Recent results from the STAR cold QCD program

N Ll S

Amilkar Quintero
Temple University
For the STAR collaboration
August 2021

Motivation

RHIC complex
STAR experiment
Gluon polarization

ol R d X

2 “? | i
Transverse spin measurements & "l
J)

£
Upgrades -
Summary L T &

ﬂ‘
pa
}

o |
»




Polarized proton beam with o o (ot P S 20 505257
Vs = 200 and 500/510 GeV
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. B Abstract Colliding beams of 70% polarized protons atupto /s = 500 GeV, with
= Un po larized high luminosity, L =2 x 10*2cm~% sec™", will represent a new and unique laboratory
— for studying the proton. RHIC-Spin will be the first polarized-proton collider and
D W & / 9 d an d u will be capable of copious production of jets, directly produced photons, and # and
Z bosons. Features will include direct and precise measurements of the polarization
D Di- n-O 9 G I uon saturation of the gluons and of #, d, u, and d quarks in a polarized proton. Parity violation

searches for physics beyond the standard model will be competitive with unpolarized
searches at the Fermilab Tevatron. Transverse spin will explore transversity for the
first time, as well as quark-gluon correlations in the proton. Spin dependence of the
total cross section and in the Coulomb nuclear interference region will be measured
at collider energies for the first time. These qualitatively new measurements can be
expected to deepen our understanding of the structure of matter and of the strong
interaction.
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Polarized proton runs at RHIC

Polarized protons
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STAR detector

Solenoidal Tracker At RHIC : -1< <. 0<dx<2n

The main tracking device is a Time
Projection Chamber (TPC) at |n| < 1.

M AT
Electromagnetic calorimeters (-1 < n < 2) — W e
are used to trigger high momentum jet
via EM energy deposit.

Forward Meson Spectrometer (FMS) is a
lead-glass EM calorimeter used to detect
mlat2.5<n<4.2.

Luminosity is measured with the Vertex
Position Detector (VPD) and the Zero
Degree Calorimeter (ZDC).




Constraining Polarized PDF




Proton Spin Puzzle

Measure the individual contributions of quarks,
antiquarks and gluons, to the spin of the proton.

The proton spin sum rule (Jaffe-Manohar 1990):

- Polarized DIS results AZ 0.3
- Flavor separation from STAR,
Phys. Rev. D 99 (2019) 051102

Quark and gluon orbltal

Gluon polarization angular momentum
contribution

poorly constrained



Gluon helicity distribution

1 1 . - : :
<S8, >=-=-AYH4AGH L, + L% Gluon polar.lz.atlon can be measured using A, of jets
2 2 in proton collisions.

- Dominating processes at RHIC gg and gg scattering.

Vs Run Central Jets | Central Dijets Inter. Dijets
(In]<1) (Inl<1) (0.8<n<1.38)

2009 Published Published Published
x> 0.05 x> 0.05 x>0.01

2015 Published Published
x> 0.05 x> 0.05

2012 Published Published Preliminary
x>0.015 x>0.015 x> 0.004

xAg(x,.Q%=10 GeV?)

2013 | In preparation for publication In Progress
x>0.015 x>0.015 x> 0.004

2
S,
R

- Collection of longitudinally polarized data [EZ . mﬁ%dﬁ,'p =
concluded in 2015. ¥ °
- Aslo neutral pions A, measurement at Vs = 200 &
510 GeV.




Inclusive jets B

STAR, PRD 103 (2021) L091103

STAR, Vs =200 GeV
p+p — Jet + X
Anti-k. R =0.6, |n| <1

o STAR 2015, This work

A STAR 2009, PRL 115 (2015) 092002
- DSSV14

=< NNPDFpol1.1

Lumi. Sys.
2015 2009

+6.1% (2015) and £ 6.5% (2009) scale uncertainty from polarization not shown

0.05 0.10 0.15 0.20 0.25 0.30 0.35
Parton Jet x = 2p_/Vs

Inclusive jet A, results from 2015 data, consistent with previous STAR result and global fits.

Twice larger figure of merit with improved systematics.

