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RELATIVISTIC HEAVY 10N COLLIDER




RELATIVISTIC HEAVY |ON COLLIDER

the world’s only polarized proton collider...
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SEA QUARKS AND FLAVOR SYMMETRIES
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SEA QUARKS AND FLAVOR SYMMETRIES

L9 MMHT14 NNLO, Q% = 10 GeV?
. ALY T T T T LY

of(z, Q%) arXiv:1412.3989
1 §

Kerns et al. (SeaQuest Collaboration), APS April Meeting 2016
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SEA QUARKS AND FLAVOR SYMMETRIES
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LN +/-
PHCENIX W/ A

* First muon channel W A, !

* Theoretical curves use the polarized NLO generator
CHE with various global fits implemented.

* Backward y are at upper limit of uncertainty bands
indicating AU is larger than fits without RHIC data
indicate — similar to mid-rapidity data.

* Forward p (~Ad/d) is below DSSV08 — could be
explained by sign change in Ad for x > 0.5 2

* Backward u* show smaller than predicted
asymmetries. Possibly due to under-estimated error
bars in unpolarized sector due to large d
contribution in data.

-1.0~

PHYS. REV. D 98, 032007 (2018)

e e
W'Zoptet
p+p at ¥s = 510 GeV

S
[ Al (2012)
] Al (2013)

Y v v

(@] PHENIX AT (2011-2012), p’ > 30 GeV

(2] PHENIX AT (2013), p° > 30°GeV

TN '
—_— NNPDEFT
N

--= GRSV STD

I e
* STAR A (PRL
wer DSSV E >25 GeV

113 (2014) 072301)

B =0 DSSV == DSSVO6 == DSSVOS .

i - = DNS KKP 1

: == DNS Kretzer :

i 1 A 1 1 1 L A.‘
-2 -1 0 | 2



Phys. Rev. D 99, 051102 (2019)
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e 2013 results are consistent with
previous STAR and PHENIX results

e 2013 confirms enhanced Au first
seen in the 2011-2012 data.
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Phys. Rev. D 99, 051102 (2019)
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e 2013 results are consistent with
previous STAR and PHENIX results

e 2013 confirms enhanced Au first
seen in the 2011-2012 data.

* These data show a significant

preference for a Al > Ad for
0.05 <x < 0.25 at Q%2 = 10 GeV.

Phys. Rev. D 99, 051102 (2019)
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Phys. Rev. D 99, 051102 (2019)
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W*/- CROSS-SECTIONS

PHYS. REV. D 98, 032007 (2018)
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2013 W— L systematic error
is dominated by the large
uncertainty on the signal-to-
background ratios.

Good agreement with
previous measurements and
theoretical predictions.



W*/- CROSS-SECTIONS AND Z TOO!
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Kerns et al. (SeaQuest Collaboration), APS April Meeting 2016
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DIS + SIDIS mmm RHIC projection
90% C.L. constraint data < 2015

AG STATUS CIRCA ~2015 | 15 gisciom T RETT

Based on DSSV 14 and includes PHENIX
inclusive 10 r" 1~ and STAR inclusive jets and
forward 9 at 200 and 62 GeV.

AG saturates at ~10-3 and 70% of proton spin

Uncertainties increase dramatically outside
kinematic reach of existing data.

Two approaches to reduce uncertainties: L i
[ Q*=10GeV* ]
1) Measure correlation observables to help | |
map out ShCIpe Of Ag(X). 05 N ETTT| B R A N A TTT| S SRR TTT B A S N R TTT| B B SRRt
2) Measure asymmetries sensitive to lower x 10 -5 10 -4 10 -3 10 -2 10 -1 1
X .
min

Phys.Rev. D92, 094030 (2015)
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78 200 GEV MID-RAPIDITY DIJET A,
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Can push to smaller x by using endcap calorimeter
in forward region.
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20N 200 GEV FORWARD-RAPIDITY
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’ G268 200 GEV FORWARD-RAPIDITY

Can push to smaller x by using endcap calorimeter

16.0 <M < 19.0 GeV/c?

