis including the IFF results 0.05
from 200 GeV pp collisions
M. Radici and A. Bacchetta, PRL 120, (2018) G
192001 -0.05

> Reduction of the uncertainty for h.!
> uncertainty for h.¢: dominated by
g-> 1t FF

~0.10}

-0.15

1072 107 | 1

11/14/2019 M. Zurek — RHIC-Spin Program and EIC&LHC Page 48



TRANSVERSITY

Collins asymmetry

Transversity x Collins

doyr ~ doyy[1 + Ay sin(ps — ¢pp) + Ayr sin(¢s — 2¢p,)]

The angle ¢, = @ - ¢, modulates the asymmetry due to the product
of transversity and the Collins function by sin(¢..)

PRD 97 (2018), 032004

- pT+p—>jet+ni+X {s = 500 GeV
0.05 — 0<n}et<1 (p_r‘it)=31.0 GeV/c
- | ® STAR20117*
- |G]sTAR 2011 D’Alesio, Murgia & Pisano
= B PLB 773 (2017), 300
gﬂ) —
€k
O ks Kang, Prokudin, Ringer & Yuan,
RS
i R PLB 774 (2017), 635
. without and with evolution
—  Model Curves Positive: *
005 — Model Curves Negative: ©’ o]
" | ===+ DMP+2013 7’4 KPRY === KPRY-NLL T
1 1 1 | 1 1 1 L I | [l 1 | I 1 ] | | I 1 1 | 1 | 1 1 1 1 I 1 1
0.1 0.2 0.3 0.4 0.5 06

z

* Theory predistions using transversity and Collins FF extracted from SIDIS and e*e-
« TMD Evolution effects appear to be small
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TRANSVERSITY

Collins-like Asymmetry

Linearly polarized gluons x Collins-like

doyr ~ doyy[1 + Ay sin(gs — ¢p) + Ay sin(¢p — 2¢,)]

* First ever measured Collins-like
PRD 97 (2018), 032004

Asymmetry _
i p' +p —jet+ 1 + X Vs =500 GeV
< =0.
* First limit on linearly polarized gluons 0.02 — 1: Mal <1 =018
in a polarized proton . i 'X\\\
o i \\ g \ \\Sﬁ\\ﬁ T
c}j - »
- Best sensitivity at low p, & o \\\ ANV NN m\\\w&—
w2 ~
- . < [ \\ \\\\\\\
First input to constrain models i 2\\
-0.02 — DMP+Kretzer
- [+]sTAR 2011 [ ]1DMP+DSS

6 7 8 9 10 1112 13 14 15
Particle-jet P, [GeV/c]

ot

More from STAR on IFF and Collins

* Collins results from 2012 200 GeV being finalized
e 200 GeV data from 2015 (x 2 more then 2012)

* 500 GeV data from 2017 (x 12 more)
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COLLINS ASYMMETRY

arXiv:1602.03922
0.1 - C
£ L B L + =
E E 10<n <20 - 10<n_ <20 ; 10<n <20 n* Torino 2007
.05 3.0<P, <40 R 40<P, <50 E 50<P, <70
o - Tje - B . Tje : L - Tjer I
<r - _ ‘ r n* Soffer Bound
: — 7" Torino 2007
005 vkt b FA —h— ——a—— ke ket A ke ke L A ke A A ke -
i . S " Soffer Bound
S - H gz
01 <x,>=0. N <x,>=0. L <x,> =0 - _1
: ; . h 268 pb
A ITETIRTERY FRTTI ERTRI FRATRETRT] RTTR1 FRURE PR | Y PRTT FERTINTERY ARTRY FRNTI PRTRICRETAATRRI NN | WY AR FRTRI PRRTANTRT] RTR1 FRTTE FANTARTRTA AT
01 B B =
] L [ L L
E : 20<n <30 : 20<n <30 s 20<n <30 s 20<n <30
2:'1').05 - 3.0<P,, <4.0 — 40<P, A <50 u 5.0<P, , <70 - T.O:Euﬂ <9.0
O’ L — S | S —— ikt SO | St sttt e~
M —— :“‘--q_\__ - - o — o -, =
005F rie rh A e —a— e ot ra C et vt s Tt
. <x>=0.1353 : <x,> = 0.1500 : <x> = 0.1830 . <x> = 0.2665
01E <x,> = 0.0073 - <x,> = 0.0082 L <x,> = 0.0104 L <x,>=0.0168
PP PP TR P PR PP PRI PN P | P PR PR PRI T PR PR PR PR I | A PR SRR PR PR BT PR PR PR | P PR DTS PR PERTE PR DT PR PR
g0 - N N
é N 30 cqm < 4.0 ; 3.0 <qm < 4.0 3.0 <nm < 4.0 30 5‘”;&"'4‘0*« )
?,05_— 3.(!:7_!?_'1!;3‘0 n 40<_Pm“_f 50 N ____5_‘9.4—911«51:?“___ C - T T0<P, <90
[ P I ~_ | _—— ~ -
e — i | N L na— — e —— | I
0 = : s Fs
: - o~ " T~ 7|
005F wh i EaT e e [ e Ve ke = »—A:‘m__-:ﬁ__-—a—-____rd,.-—"r—a—c‘ E r—m I el e
. <x> =0.2818 <x,> = 0.3059 <x> = 0.3518 x> =04908
01E <x,> = 0.0045 L <x,> = 0.0052 L <x,> = 0.0067 L <x,>=0.0136 .~

