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RHIC: Relativistic Heavy lon Collider

 The only machine in the world capable of colliding high-energy beams of polarized protons
* The beams travel in opposite directions around RHIC’s 3.86 km two-lane racetrack

‘

D

SPHENIX -~

e Offers a wide range of center-of-mass energies (up to 510 GeV)
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STAR: Solenoidal Tracker At RHIC

STAR
Inl <1 In| <1 TPC S
A Inl <1.3 R
— O
102
10
BBC HCal

2.1<|n| <5

* Roman Pots (RP) at 15 meters from the interaction point
* FMS used to be where the current ECal and HCal are and
covered 2.6 <n < 4.2
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STAR, Phys. Rev. D 106, 072010 (2022)
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Similar x coverage,
but at higher Q?
when compared to
SIDIS
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Transverse Single-Spin Asymmetries (TSSA’s) - Ay

* Since the 1970’s, surprisingly, N, — N X h _ L
— -
large TSSA’s have been observed A = —= R =
at forward rapiditiesinp’ +p ~ N
CO”ISIOHS B etttk ciiel ot Y o
< [ v zes, \s=49Gev mt l < [ . 0l l
* Perturbative Quantum oaf - AGS.va=sacer or—#
Chromodynamics (pQCD) predicts [ * BRAHNS, 1& =624 GV [ cofe
[ ° o Ns =200 be N $
very small values for Ay ! l . o0 : o
I ] {, I : |
: ! oaf- ¢ T
* Twist-3 and transverse A . 11 A
momentum dependent (TMD) _ b : [
. 0.1 -0.3F _
theoretical frameworks have ; Ll 6L Db I
; : - of® 8 - m E704,, \s =22 GeV
been developed to describe this I ili oo SRS 1a me2 4 Gov !
observed large TSSA g | | | | o BRAHYS, Vs =200GeV |
0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8
Plot reference: Elke Aschenauer et al., arXiv:1602.03922. Xe X

F
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Sivers Effect: A Mechanism for Ay

Sp « fi(x, ky, Q%): Describes the

k-|- relationship between the

transverse momentum distribution

p of unpolarized partons and the
transverse spin polarization of the

proton [1].
P :

* Characterizes a scalar triple-vector
correlation for an unpolarized
parton and its polarized parent

(kTXSp) . P proton.

e kr: parton transverse momentum e Correlation between partonic

* §,: proton spin orbital motion and proton’s spin
e P:proton momentum

[1] D. Sivers, Phys. Rev. D 41, 83 (1990).
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Probing The Sivers Effect Using Dijet Production

* Atransversely polarized proton going in the longitudinal direction can have partons with a

spin-dependent transverse momentum ky

* The k¢ provides a kick to the dijet and makes it fold in the direction of the transverse
momentum

Side view: Beam’s eye view:
5 I
y 1 LY
L.Z Lx Jetl
: SP
S, .
T kr 1f ko is spin Kkt

a\ édependent.. T + ) =

Jet 2

: '
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Probing The Sivers Effect Using Dijet Production

* Atransversely polarized proton going in the longitudinal direction can have partons with a
spin-dependent transverse momentum ky

* The k¢ provides a kick to the dijet and makes it fold in the direction of the transverse
momentum

Side view: Beam’s eye view:
: I
y 1
[ s Jet 1 Jet 1
: Sp
S, .
] kr f ko i Spi kr
i\ . dependent.. T + <4umm =
E I
I
I
Jet 2 Jet 2 I

: '
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Mean k; Flavor Dependence

STAR, arXiv:2305.10359

+7 & -7 beam combined

STAR 2012+2015 p-p 200 GeV -+ u-quark

-+ gluon+sea
-= d-quark

dijet p,> 6 GeV/c & 4 GeV/c __stat.uncert.

[ ]syst.uncert.

-100

IIII|IIII|IIIIIIIIIIIIIIIIIIIIII

s
— i

'

i

’ (average)

3.2% beam polarization uncertaim? not shown
11 1 | 11 1 | 11 1 1 | 11 1 1

* Jet charge tagging combined with unfolding
used to determine the quark flavor.