This result will reduce uncertainty of gluon polarization for x > 0.05.
Inclusive jet at 510 GeV provides constraints for x > 0.015 STAR, PRD 100 (2019), 052005.



STAR, PRD 103 (2021) L091103

STAR, Vs =200 GeV
ptp — Jet + Jet + X
Anti-k; R =0.6

STAR Barrel
' sign(n) = sign()

19.0 < M < 23.0 GeV/c®
8.4< p; < 11.7 GeVic

despu3 yvis
Normalized Yield

|
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= Lumi. Sys.
= 2015 2009
- Dijetx, Sign(n,) = Sign(n,)

—— Di-jet X, (20) h [<08
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o STAR 2015, This work

A STAR 2009, PRD 95 (2017) 071103
- DSSV14

= NNPDFpol1.1

- Dijet A results from 2015 data,
consistent with previous STAR
result and global fits.

- Dijet production constrains the
gluon polarization in narrower x

2 o q 9 0.10 0.15 0.20 0.25 0.30 0.35
regions than inclusive jets..

Parton Dijet M, /(s




Transverse Single-Spin Asymmetries (TSSA)




New A, preliminary for W and Z
S

Sivers effect: correlation between
transverse momentum of a parton
and transverse spin of the proton.

+ 1.4% polarization uncertainty not shown

p+p > W @ {s=510 GeV
_ y AR
Lp=350 pb ygoinasy

o

STAR preliminary p+p 510 GeV (L = 340 pb™)
0.5< P <10 GeVie

_gor +ZorT
"t [ arxiv:2103.03270

L. Adamczyk et al. (STAR), PRL 116 {2016} 132301

* Bury, Prokudin, Viadimirov, PRL 126 (2021) 08384 —0.4F 1.4% beam pol. uncertainty not shown

-04 =02 0 02 04 06 08 -08 -06 -04 -02 0 02 04 06 08

-15 -1 05 0 05 1

W.reco W.reco

- Sensitive to Sivers sign-change and TMD evolution effects.
- New STAR preliminary results improve significantly statistical uncertainty on previous

data from 2011.



Forward A,

STAR, Phys. Rev. D 103 (2021) 92009

STAR p +p-> n®+X Isolated ° 200 GeV ! STAR p' +p-> EM-jet + X

o

p.>2GeVic 4 Isolated n° 500 GeV Jet algorithm: anti-k_R=0.7
L3 ¢ Non-isolated n° 200 GeV P > 2 GeVie

27<n<40 4 Non-isolated 7° 500 GeV : T >

3.0/3.4% beam pol. scale uncertainty not shown 29<1"<38

¢ 200 GeV

¢ 200 GeV Multiplicity>2
4 500 GeV

4 500 GeV Multiplicity>2
+ A\DY 500 GeV

] Theory 200 GeV . 3.0/3.4% beam pol. scale uncertainty not shown

[ Theory 500 GeV

Q
>
Q
S
_=
=5

- Larger asymmetry for isolated 7% than non-isolated r°.

[ ] Theory 200 GeVv
[ ] Theory 500 GeVv

- Forward inclusive EM-jet result shows small but non-zero signal at 200 GeV.
- Significantly reduces the uncertainty of the quark Sivers function in a recent global fit

M.Boglione et.al., PLB 815, 136135 (2021).



Nuclear dependance of A

STAR, PRD103 (2021) 072005

0.l7<xF<0.21 0.21<xF<0.27 0.27<xF<0.37

STAR Fit to Ratio=A" STAR Fit to Ratio=A" STAR Fit to Ratio=A"

——— P=-0.075+0.036 (Typel) ——— P=-0.058 +0.010 (Typel) ——— P=-0.037 £0.007 (Typel)

= = ' P=-0.049 £0.042 (Type2) = = ' P=-0.054£0.012 (Type2) = = ' P=-0.026 +0.008 (Type2)
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5 5 5
Log A Log A Log A

0.37<xF<0.47 0.47<xr<0.61 0.61<x -<0.81

STAR Fit to Ratio=A" STAR Fit to Ratio=A" STAR Fit to Ratio=A"

———— P=-0.032+0.009 (Typel) ——— P=-0.019+0.013 (Typel) ——— P=-0.075 +0.056 (Typel)

= = ' P=-0.020£0.010 (Type2) = = ' P=-0.001+0.014 (Type2) = = ' P=0.000 £0.047 (Type2)

Ay (GAYA (oP)
Ay GAVA (D)

- Forward m° Ay (2.6 < n < 4.0) for pp, pAl and pAu.
- Suppression of Ay in nuclei but no strong A dependance.