PR TR RTINS FETEY FYRN PRTR TR RSN FRUTEIY | rFS PRTTE PURTT FRRTTRTTE FYUTE PUTET PRTPRTERETET | FU FRUTY FYREE PRTTE PPRTE NTRY FTER PYRTERTTE ¥ | PR FRRT TRTTE FRUTE v re VTR TUTRT FRPTE FRRTT O
01 02 03 04 05 06 07 08 09 01 02 03 04 05 0B 07 08 09 01 02 03 04 05 06 07 08B 09 01 02 03 04 05 0B 0.7 08 09
z z z

Opportunities with a future 500 GeV Run
« Statistical uncertainties based on an accumulated luminosity of 268 pb
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PROTON-NUCLEUS COLLISIONS

Nuclear parton distrubution function

Current understanding of nPDFs still
limited

* LHC: p+PDb, very high Q2 nuclear
effects reduced by evolution

* RHIC: p+Al, p+Au (A-dependence),
moderate Q?, medium and low Xx
Golden channels:
RpA for Drell-Yan — nuclear

modification of sea-quarks
- R, for direct forward photon -

gluons

11/14/2019

=  aid R, (EPS & CT) [« . ol Ry, (DSSZ & CT)

M. Zurek — RHIC-Spin Program and EIC&LHC

BLl4l g reweighted i, (EPS &CT) 1 el4F [mmm reweighted i, (DSSZ &CT)

i i i i Y’ i i il
10" 10° 10° 10 z 1 10* 107 10° 10 10°
z
o4 14}
= B reweighted R, [EPS & CT) b BN reweighted R, (DSSZ & CT)
FS 12l |mem old 6 (EPS & CT) 1 [ . old By (DSSZ & €T)

2 A4l |MEE reweighted B [D5SZ &CT)

Q:C BN reweighted R (EPS & CT)
W ol A, (DSSZ & CT)

- |EEE oid R (EPS & CT)

[ I 0.9
0.0 - 0.8 - )
10 10? 107 107 - 10" 10 10? 107 107 gy W

Impact of the LHC Run-I data on the nPDFs
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ORIGIN OF LARGE FORWARD A,

Small forward jet A, from A DY Collaboration, PLB 750 (2015), 660

pT +p—jets, Vs=500 GeV Vs =200 GeV, p+p ->jet + 1t
2 002 _'I T T 1 [ TT T 1 [ TT 11T i TT 11 ] TTT1T I TTT1T I TT 0 '| TTT17T '| T I_
< [ - Pythia Anti-k_R=0.7 p_> 4 GeV/c, 1 = 1.7-3.3, P=60%, 97 [
. * jet A, (statistical uncertainty) | 0.01— o A, ]
g dA, (systematic uncertainty) é Y i
001]- twist-3 ' 0.005:— . AT —:
. GPM - |' ]

0.005| | & 0 -—‘\
_ . i - ‘ ]
- B ¢ ]
0 e = |
@ % A -0.005+— o
[ i Gamberg, Kang, Prokudin: n=2.5 + ]
-0.005| + ; N L" -
Z -0.01— —Ay —
ANDY, L.Bland et al, Phys. Lett. B750 (2015) 660 [ =aAP L
0.01——— -0:4 -OI2 o O B 02 04 e o_l 11 |0| 1| i1 10|2| | bisl L1 |014: | |0|51 | JOIGI L |0J7| L |0|81 |_
<XFGGU> ’ ’ ' xF=b /p. ' ' ’

z beam

* L. Gamberg, Z.-B. Kang, and A. Prokudin, PRL 110 (2013), 232301 - Twist-3 parton correlation
function for u and d valence quarks cancel
« Pursue charged-pion enhanced jets, and possible Twist-3 origin of forward A with improved

photon A, measurements

« Diffractive origin: Roman-Pot data (exist on tape) + full forward jet-capability and tracking
are needed to pursue cancellation scenarios
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NUCLEAR DEPENDENCE OF A