* Tagged (k) represents a mixture of partons

e Obtaining parton fractions from simulation
allows for measuring the individual parton

(k1)

Results:

06/03/24

LT
w -
[

2 1 0 1
T.ltotal

2 3 4
o In(xq/x2)

For the first time, there is evidence of
non-zero Sivers effect using dijets.

o d-quark (k) = —2 u-quark (k)

* The (k) for gluon and sea quarks combined
is consistent with zero
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W= Boson Reconstruction and Ay

1 e Left and right asymmetry of the W=
et production with respect to the spin of the
V= polarized proton

e Sensitive to the Sivers TMD function —
Q2 = Mﬁ,~6500 GeV?

e Apis measured via azimuthal angle

1 \/NT P)N (¢ + m) — /Nt(¢ + )N (9)

Apn - cos(¢) =
Use TPC tracks and EMC hits to \/NT SINL(¢ + ) + /N1 (¢ + T)N,(9)
measure W= recoil from collision: o
. . L (P):  Mean beam polarization
Prw = Pre T Prv = —PTrecoil N;(N,): Yield in spin up (down) state

DT recoil = 2(pT,TPC T ET,EMC)

06/03/24

¢: Azimuthal angle
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Ay Preliminary Results of W=

<CZ 08 :_ pp —> W @ \s = 510 GeV R 0.8 = 1.4% polarization uncertainty not shown
0.6F L, =350 pb™ ST : m'maﬂ 0.6F
" (6\1 "
0.4F P 04F
0.2 l—'_w-l_ 021 ‘W T-
O - r?’. _____ E _______ O - - - - D - - O - T +__ﬂ—.IT:':+‘I?T' ______
-0.2F é ~0.2F AR
~0.4F ~0.4F St .m'maﬂ
—0.65— L. Adamczyk et al. (STAR), PRL 116 (2016) 132301 —0.65— Qﬁﬁ\‘
— Bury, Prokudin, Vladimirov, PRL 126 (2021) 08384 B
-03F, | | | | ! ! l | -08p ! ! | ! | l l |
-08 -06 -04 -02 0 02 04 06 08 -08 -06 -04 -02 0 02 04 06 0.8
yW,1reco yW,reco
* Results are generally consistent with the model predictions
* STAR results will have biggest impact on high-x region of the quark Sivers function
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7 /y* Cross Section

STAR, Phys. Lett. B 854 (2024) 138715

g 0.8-STAR N2LL Bertone et al. « 7Y events are reconstructed via:
0, - I N°LL+MAP22 Bacchetta et al.
O e - 0 4 —
s 0 |:ﬂ 's =510 GeV, L=680 pb” ptp—>4° —e” te
N 06F o o
E - p+p—Z/y +X, Z |y —e'e’
= * Serves as a test of the universality of
m 0.5p) 025 GeV/c, h*Pl< _ y
X o T , unpolarized TMDs
0.4 73<M._ <114 GeV/c
0.30 * Provides insights into the x and Q*
0 ZE evolution of unpolarized TMDs
E  RHIC energies provide access
0.1 - to higher x compared to the
E]O‘To trk.land5|% lullni. urfc.nofshovrn I IE-:I L Tevatron and LHC
O 11 111 111 111 111 111 111 111 111 111 | 111

0O 2 4 6 8 1012 14 16 18 20 22 24
p? [GeV/c]
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Z° [y Ay

STAR, Phys. Lett. B 854 (2024) 138715

Z =
0.4 )
~—4-7° N°LLBuryetal.  NLL Bacchetta et al.

« pZ’ s limited to < 10 GeV/c to stay
within the kinematic region where the
polarized TMD approach is applicable

0.2

- M * This result will allow for the extraction
N g . .

0:__-------------.".".".".".".-".".-".".".';';' - Of the SIVerS TIVID PDF’ and espeCIa”y
(52510 GeV, L=340 pb” for valence quarks in the region x = 0.1
- prp—Z0y +X, 20 —e'e

-0.2F . :

E 73<M. <114 GeVI, p < 10 GeVic * Unable to provide a conclusive
B inv L . .
- 25 Gevic, i<t statement regarding the sign-change

hypothesis of the Sivers function

—0.41 1.4% beam pol. uncertainty not shown

—lIlIIllllIlllllllllllllllllll

-1.5 -1 -0.5 0 0.5 1 1.5

yZ
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Collins Effect: A Mechanism for Ay

