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Introduction - proton Spin Puzzle

The observed spin

<Sp>=%=

« DIS data measure the integral of quark
polarization well to be around ~ 30%

« Both DSSV and NNPDF, with 2009 RHIC
results integrated in the fits, find evidence
for positive gluon polarization:

- DSSV: 0.19+006 .. at 90% c.l. for x > 0.05

« Uncertainties on integral of gluon polarization Rt T

over low x region are still sizeable
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of the proton can be

decomposed into contributions from the intrinsic
quark and gluon spin and orbital angular momentum.
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RHIC - polarized Proton+Proton Collider

The Relativistic Heavy Ion Collider (RHIC), the world's first and only polarized
hadron collider, is designed to collide many particle species at different energies.

Absolute Polarimeter (H? jet) RHIC pC Polarimeters
s T
v B ? ™ ::
60% to 55% polarization

Siberian Snakes

@« Siberian Snakes \s low to high (510 GeV)

0 Spin flipper
A Spin Rotators

Pol. H Source
l (longitudinal polarization)
LINAC o 0smer ! * World's only polarized hadron-hadron collider
) * Spin direction changes from bunch to bunch
W * Spin rotators provide choice of spin orientation
200 MeV Polanmeter R ~_ AGS pC Polarimeters
Rf Dipole i ! Strong Helical AGS Snake
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RHIC - Performance with Proton+Proton Collisions

» Long runs with long.
Polarization at 200 GeV
in 2005, 2006, 2009,
2015.

» Collisions at 500/510
GeV with long. Pol. in
2009, 2012 and 2013.

» Long runs with trans.
pol. in 2006, 2008,
2012 at 2006eV and
2011

2017 at 500 GeV
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STAR Experiment at RHIC - STAR Detector

The spin program at Solenoidal Tracker at RHIC (STAR):

» Gluon polarization (m%/Jet production): Ag(x)
» Quark/Anti-quark polarization (W/Z production): Aq(x)
> Transverse spin dynamics (W/Z production): Sivers function

Forward Meson
Spectrometer
(FMS)

m=2] Detectors used for gluon
polarization study:

« Time Projection Chamber
—— In| <1.1,0<p< 27

« Barrel EM Calorimeter
In[<1,0<q<2m

w \

«  Endcap EM Calorimeter
108<«<n<2,0<qp<2m

INERIV- VA ssid ° Forward Meson Spectrometer
25<n<4,0<cqp<2m
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Exploring gluon Polarization at RHIC ar@a

Measure Longitudinal double spin asymmetries (A, ):

o -0 B Zfl,fz Afi @ Afy ® dglifz—=1X -&{152_)]0)( ® D%
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Exploring gluon Polarization at RHIC f@-’*

Longitudinally polarized p+p collisions at 200 GeV and 500/510 GeV allow both
cross section and double spin asymmetry A, measurements at STAR on:

% Inclusive Jet

x down to ~ 0.05 for jets in the mid-rapidity
< Inclusive m°

x down to ~ 0.02 for forward m° 0.8 < n< 2.0
< Di-jet

x down to ~ 0.02 , correlation unfolds x;, x, at the leading order

o = 0.15... AQ=q --- AQ=
< | STARp+p — JetsX , GRASVAg-g —GRSVAg-sd B & 04X
—m— 2012510 GeV R=0.5 |n|<0.9 Prelim. a --GRSVAg=-9g —DSSV
0.04— —e— 2009 200 GeV R=0.6 |1|<1.0 A / 0.1 s =200 GeV

L Relative luminosity uncertainty S L STAR Ho
----- LSS10p R
I —— DSSV'14 .,

0.8<n<2.0
--------- NNPDF1.1 -0’—- 005—+—+

’ _I —
0.02- kA < o | ] _____ e s
i =T 0.05]- v
ok 10— :
- +6.5% polarization scale uncertainty not shown -0.1 6% Scale Uncertainty
T T R S S B [ N I PR R U R T R
0 0.1 0.2 0.3 5 6 7 8 9 10 11 12
Run 2009: PRL 115 (2015) 092002 X (=2p,/ Vs) P; [GeV/c] Run06. PRD.8.012001
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Exploring gluon Polarization at RHIC 5@;