Very forward neutron
PRL 120 (2018), 022001

In the perturbative region: e
. ® ZDC inclusive
PHENIX
« color-glass-condensate models: hadronic A | p'+A - n+X at {5,,=200 GeV : Z{;zsz
should decrease with increasing A i M
e.g. Y. V. Kovchegov and M. D. Sievert, PRD 86, 034028 Blhiiaadaiaaaa i
(2012) i
e
* Some approaches based on pQCD z | |
factorization: A, would stay approximately
the same [ 1
J.-W. Qiu, in Proceedings of the RIKEN/RBRC Workshop: i
Forward Physics at RHIC, 2012 p Al AU
No studies in nonperturbative region or I ‘.- .
diffractive scattering | | |
0 100 200

Possible explanation:
* EM processes important at large Z
* nonresonant photo-1t* production and n from from photonucleon excitation - A resonance

A (atomic mass number)
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AG AT EIC

PRD 92, 094030 (2015)

IIII1IIl T IIIIIIII T T rrrrn

50 T T LI R | T T T rrrr T LR |

- A - 03
- 2 - - X i
.., 2,(x.Q%) + const(x) P 278 :
+ x=5.2X10" (+53) i -4 0.2
- DSSV 2014 . I .
40 - .i + 82107 (+45) 90% C.L.0 g variations_| - s 0.1
i EIC projections: i I -
[ o2, 130" (+38) Y Vs=775 GeV 1 i 1 -0
- A Vs=1227GeV ] K ]
C e sf 20007 () ¢ Vs=1414GeV - 4 -0.1
30 T B 3
" e ——ea - 33X07(+28) . 5 ]
i | — - -0.2
- 'l 1 IILJIIJ. 1 il I.IIIIIl 1 I 1 111l
5.2x10™ (+24 -2 -1
- e w2 : 10 1
- 4 8.2107 (+21) -
20 | e, | 1.3 X10” (+19) - [ ]
i — T R RE (+|?) i
i e, ;332 EZ::) i Constrain Ag through scaling violations of g1
A gk —h—h—®
' —eep———  2XI0° (+13) - full NNLO | ]
. rh—u—on—ek—o | 3X107 (+12)
I R e o e | map Ag with an accuracy of 10% (or better) at 2 > 10~
10 - 4 9) T WA — W . .
I R0 09, (48) s | may be advantageous to measure Ao instead of Azl) or gf
13107 (+7) =% o0 —on——on
[ | ixed target DIS dats e e Y Study possible deviations from DGLAP evolution
£ 5.2x107" (+4) ¢ . ! E . .
: ; | | not clear if EIC kinematic range is large enough

i s 0? o 10° the shape of Ag at small z may change significantly
Q [GeVT]
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DI-JET MEASUREMENT

Towards smaller x, and complementary probes

 Di-jets give stricter constraints to underlying partonic kinematics

* May place better constraints on functional form of Ag(x)

* More-forward production - lower x down to 0.01, 2 - likely gluon, 1 - likely quark
« Narrow ranges of initial state partonic momentum tested

1
M = A/ T1L2S X1 = T(lﬂmﬁ'”g + prae’t)
¥ (LO)
g =1Int 1
M3 T 14 = To Xy = E(Pmﬁ’_m + prae™)

Unlike-sign topology

Same-sign topology

Forward jets probe lower values of x,
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DI-JETS MEASUREMENT

Towards smaller x, and complementary probes

Di-jets give stricter constraints to underlying partonic kinematics
May place better constraints on functional form of Ag(x)

Much narrower ranges of initial state partonic momentum tested
Different di-jet topologies enhances sensitivity of the data to selected x