Transversity

Interference Fragmentation Functions (FF) Collins Fragmentation Functions (FF)

_ol(9) -t (@)
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Transversity @ Collins FF

Transversity: transversely polarized quark in
transversely polarized nucleon, which is chiral-odd
so requires coupling to another chiral-odd object.

Collins FF: correlation between spin of
transversely polarized quark and transverse
momentum of the fragmented hadron.

Jet
Top panel: @

Bottom panel: @ O

- Preliminary results for STAR 2012 and 2015 data.
- Significant non-zero asymmetries
- Provide insight on TMD evolution.

STAR 2012+2015 Preliminary
pl+p sjet+ n°+X

Vs = 200 GeV

Xg>0

AR, > 0.05
0.1<z<0.8

b < o

= DMP+2013: n*
~— DMP+2013:

Xe <0

R e i ------------- # -----------------

o 1t
L] T
3.2% Scale Uncertainty Not Shown

15 20 25
Particle jet P, [GeV/c]




- N>0 <p,>=34GeVic <p,>=4GeV/c <p,>=4.7GeV/c
- N7<0
(] Syst. Error

Interference FF: Correlation of
transverse spin of fragmenting
guark and momentum cross-

product of di-hadron pair.

M,.. (GeV/c?)

STAR Preliminary 2015
pl+p T +X at {§=200 GeV
+ 3% scale uncertainty from beam

polarization (not shown)

STAR Preliminary 2015 [ Radici et. al.
p'+p — a'n +Xat {s=200GeV —e— Run 15, Cone < 0.7
(p, )=525GeVic
—— Run 06, Cone <03
(p, )=6GeVic
I:I Syst. Error

- Preliminary results with STAR 2015 data. >0
- Measurement carried out in five pt bins.
- Signal enhanced arroun p-meson mass,
but small in the backward region.

Sin(®g-Dy)

. 15
M,.. (GeV/c?) M, (GeV/c?)

Ayr
e
>
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- Data agree with theoretical predictions. 3% sle ety rom beampalarization (ot showe
14 1.6 18
M* T (GeVieh)



Unpolarized results




W and Z cross section

Preliminary results on W+/W- ratio at 510 GeV from 2017 data, together with published
results from 2011-2013 data.

W-+/W- is sensitive to d and i distribution.
Z cross section can constrain unpolarized TMD PDFs.

STAR Run11-13, PRD 103, 012001(2021)

—¢— STAR Vs =510 GeV
[ Systematic uncertainty
[ TMDPDFs [1902.08474]
[ arXiv:1703.10157

fL =700 pb’

pl;p >25GeV,?I<1
73<M, <114 GeV

STAR Preliminary —— STAR2017 prel.
—— STAR 2011+2012+2013

p+p, Vs =510 GeV, L =350 pb" ST o R W oL
MMHT 2014 NLO (FEWZ)

25 GeV < E; < 50 GeV - CU1SNLO (FEWD)

——— BS15(CHE)

W > ev Gy JAM19 (FEWZ) 1

do/dp? (pb/GeVic)

[ﬂ\EKSTAR Preliminary
L

B @

% 272 6 8 101214 16 18 20 22 24
pZ (GeV/c)




Di-hadron correlations

STAR preliminary

STAR Preliminary STAR Preliminary
|'syy =200 GeV, 2.6 < n<4 . |'Syx = 200 G_ev, 26<n<4
pI"%=1.5-2 GeV/c p; °=1.5-2 GeV/c

\Syy =200 GeV, 2.6 < n<4

P; 1=2-2.5 GeV, p_r2=1 -1.5 GeV p:ss°=1-1 5 GeV/c - p:ss°=1-1 .5 GeV/c

* pAu/pp + pAl/pp

20000 40000
E.A. (SEggo)

pn=3-5 GeV, pT2=2-2.5 GeV

Opp +#pAl  *pAu - Di-mt® azimuth correlation with

o ¢ 2015 pp, pAl, and pAu data.
*

- Clear suppression of back-to- T

* + trigger
+ i i back yields.
+ * - Suppression follows Al/3 ”
nuclear dependence. associate

_ Consistent Wlth predictions Two hadron azimuth correlation is measured

from gluon saturation model
Nucl. Phys. A748 (2005) 627-640.