Longitudinally polarized p+p collisions at 200 GeV and 500/510 GeV allow both
cross section and double spin asymmetry A, measurements at STAR on:

% Inclusive Jet

x down to ~ 0.05 for jets in the mid-rapidity
< Inclusive m°

x down to ~ 0.02 for forward m° 0.8 < n< 2.0
< Di-jet

x down to ~ 0.02 , correlation unfolds x;, x, at the leading order

4 0 L0.04- :
< N < - [O0 Di-JetA, STAR Preliminary
- STAR Preliminary p+p—Jet+Jet o 0.3 7 DSSV 2014 p+p— Jet + Jet + X
O%I™ 2012 52510 GeV R=0.5 by <09 a ~ — NNPDFPol 1.1 2009 |s = 200 GeV
L, - U= * [~ [ Scale Uncertainty =
2009 {s=200GeVR=06 <08 L 7 PDE Uncertaint -0.8¢1n <0.8;08<¢n <18
B 0.02 I ncertainty 1 2
004 —— pssv 2014 —— NNPDFII — [ Rel. Lumi. Uncertainty
- - _].- 0.01—
0.02f— e r
™~ . . ,. s y - - L.
- [ r:*[ ]7 . 0 -
- X @_@ - 1
N—_1 tal :
C -0.01F
0021~ Solid/dotted curves for 510/200 GeV -
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o 08 o3 s 0z o3 20 30 40 50 60 70
Run 2009: PRD 95 (2017) 71103 M,/ s Particle Level Di-jet Invariant Mass [GeV/c?]

Run 2012: STAR Preliminar
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Explormg gluon PoIarlzatlon at RHIC 5@:

Longitudinally polarized p+p collisions at 200 GeV and 500/510 GeV allow both
cross section and double spin asymmetry A, measurements at STAR on:

» Inclusive Jet

x down to ~ 0.05 for jets in the mid-rapidity
< Inclusive m°

x down to ~ 0.02 for forward m° 0.8 <n< 2.0
< Di-jet

x down to ~ 0.02 , correlation unfolds x;, x, at the leading order

. 008 _|0 07 -
< r 0 06 E_ [ Di-JetA STAR Preliminary
- = STAR Preliminary p+p—Jet+Jet ° - T ﬁﬁi\é g(:::I y p+p_>diet + JetG"' \7
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i :;:,; L_,:):::. :':i—:;s”«c::: ’7‘1 0 0055 [ Scale Uncertainty 0.8¢1n <18
[ A TR mRa s 0.04 - 7) PDF Uncertainty 12
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Run 2009: PRD 95 (2017) 71103 Mo/ 18 Particle Level Di-jet Invariant Mass [GeV/c?]

Run 2012: STAR Preliminar
4 PANIC2017 @Beijing, Yaping Wang 10



WC,

n® - Jet A measurements at STAR f@-’

Channel: Using a jet in the mid-rapidity region correlated with an opposite-side
neutral pion in the forward rapidity region 1.08 < n < 2.0 in the STAR EEMC
provides a new tool to access the Ag(x) distribution at Bjorken-x down to 0.01.

0.41

j ] O O E‘ xmeas
‘ \ :—F ‘ JI‘I]‘ T e - 0.25;
= Tte )’ 0.25
‘ m LU ’ p%et (e - +e_,7”0) 0‘15:
U 0.05 WoaRe : :
%\ 0(; 0.05 01l 015 0.2 -025 03 035 04
O EBEMCT T . . xreal
{ Forward 10 - barrel jet correlation

using Daniel's NLO model calculation for this work
» Compared to inclusive jet measurements, this m° - jet channel also allows to
constrain the initial parton kinematics, such as x;, X, and /3.
» Theoretical description of hadron-jet A, by next-to-leading order (NLO)
model calculation: Daniel de Florian, PRD 79 (2009) 114014.
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nY - Jet A, measurements at STAR
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Analysis cuts for Run12 pp 510 GeV data:

n° reconstruction:

« mOpr>4.06GeV/c

« 1% mass: (0, 0.6)

« 70 physics eta: (1.086, 2.0)

n0 - jet pairing:

< |Ag| > 2.0 (back-to-back)

Invariant mass of di-photon pairs

7000
2 r n° M,,
‘wiooo_— s —— JP0O: 90064
T
& oor N — JP1: 243693
. 2
i — JP2: 175033
4000}~ \ :
u R
3000 e
2000
1000(— .
0: Eé;o 1 1 l 1 1 1 [ 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6

M, [GeV/c?]

Jet reconstruction:

Anti k; alogorithm, R=0.6

Leading jet with p;> 8.0 GeV/c

Jet physics eta: (-0.9, 0.9)

Jet points to a jet patch (JP) trigger
Contribution from the calorimeters to
the total jet energy (R;) was required
to be less than 0.95

Sum track pr > 0.5 GeV/c

Triggers:

<> JP triggers (EM calorimeter triggers, and

the size of a JP is 1.0x1.0 in n-¢ coverage):
> JPO: jet pr>5.4 GeV/c

> JPL: jet p;>7.3 GeV/c

> JP2: jet pr>14.4 GeV/c
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nY - Jet A, measurements at STAR

Pythia simulation:

2 0-8r ‘éxQ'z
< F 10
0-F . o0.18 10
o X 0.16
0.6
= 0.14
0.5 0.12
C 10
0.4 0.1
03 0.08
0.06f=
0.2 = )
o.oaf=1 . 10
0.1 0.02 3 . :
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Xz

:  The reconstructed x;, x,, and /3 of
- 10 . . . .
2 ooF- matched m%-jet pair show a good linearity
1aok- with MC (Pythia6426-Perugia0).
1202— o pjet .
100:— xl — T (enjez +e g ),
8o \/;
60;— pjet . 0
40;_ i 10 x2= T (e njet_l_e Es )’
202—- = = ! - \/E
B 1o = OB 0T B =T B P T B T B T R Js = \/m

Vg MC
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nY - Jet A, measurements at STAR

Reconstructed kinematics from data:
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nY - Jet A, measurements at STAR y
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Pythia simulation VS. data:

/ Leading Jet pT Inclusive n° pT \
105 1"-._“ IVIC VS. data 105 Run12 data
: e - - = - PYTHIAMC

L
-
]
“?.TH"MM -

20 25 30 35 40

PYTHIA MC*Jet Eff

Leading Jet pT Inclusive 7° pT #Dletag between matched pi0 opposite jet \
10° 2
“ goooo E |
10* F
: RC vs. data :
° 10° 25000 —
10° 107 20000 -
K
e E
10 10 W 15000
. i E
T 1 10000 [—
1 i o
107" 5000
107 F
_ PRI B S TS PR SR B AT | I
107 0

Q 10 20 30 40 50 60 70 80

i

T

T 100
p_ (GeVic)

« STAR jet reconstruction efficiency was applied for the reconstructed spectrum (solid

black hisogram) in simulation.

« Weighted by the jet reconstruction efficiency, the m%jet p; spectrum and Ad
distribution from simulation are consistent with data.
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n - Jet A, measurements at STAR f@i
Background subtraction: The invariant mass spectrum (weighted by relative
PP (N + N luminosities and beam polarizations), are fitted to

00 - estimate signal yield for each kinematic variable
= JP Comb.:4.0<p_<5.0 . .

?_, —- EEMC =® Run12 b|n, FCSPCCTIVCIY

wb00

§ Integral Yield = 26969.6+153.8

“500 bkg. yield = 21049.2:134.4 > Signal: A reconstructed phoTon pair is associated
400 signal yield = 5920.5:74.7 with the m° signal

ol = 210027 > Conversion background: A reconstructed photon

pair is associated with the conversion background

» Other background: Photon pairs that are not

identified as signal or conversion background

P P LT
0.4 0.5 0.6
M, (GeV/c?)