STAR Barrel Endcap Phys. Rev. D 95, 071103 (2017)
T -] 1= = =
LN S ggc 190<M<20 Gevic? Sign(n) = Sign(n,) n.oat— S Di-detA
! e o 08- 84<p <11.7GeVic o Bﬁg:gu: »
i }_./ __,-/ I 0.7 0.06— —— scale Uncertainty
e s E e . I EZ3 PDF Uncertainty
v E 0-65_ <" 0.04— EEEE Rel. Lumi. Uncertainty
""""""" B e E ey e S 05: - C
[T e ™ = E d_,.
e 0.4 002 e
' N ) 0.3= - e
! N :f J; = s ==
: "‘-.{u/’ 0.2 E F ;
! 0.1= - Sign(n,} = Sign(n,)
3: ..... HE .. T L] _7||\ o
- - S e i ; ;
e i T S e, Sign(n) =Sign{n,) | 0.8~ STAR 2009 Sign(n) = Sign(n,)
<« ‘\_\ ! B 08 ... Inclusive x (/20) nm,| < 0.8 0.06— p+p— Jet + Jet + X
e Mo | N oo7C i [ {s = 200 GeV
E 06 1 (5=200GeV | < 0.04— n,n,| < 0.8
------------- T Al 8 ese ® r
TR T 0.4 = 002
i e ) 03: ol
i \‘/ 0'2? : +6.5% scale uncertainty
' 0.15 e - -0.02— from polarization not shown
ne il R G L — PR [ ERN SR ST [T TN TN T G NN NNNT TR SR R KNSR TN T S N
n=—1 n=0 n=1 n=2 10° 15 : 20030 40 50 60 70
Xgiuon Di-jet Invariant Mass [GeV/c?]

2015 data at 200 GeV (2x statistics)
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DI-JET MEASUREMENT

Towards smaller x, and complementary probes: Vs =510 GeV

11/14/2019

PRD 100 (2019), 052005

Topology A
Forward - Forward

IZI.%I;

[ Topology A
0.04— Forward - Forward
I
z 0.02
8 + 4+

——

Topology B
Forward - Central
=

Topology B

0.04 Forward - Central

STAR 2012 @ 510 GeV
prp—Jet+ler+X
Antik R=05

Topology C
Central - Central

T

Topology C

0.06 Central - Central

. B :
|||||||'|'|'l'|'|'||||'|'|'r_|:|'l'|'|'|||||||'|':||||r||_|‘l'|'|'
ke B
[ : [
1

;-

T ofé

= - = DSSV 2014
s o — NNPDF11
. = " !
0.06—
Topology D [ Topology D
0.04—

Forward - Backward

Forward - Backwa

rd

+ 6.6% polarizatio

n scale uncertainty not shown
1 ! L 1

A 20 30 40

M. Zurek — RHIC-Spin Program and

50 60 70 80 90 100 1
Parton Dijet Minv [GeVI/c®]

EIC&LHC
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DI-JET MEASUREMENT

Impact on Ag(x)

0.04
0.02

-0.02

0.04
0.02

-0.02

0.06
0.04
0.02

-0.02

arXiv 1902.10548

L I T
+¢- STAR 2009 DUET A
L s =200 GeV

-08<n3<0;08<m,<18
L !

I I ] I I

0<n3<0.8;08<m,<18
|

==== MC-average
- MC-combined reweigh
i=+= NNPDFpoll.1

50
Di-jet Invariant Mass [GeV]

« Influence of central and forward di-jets from 2009 data Vs = 200 GeV on DSSV calculations
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FORWARD PION PRODUCTION

Towards smaller x, and complementary probes

A of neutral pions at 510 GeV

* Measured with FMS (2.6 <n <4)
 Access to gluons x > 0.001

Relative Yield

—_—

FMS

0.9F

1 - likely quark, 2 - likely gluon

0.8

0.7E

0.6F

05F

0.3F

0.4 i_ ............ RO OO SN e

0.2F

H H LEL LA
H T T L L
T

P CETTTY Ltk I B

25 2

log, (x)

A, (10

A (n%)

PRD 98, (2018) 032013

0.006 ~STAR pp—n’+X 2.65< 1 <3.15
L = 30 <E<70GeV
0.004 'S = 510 GeV
0.002 S R
0 :_ """"‘47_#_4::_“;:
- e T
-0.002 +J =
-0.004
~0.006 [~
i | i I I
0.006 [ 3.15 < 1< 3.90
30 <E <100 GeV
0.004 -
0002 = N I
8] 1 e e
d; A
-0.002 j—'if;‘) ':%
B == NNPDF
-0.004 - - DSSV14
-0.006 :— +6.7% polarization scale uncertainty not shown
! | 1 1 1
2 3 4 5 6 7 8
P, [GeVic]

« All available 510 GeV analyzed: run 2012 (82 pb') and 2013 (300 pb™)
* Run 2015 at 200 GeV (50 pb") - analysis underway. Can probe x > 0.0025.
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HELICITY OUTLOOK