Future upgrades
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3D structare of protons and nuclei Gluon saturation and the color glass condensate

ICNFP2021, Crete Greece August 2021 21/24
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STAR Forward Upgrade s

Si disks
Ready for proton-proton ] EM + HCAL
running in 2022

Mid Rapidity

15<n<15

Physics Topics: Physics Topics:
Improve statistical precision: » TMD measurements at high x
» Sivers effect in dijet and W/Z | | * Transversity, Collins;
production; * Sivers through DY and jets
» Collins effect for hladrons in » UPC /W GPD at forward
jets; rapidity;
» Transversity and IFF » Nuclear PDFs and FF:
» Diffractive studies for spatial * Rpa for direct photons & DY,
imaging of nucleon and hadrons - . . '
» Measurement of GPD E, > Gluon Saturation through di- - Three silicon microstrip disks plus four small-
B B it strip Thin Gap Chamber (sTGC) for tracking.

% Nuclear PDF and All of these measurements are

fragmentation function; critical to the scientific success of - Electromagnetic and hadronic calorimeters.

EIC to test universality and
factorization
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https://www.bnl.gov/newsroom/news.php?a=217681

STAR, Vs =200 GeV
ptp — Jet + X
Anti-k, R =0.6, [ < 1

0 STAR 2015, This work

A STAR 2009, PRL 115 (2015) 092002
- DSSV14

= NNPDFpol1.1

Lumi. Sys.
2015 20

+6.1% (2015) and + 6.5% (2009) scale uncertainty from polarization not shown

000 005 o010 015 020 025 030 035
Parton Jet x; = 2p_/\s

Gluon spin contributes significantly
to the proton spin (~50%)

12 - STAR Preliminary —+— STAR2017 prel.
—— sTaR20T1201202013

L = - 1 : 80%
C_p+p, Vs =510 GeV, L = 350 pb wor 3 MO
. 25GeV < E% < 50 GeV ok
BS15 (CHE)
S e

p+p = W @ {5=510 GeV
L, =350 pb! e
=350 pl p‘,e\'\\“ma(‘.’

fid /5fid
oy /on
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Forward STAR upgrade enables \
unique QCD physics before EIC =

3D stricture of protons and nuclei Gluon saturation and the color glass condensate
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Observables

Leading Twist TMDs () Nuceonspin (=) Qwark spir

Quark Polarization

Un-Polarized Longitudinally Polarized Transversely Polarized

(V) (L) (T)

. Nucleon Polarization |

*From Yuri Kovchegov



Quark Helicity Distributions

STAR, Phys. Rev. D 99 (2019) 051102

p+p =W+ X —-e"+X

s =510 GeV 25 <E7 <50 GeV

probing
quark sum (G+d)

polarized —@—» 4_\J‘unpolarized
beam beam

proton

probing e-
d quark

proton
collisionzone 0 (| o Tl

XX
XN
ORI,
0000 e 000020 e 008000 %00 e

© STAR2011-2013
- BS15 CHE NLO
- DSSV14 CHE NLO
T DSSV14 RHICBOS
"""""" NNPDFpol1.1 CHE NLO
2e&%e% NNPDFpol1.1rw CHE NLO
3.3% beam pol scale uncertainty not shown

X IRKK KKK KX
P IX XX XX IXEK XXX XX XX
e e st torute0%e!
FORSERREEIAA

ERLRRARK
KRR

Q% = 10 (GeVicf
~= NNPDFpoli.1

- All RHIC results are consistent with each other.
- New data reduced uncertainty by 40%.