« The raw yield of n°-jet are well fitted by extended likelihood formalism in RooFit, in which the signal
shape was described by skewed Gaussian function

« The shapes of signal and backgrounds are determined by fitting the spectrum summed over spin states

« Signal yield and background yields are estimated as free parameters by fitting over [0., 0.6] GeV/c?
with the fixed signal and background shapes

« Signal (background) asymmetries, A, > (A, B), are calculated by the estimated yields
PANIC2017 @Beijing, Yaping Wang 16



n’ - Jet A measurements at STAR &t@ﬁ

Uncertainty projections of n%-jet A, :

2150 2915 29150
< F —— Dssv2014 $ STAR n%-Jet < [ —— DsSsv2014 $+ STAR n0-Jet < F —— Dssv2014 $+ STAR n-Jet
01— 01— 01—
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0.05|— } l 0.05— 0.05[— }
Ll ] Ell o] e 3
LT ] T | AR |
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r p* > 4.0 GeV/c, 1.086 < * < 2.0 C p” > 4.0 GeV/c, 1.086 < * < 2.0 C p* > 4.0 GeV/c, 1.086 < 1" < 2.0
-0.15[— T _ -0.15[— T _ -0.15]— T _
F pf‘ > 8.0 GeV/c, -1.0 < * < 1.0 F p':‘ > 8.0 GeV/c, -1.0 < * < 1.0 F p':‘ >8.0 GeV/c,-1.0 < * < 1.0
T\\\‘\\\‘\\\‘\\\‘\ \‘\ \‘ 7\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\ T\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘
0.2 6 8 10 12 14 6 024 15 20 25 C - -02 100
p™ [GeV/c] P [GeVic] V3 [GeVicd (= Vxx,9)
2 915¢ g15¢ N RPN +N7)=R(N"+N™)]
< [ —— Dssv2014 $ STAR n®-Jet < [ —— Dssv2o014 $ STAR n®-Jet = S P —— —
o ot EPYPB [(N"+N7)+R,(N* +N™)]
' —— NNPDF Pol 1.1 ' —— NNPDF Pol 1.1 i
005l oosf- D PBPISN™ + N7 + RSN+ N )]
A { SR [ Oy =
oF oF Y BPIN™ +N7)+R(N"+N™)]
[ I R I
-0.05— -0.05—
= = . isti i
01~ P+ p->n’+Jet+X @ Vs=510 GeV 01~ B+p->n"+Jet+X @ (s=510 GeV S.ra.r stics uncer‘.ra n.ry
onsE pY’ > 4.0 GeV/c, 1.086 < 1 < 2.0 ok pY’ > 4.0 GeV/c, 1.086 < 1" < 2.0 pPOJZCTiOHS for TTo-jCT ALL in
F p":‘ >8.0 GeV/c, -1.0 < /" < 1.0 F p":‘ >8.0 GeV/c, -1.0 < /"' < 1.0
T L L ‘ L L L L ‘ L L L L ‘ L L L L ‘ L L L L ‘ L L L L ‘ 7\ L ‘ L L L ‘ L L L ‘ L L L ‘ L L L ‘ L L L ‘
-02 0.1 0.15 0.2 025 03 035 927002 0.04 0.06 008 01 0.12 STAR Runl2 PP 510 GeV data
jet,, e M, jet Mee M,
X, (=p. *(e"+e ")Vs) X, (=p. (e "+e )/Vs)

» Theoretical predictions by NLO model calculations: PRD 79 (2009) 114014,
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Conclusion and Outlook 5®3

« STAR has been making significant contributions to the gluon
polarization program via inclusive jets, inclusive neutral pions and di-
Jets measurements.

More results can be found in talk: Adam Gibson, Saturday September 2

« A measurements via correlations between forward neutral pion and

barrel jet allow to constrain the initial partonic kinematics. Analysis
results using this channel is underway.

 More data have been taken by STAR and more precision
measurements are expected.
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