Helicity structure of proton from STAR

1. Non-perturbative sea-quark polarization at W-mass scale, free of fragmentation
uncertainties

2. Insight into gluon polarization:

Low-Xx range
a3 (2014 1, 912001

R / * Iclusive jets at 510 GeV
R ; * Di-jets at 510 GeV in mid-rapidity region
AR = « Forward pion measurements with FMS
N A High-x range
' Run 2015 at 200 GeV (50 pb™")
osf @o10Gev Further precision:

* Central inclusive jet measurement
* Central di-jet measurement

] T T T T T T T T T
0.4 - STAR 2009 run
4 Inl<os

0.04 === NEW FIT

with Ay’=1 and 90% C L. bands

1
—

I i I 05 1.0 ]
0.02 |- DSsv — 7 0.02 [ Q05 << k
. - . ; i [n, ]
Jet [ A geepuele W Projected Statistics for | ] Jet 0 |- nEp—mt . o o N
ALL 0 L Runs 9+15 Combined i ALL = -
L L | L 1 1 1 | ! 1 1 ! | ! 1 ] [ L L l - - L L | 1 1 1 L | 1 ]

10 20 30 10 20 30

pr [GeV] pr [GeV]
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QUARK HELICITIES

Single spin asymmetry and cross sections for W production

PRD 98 (2018), 032007

| A T
F ey WHZopte! 0 Af(2012) |

pep at ¥s = 510 GeV % .-'\;I (2013 :
05 @] PHENIX A7 (2011-2012), p! > 30 GeV ]

[A] PHENIX A” (2013), ° > 30 GeV

* STAR AJ(PRL 113 (2014) 072301) ]
e DSSV E ;525 GeV

St X -.-
% “ )
-1 I ; J
Bl SNPDEpoll.d b
5 = GRSY STD b
‘G-- = TISSV DESY G == DRSSV S =
== TINS KKP 1
=:-= DINS Kretzer ]
[ L S Y A S S SO SRPP E
-2 1 0 1 2
n

* Cross sections well-described by NLO
pQCD theory (FEWZ + MSTWO08),

« Support NLO pQCD interpretation of
the asymmetry measurements

11/14/2019

PRD (2018) 98, 032007

o(pp—>W")x BR(W— I') total cross section
- -
bl w —— RHICBOS

PYTHIA

——— CHE

* STARW— e
PRDS&S (2012) 092010

a PHENIX W &
i & A pRL 106 (2011) 062001

@ PHENIXW-p

2013 :j Ldt = 285 pb”

M. Zurek — RHIC-Spin Program and EIC&LHC

L [l i [l I I'_I’-i| i I 1 I 1 [l i [l 1 [l
50 100 150 200
a(pp—W7)x BR(W— F) [pb]

] I L 1 L L I L 'l
250 300

- PHENIX:
W - A, o, 1.2<[n| <2.4, PRD98, 032007 (2018)

W-eA, |n| <0.35 PRD93, 051103 (2016)

W - e o, PRL106 062001 (2011)
. STAR:
W-eA, [n|<1,PRL113, 072301 (2014)

W — e o, PRD85 092010 (2011)
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TRANSVERSE SPIN MEASUREMENTS

TMD formalism Twist-3 formalism
Sivers function - correlation between parton ETQS function - transverse momentum
transverse momentum and nucleon transverse integrated distribution Twist-3 analog

spin

Ik |2
qF(x x) = —fd k) —— —— f1 q( kJ.)lSIDIS

Collins function - correlation of the transverse Twist-3 analog fragmentation function
spin of a fragmenting quark and the transverse
momentum of a hadron

Requires 2 scales: hard scale Q2 and soft scale p;  Requires 1 scale: Q2 or p;
Where: Agep < pr << Q Where: Agep << pr, Q

Observables: azimuthal dependences of hadrons Observables: Inclusive Ay (11, vy, jet, charmed
within a jet, Drell-Yan, W/Z mesons)
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TRANSVERSITY

For a complete picture of nucleon spin structure at leading twist: transversity

‘ * Transversity: 6q(x)
Net density of quarks with spin aligned
- with the transversely polarized nucleon
I I

=== Parton spin === Nucleon spin PRD 87 (2013), 094019

02 F @2041GeV?

» Difficult to access - chiral-odd nature < 01 ¢f
» Couples to chiral-odd fragmentation & 0 e ®”" _
functions 28 ]
-0.1 f ]
* Much less data than for helicity 01