Normalized Yield
I I <} o I I o o
e n - N w S n oy
TT | T[T TTT I TTTT I TTTT I TTTT I TTTT I TITrrrr
|

in forward region.
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G378 200 GEV FORWARD-RAPIDITY DIJET A,
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arXiv 1902.10548

PAUSE ... FOR A THEORETICAL INTERLUDE

Monte Carlo sampling variant of the DSSV14 set of helicity parton densities

Daniel de Florian*
International Center for Advanced Studies (ICAS), UNSAM,
Campus Miguelete, 25 de Mayo y Francia (1650) Buenos Aires, Argentina

Gonzalo Agustin Lucerof and Rodolfo Sassot!
Departamento de Fisica and IFIBA, Facultad de Ciencias Ezactas y Naturales,
Universidad de Buenos Aires, Ciudad Universitaria, Pabellon 1 (1428) Buenos Aires, Argentina

Marco Stratmann® and Werner Vogelsang¥
Institute for Theoretical Physics, University of Tiubingen,
Auf der Morgenstelle 14, 72076 Tibingen, Germany

* New paper implements reweighting with STAR
200 GeV mid+forward rapidity dijets .

* Moderate increase of gluon polarization in the
range 0.05 < x < 0.2 - change is within
uncertainty of the DSSV 14 replicas.

* Sizable reduction of width of 1-sigma
uncertainty band, especially for x > 0.2.
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’ 500 GEV MID-RAPIDITY INCLUSIVE AND DIJET A,

= Measurements at higher Vs § *°F
access lower partonic x ‘8 oskE-
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RUNT2 510 GEV MID-RAPIDITY INCLUSIVE JET A,

Phys.Rev. D100 (2019) no.5 052005

= Excellent agreement with
theoretical expectations

" Data-driven event-by-event
UE subtraction developed for
this result.
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RUN 12 510 GEV MID-RAPIDITY INCLUSIVE JET A,

Phys.Rev. D100 (2019) no.5 052005

= Excellent agreement with
theoretical expectations

" Data-driven event-by-event
UE subtraction developed for
this result.

" Reduced x; ~0.025
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RUN 12

510 GEV
MID-RAPIDITY
DIJET A,

Phys.Rev. D100 (2019) no.5 052005

Normalized Counts

0.45
0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05

Topology A

— Dijet x
Forward - Forward 1

- - Dijet X,

0.45
0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05

Topology B
Forward - Central

0.45
0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05

Topology C
Central - Central

0.45
0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05

Topology D
Forward - Backward

Fs |||||IIII|III||||||||||||||||||||||||||||||||||| IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|III IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|III IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|III
3
-

e
o

0.06

0.04

LL

Dijet A

0.02

—-0.02

0.06

0.04

0.02

-0.02

0.08

0.06

0.04

0.02

—-0.02

0.06

0.04

0.02

—-0.02

Topology A
Forward - Forward

Pt T e .
- + %: T 1 |
. | 1 A N I IR | B B
- Topology B STAR 2012 @ 510 GeV
[ Forward - Central p+p—>Jet+Jet+X
- Antik, R=05

+

+—r

Topology C
Central - Central

£ ]

+
o

| -
_l.

= =DSSV 2014
== NNPDF11

Topology D
Forward - Backward

- ,F..._.I.._--_I_ | -‘-“.LLI i

* 6.6% polarization scale uncertainty not shown
PR T TS SR S U S S S NS S

20 30 40 50

PR BTSRRI PRI B
60 70 80 90 100
Parton Dijet Minv [GeV/c?]

Ik



RUN 13 510 GEV MID-RAPIDITY INCLUSIVE AND DIJET A},

& 0.04
0.035
0.03
0.025
0.02
0.015
0.01

0.005

-0.005

-0.01

IIIHIIIHIIlll]llllIIIIIIIIIIIIIIIITIIIIllll

1 1 1 l 1 1 1 1 I 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 L l 1

STAR Preliminary
p+p— Jets + X
(s=510 GeV

Anti-k; R=0.5, nl <0.9
--DSSV'14 -7
= NNPDF1.1

= 2013 (Preliminary)
* 2012 (Preliminary)

+ 6.4% scale uncertainty
from polarization not shown

O 7T

50 60
Parton Jet P; (GeV/c)

. 0.08

Di-jet A

0.06

0.04

0.02

lllllllllllllll

-0.02

llllllll

STAR 2012 & 2013

p+p— Jet + Jet + X

s =510 GeV

Anti-k; R=0.5, m n | <0.9
[ 2013 Data (Preliminary)
[] 2012 Data (Preliminary)
Relative Luminosity & UE Error
<< NNPDFpol1.1
---DSSVi14

+ 6.4% scale uncertainty
from polarization not shown

c'--
........