- First clear evidence of the flavor asymmetry in
the polarized quark sea.




rel F
STAR Bar 17.0 < M < 20.0 GeV/c? STAR 2012

p+p— Jet + Jet + X
s =510 GeV
-0.8 < n< 0;08< n,< 18

[ Dijet A STAR Preliminary
DSSV 2014 p+p— Jet + Jet + X

—— NNPDF Pol 1.1 s =510 GeV
-0.8< n, < 0;08< n,< 1.8

STAR Barrel 0<n <08;08<n,<18

[ Scale Uncertainty
[] PDF Uncertainty

[ Rel. Lumi. Uncertainty
0< n, < 0.8;0.8 < n,< 1.8

deopu3 yvis

Normalized Yield

=
Il
N

STAR Barrel

deopu3z yvis
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+ 6.6% scale uncertainty from polarization not shown

- Preliminary result using 2012 data
- Expecting ~2.5x higher statistics for 2013 data E

Parton Level Dijet Invariant Mass [GeV/cz]

T T T T T [ TTT T[T T TTTT |||||||I\‘IHI ||||||||||I\\I‘IIIIlIIIIlIHI IIII‘IIII‘I\II II\I‘IIII‘II\IIII\IIII\Il\III

Lo

L L L L

P R NS
60 80 100




Hyperon spin transfer

- Preliminary results from 2015 data

> = o
p+p—>A+X, {s=200GeV,0<n< 1.2, STAR Preliminary pl+p—>A"+X, (5=200GeV, 0<n<1.2  STAR Preliminary
A PRD 98 (2018) 91103 = 0.642
A PRD 98 (2018) 91103 «.=-0.642
A 2015 «,=0.732
A 2015 ux--0.732

A 2015 prel. (o, =0.732)

A 2015 prel. (o = -0.732)

A PRD 98 (2018) 112009. (a1, = 0.642)
A PRD 98 (2018) 112009. (ot = -0.642)

XLS, A, SUB
XLS, A, SU6

4 5
P; [GeV/c]

- Sensitive to strange quark helicity - Sensitive to strange quark transversity



Forward EM-jet A,

STAR, Phys. Rev. D 103 (2021) 92009

STAR p' +p-> EM-jet + X ¢ 200 GeV

Jet algorithm: anti-k_R=0.7 ¢ 200 GeV Multiplicity>2
et 2 GeV/ 4 500 GeV

r'> . 4 500 GeV Multiplicity>2

£95n" 530 + ADY 500 GeV

3.0/3.4% beam pol. scale uncertainty not shown

M.Boglione et.al., PLB 815, 136135 (2021)

SIDIS SIDIS
B SIDIS+jet, GPM B SIDIS+jet, CGI-GPM

SIDIS SIDIS
W SIDIS+jet, GPM B SIDIS+jet, CGI-GPM

ratio to central value

[ ] Theory 200 Gev
[ ] Theory 500 Gev

Q
>
Q
S
=
=

- Forward inclusive EM-jet result shows small but non-zero signal at 200 GeV.
- Significantly reduces the uncertainty of the quark Sivers function on a recent global fit.



Inclusive jet cross section

STAR preliminary

- Preliminary inclusive jet cross sections
at 200 and 510 GeV using 2012 data

- Will help to constrain unpolarized A s
gluon PDF at high x

Inclusive jet cross section

[pbiGeVic]

—+— STAR Run 2012 Preliminary (stat. uncertainty)
Jet Energy Scale syst. uncertainty for EMC

— ZZ Unfolding syst. uncertainty (simulation statistics)

—— NLO pQCD ® CT14nlo (1 = pP*) X fhaq.

—— Pythia 6.4.28 @ Perugia 2012, PARP(90)=0.213
pp at /s = 200 GeV, n| < 0.8, anti-kt, R =0.6

10% luminosity uncertainty not shown

Stat/syst unc.

Jet [ [GeVic]

05<|n|<0.9
— JPO
——JP1
— JP2

g
>
3
o
5
5

o
dp._dn

Stat/syst unc.

Jetp, [GeVic]

o
S
©
©
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45 50
jet pr, GeV/c