» Before observed in SIDIS combined with e*e-
 First global analyses: simultaneously the
transversity and polarized FF
> Phys. Rev. D 87, 094019 (2013)
> Phys. Rev. Lett. 107, 012001 (2011)
 All show large uncertainties
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STAR: KINEMATIC COVERAGE

IFF and Collins asymmetry

PLB 780 (2018) 332

& 10° 8
&9_ = STAR values span broad
% - STAR \s = 500 GeV and overlapping regions
o 10°:
cg E STAR \s = 200 GeV & ok e ok

- o V8T
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10 =
] s o
L |
A 4 .
1 .
10—1 i i I [ | I
102 10" X
11/14/2019
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PRD 97 (2018), 032004
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TRANSVERSITY (. Adkins (STAR) SPIN 2014

i 1 S
Collins asymmetry ol + p—>jet +7 + X

- STAR Closed pointstt; Open points:t
0.05— P penp

siny, -¢,)

« 500 GeV pp results hinted the A
peak shifts to higher j_as z increases
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o
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i

o "
-D-a."'
F
¥
=
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-0.05

- {] |I| Vs =200 GeVip_ o= 129 GeVie
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4.55% Scale Uncertainty Not Shown

* Preliminary 200 GeV pp results show
similar behavior

0.05

- Hadron j. is independent of initial
state transverse momentum
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TWIST-3

Heavy flavor A,

« PHENIX: A, p asymmetries from open

heavy-flavor decays at Vs = 200 GeV.

* Heavy flavor asymmetries sensitive to

twist-3 tri-gluon correlator

0.4 p+p - ut+X at ¥s = 200 GeV| p+p - pt+X at fs = 200 GeV
0.3 | PHENIX x:<0 + PHENIX x.>0 E
0.2 4
0.1 7
< 0
-0.1 7
-0.2 -
(3.4% scale uncertainty not shown)| (3.4% scale uncertainty not shown)
03 Twist-3 model 1 (D—p) = ——— Twist-3 model 1 (Dp) -
...... Twist-3 model 2 (D) waemee. Twist-3 model 2 (D1}

_0 4 1 1 1 1 1 1

1 2 3 4 2 3 4 5
P; (GeV/c) p; (GeV/c)
11/14/2019

0.15

PRD 95 (2017), 112001

0.1 -PHENIX 1.25<p <5.0 GeVic

C{a) prp—p +X at 5= 200 GeV —— Twist-3 model 1 (D)

..... Twist-3 model 2 (D) _:

0.05 -

- ) .

< OF .
C F p— m

-0.05 — i -
01 <p,>=2.1,15,1.5,2.1 GeVic E

C (3.4% polarization scale uncertainty not shown) o
_0.15'LJIJIll|!IlIIIIIIItIlJlJIlIlJIiIIIIIIII-

-0.1 -0.08 -0.06 -0.04 -0.02

0.15

0 002 0.04 0.06 0.08 01
Xg

C{b) pep— uts+X at V5 = 200 GeV —— Twist-3 model 1 (D)
0.1[-PHENIX 1.25<p <5.0 GeV/c we=es Twist-3 model 2 (Do) ]
0.05 -
< Of ]
-0.05 -
D1 <p,>=2.1,1.5,1.5,2.1 GeV/c -

C (3.4% polarization scale uncertainty not shown)
_015l_LJIJIlIl!IlIlIIIJItIl]lJIlIl]liIllIIIIJ_

201 -0.08 -0.06 -0.04 -0.02

Asymmetries were

0 0.02 0.04 0.06 0.08 01
Xg

found to be small

and in agreement with model
calculations for twist-3 (D— p)
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UNPOLARIZED PDFs

MSTW 2008 NLO PDFs (68% C.L.)

1.2

xf(x,Q

0.8
0.6

0.4

0 == 0
10 10 107 10" 1 10* 10
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HELICITY DEPENDENT PDFs

DE FLORIAN, SASSOT, STRATMANN, AND VOGELSANG
0.4 T AR R e RN NI

- ox(Au + ﬂ.ﬁ)

-0.05

0.1

- -0.15

002

0

-0.02

-0.04

0.1

o i 0.05

0

002 = - 5
- " 4 -0.03

[ XRRR Ax'=1 (Lagr. multiplier) | i
0.04 '_ [ ] ﬁx:=1 (Hessian) : 0.1
<1 -1 3 -1
10° 10 X 10" 10 X
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