100 120
Parton Invariant Mass [GeV/c2]

INCLUSIVE JET

37




510 GEV INCLUSIVE
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Excellent agreement between data and theory!

(Data-pQCD)/pQCD

Phys. Rev. D 93, 011501(R)
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= Collide transversely polarized proton with
“unpolarized” proton beam.

= Count the # of hadrons that scatter left vs. right.

= Theoretically TSSAs are described by multi-parton

T R L L T T T T T T T R T T T

correlators in a collinear twist-3 framework. STAR 08 <n>=37 no .
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TRANSVERSE SINGLE SPIN ASYMMETRIES — Av=5—7F

Replace unpolarized proton beam with ion beam.
Count the # of hadrons that scatter left vs. right.

In the case of forward scattering, a high x polarized
parton will scatter from multiple low x partons, many
likely to be gluons, before fragmenting. Leads naturally
to the question - How do TSSAs change in a nuclear
environment?

Intense theoretical work has tried to answer this
question by extending gluon saturation frameworks to
include spin effects.

Data from RHIC Run 15 p+p, p+Al and p+Au collisions
will give us necessary experimental feedback.

Phys.Rev. D 74, 074018 (2006)
Phys.Rev. D 84, 034019 (2011)
Phys.Rev. D 86, 034028 (2012)
Phys.Rev. D 94, 054012 (2016)
Phys.Rev. D 95, 014008 (2017)
Phys.Rev. D 99, 094012 (2019)
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Phys.Rev.Lett. 123 (2019) no.12, 122001
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No large A dependence observed.
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= Neutrons detected in ZDCs at || > 5.9
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OBSERVABLE IN DIJET PRODUCTION

* ¢, is di-jet bisector angle (the ray points to the tilt direction of the two jets)
e {is the opening angle of dijet in the transverse plane T > 1 when cos(¢, ) > 0
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track pT

JET FLAVOR “TAGGING™

Tag associated jets to enhance the purities of u-quarks and d-quarks separately.

charge sign
et e+ - Mostly from parton

fragmentations

Index of tracks in a jet Contaminated by tracks

from underlying events

Data is divided into three groups:

1.
2.

Plus-tagging ( Q > 0.25 ) : enhances the u-quark purity.

Minus-tagging ( Q < -0.25 ) : enhances the d-quark

purity.
Zero-tagging ( -0.25 < Q < 0.25 ) : v /d fractions are

more balanced than the other two taggings.

all the tracks

track pT

jet pT - track charge

with pT>0.8GeV
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2012+2015 Data — Dijet Sivers Asymmetry

+7z Beam -z Beam (flipped to be along +z)
E . + -a+tagging - . -4+ tagging
0.2~ STAR Preliminary 0 tagging 0.2~ STAR Preliminary 0 tagging
S - 2012+2015 + + -¥-- tagging = - 2012+2015 | -¥--tagging
& 0.1 statuncert. only & 0.1 stat.uncert. only
~ F 4 O
e o l i i oo % i bt :
£ F ! £ 1
i _0'1:_ + + + ¥  [average] i _0'1:_ + + T [average]
_0_2; Dijet pT > 6 GeV/c & 4 GeV/c _0_23— Dijet pT > 6 GeV/c & 4 GeV/c
—4_“II—I3HI‘—2IIH—I1‘“‘OIT]I+;];1HH2|II‘ 3””;””5 —4_I “—3 H‘—|2I“‘—1 6;]'+T'];1""2““3““4“"5
~ STAR Preliminary 4 -4+ tagging
0.2— 0 tagging
~ 30/1 2:'2?0.] sd v - tagging * Nice separation between plus-tagging
p— _ +z/-z Combine
m B ° °
8 0.1— stat.uncert. only + _L 1 and minus-tagging.
= — + + i * There appears to be an n1+ n2
- 0 - dependency: an enhanced kinematical
= _ + + + g ¥ selection of qg events is expected at
¢',=) -0.1— - [average] larger n1+ n2.
N -
_ * zero-tagging is consistent with zero.
—0.2— Dijet pT > 6 GeV/c & 4 GeV/c
:I 1 1 1 | x 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1 | 1 1 1 1 I 1 1 1 1
-4 -3 -2 -1 0 1 2 3 4 5

n+n,

DNP2019 - DIJET SIVERS - HUANZHAO LIU 59



SUMMARY

The polarized sea is not flavor symmetric. We can definitively say that Al > 0 and Ad < 0 in the
valence region. This asymmetry is opposite to that of the unpolarized sea.

A

4

The gluon contribution to the proton spin is positive and large ~60% in the region 0.05 < x < 0.2.
This result is supported by the recent inclusion of the 200 GeV dijet A;,. The community eagerly awaits
the inclusion of the 510 GeV pion, jet and dijet asymmetries into the existing global analyses.

TSSA are extremely small at mid-rapidity but grow substantially at forward rapidity for a variety of
observables — charged and neutral hadrons as well as neutrons. A substantial A dependence is

observed for charged hadrons and neutrons but not for neutral pions. The story continues to unfold ...

The first flavor tagged dijet asymmetry has yielded significant asymmetries that flip with charge sign.
Work continues to make the connection between dijet opening angle and k; more robust.

There is a lot of fabulous physics that | wasn’t able to discuss — lets talk more over lunch.
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SUMMARY

The polarized sea is not flavor symmetric. We can definitively say that Ai > 0 and Ad < 0 in the
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TRANSVERSITY

QUARK POLARIZATION ALONG THE SPIN
OF A TRANSVERSELY POLARIZED PROTON

Distributions are not well constrained due to
chiral-odd nature.

Must couple to another chiral-odd function, 0.05 = Al
typically a fragmentation function. 0 % T

-0.05 ;
-
May be a collinear or a transverse- -0.1 Kang et_al (2013)
momentum-dependent function. -0.15 - Anselmino et al 2013)  =mrass=e-
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Phys.Rev. D98, 091103 (2018)
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" First extraction of D;; from18 pb-!
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TRANSVERSITY

Interference Fragmentation Functions Collins Fragmentation Functions

polarized quark and transverse momentum
kick given to fragmentation hadron.

polarized quark and momentum cross-product

of dihadron pair.



5378 TRANSVERSITY &) IFF

First significant transversity signal measured in
proton-proton collisions.

Despite different scales asymmetries are very
similar in 200 and 500 GeV when <x;> is
similar.

STAR data are well described by IFF
theoretical calculations incorporating SIDIS
and e+e- data.

Recent global analysis by Radici and
Bacchetta (PRL 120, 192001) shows
significant reduction in uncertainty for u quark
transversity distributions from STAR data.

Phys.Lett. BZ/80 (2018) 332

0.05

7777 Radici, et al. Vs = 500 GeV
B e STAR Vs =500 GeV
O STAR Vs =200 GeV

[ ] particle ID
[__] trigger bias

(p,) =13 GeVic for Vs =500 GeV
(p,) = 6 GeVic for Vs =200 GeV
n>0

4.5% scale uncertainty

due to beam polarization

M. (GeVic?)




TRANSVERSITY & COLLINS FF

Phys. Rev. D 97 (2018) 32004

STAR

pl+p—jet+n + X

Complementary TMD channel to the QI - STAR
Ili dihad h | » - @ V¥s=200GeV, (ijet) = 12.9 GeV/c (Preliminary)
collinear dihadron channel. &% 005 | -
E/ — \ LE \ s =500 GeV, (pT.jet)= 31.0 GeV/c
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PRI TRANSVERSITY ®
COLLINS FF

200 and 500 GeYV tell the same
story.

Shape of j; changes with z.

Peak of distribution moves towards
higher <j;> as z increases.

Hadron j; is independent of initial
state fransverse momentum.

sin@, -9.)
uT

p' + p—jet +rt + X
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[}] E Ys =200 GeV(DTJ_ez= 12.9 GeV/c

Closed pointsxt; Open points:t

|I] Vs =500 GeV(p_ »=31.0GeVic
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4.55% Scale Uncertainty Not Shown
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200 GeV: Preliminary
500 GeV: PRD 97, 032004
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LEPTON DECAY KINEMATICS
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W is Left handed
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Handed (99.9999%)

= [epton decay
direction, in the W
rest frame, is set by
conservation of

angular momentum

= Lepton momentum
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Jet-Beam Association

Jet 1 associated
with the +Z beam

To figure out the “parton flow” from beam to jets, a jet-beam
dssociation is performed. +Z beam -Z beam

We assume the forward (backward) jet is more likely fragmented

from the parton that comes out of +z (-z) beam. Jet 2 associated with

the -Z beam
Association efficiency for Events taken by JetPatch2 Trigger Association efficiency for Events taken by JetPatch1 Trigger
(2012 embedding with Pythia6) (2012 embedding with Pythia6)
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Efficiency of jet-beam association

Efficiency of jet-beam association
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* The efficiency represents how often we get the association right.
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* The error bar/band represents the statistical error.
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