4: Jr: transverse

momentum of the
pion with respect
to the jet axis

Jr
Unpolarized Pyuark — ,
proton 2 HJl_n'/c(ijTr Q
Outgoing quark
(with transverse spin)

/

Transversely
polarized
proton 1

Z,: longitudinal

momentum fraction

of the pion

"
_PBeam
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The relationship between the
leading-twist (twist-2) collinear
transversity, h$(x¢, Q4), and the
TMD Collins fragmentation

function, Hf'n-/c(zn;;jT; Q%)

doT (ps, dH) — do+ (ps, Pm)

do' (¢ps, dm) + dot (¢s, dn)
xx AT2?9) gin (¢g)
I A?}I;SCbS_CbH) sin (g — dr)

~h§ (%1, Q*)®H1 7/ (2,J1. Q%) + ...

J. C. Collins, Nucl. Phys. B 396, 161 (1993).

Z.-B. Kang et al., JHEP 11, 068 (2017).

Z.-B. Kang et al., Phys. Lett. B 774, 635 (2017).
U. D’Aesio et al., Phys. Rev. D 83, 034021 (2011).
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+ l — - = STAR z Ve
T+ Collins Asymmetry at /s = 200 GeV |7, o= mes o= e e
< —
0.01F-
* Integrated over a wide < 004 star oot
. \vé: 50'03;_ p +p —jet+ i+ X —0.02§ B owmps2013 SELLE KPRY:
range Of Z and ]T to < 0.022— /s = 300 GeV + + -0 03; -------------- DMP+2013 5555555 KPRY: X:>0
. ey e ® = > E. .
provide sensitivity to 001 » * 00aE
: S - 0.02E
the collinear ook e + s
transversity, h{(x, Q%)  -002- sn »005 P o
-0.035 0.1<z2<0.8 , + wWDPMP+2013: o + '
_0_04f_| lTMax = = DMP+2013: |
* The hadron jr and z 0_042_ antik, R=0.5
binning allows 008" x. <0
e . 0.025
sensitivity to the Collins 0.0
1 - 2 o\ EPUR TS S . S S I ------------------ i
FF, Hl TL'/C(ZTC’]T’ Q ) ook R 4 i
-0.025—
~0.03—
* In general’ mOdEI _0_04§_ 32% Scale Uncertalnty Not Shown
calculations 5 10 15 20 25 30
. Particle jet P, [GeV/c]
underestimate
experimental data STAR, Phys. Rev. D 106, 072010 (2022).

107" ,
. [GeV/c]
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¥ Collins Asymmetry at /s = 200 and 510 GeV

* Results from the two beam energies
match each other very well

* Little, if any, energy dependence
when comparing the 200 GeV results
to the 510 GeV results

Q% values differ by a factor of
6 between 200 GeV and 510
GeV results

* Sets constrains on evolution effects

<" ~ STAR Preliminary
2 004 P P —jet+ i+ X
B e
e
O ®lgeg @ o T e -
n "oe Sy
- 'y +
-0.02— o
- e mt500 GeV Preliminary
— m 7 500 GeV Preliminary [%
L O =*200 GeV (PRD 106, 072010)
_0.04— O w200 GeV (PRD 106, 072010)
| 1.4%/3.2% Scale Uncertainty Not Shown
| | | | | | | | | | | | | | I 1 | | | | | | | | I | | | | I 1
0 0.05 0.1 0.15 0.2 0.25 0.3
Jetx; (2p./ \s)
16/31

06/03/24 Bassam Aboona — STAR Transversity and TMD Studies




¥ Collins Asymmetry at /s = 200 and 510 GeV

< = STAR Preliminar
= 0'04§ p’+p oljet + ni‘-,l- X 0.1<z<0.2 ] . .
T 008Ex >0 3 z: longitudinal
°¢ 0025 k )
< ok . R . uar momentum fraction of
TR aodg -
oot Tl 0% e g 77 k3 the pion
—0.022—
-0.03E- Vs = 510 GeV, R=0.5, <p":‘>=31.9 GeV/c .
—0.042— S = 200 GeV, R=0.6, (p") = 13.3 GeV/c ] T: tranive rsef th .
= ' momentum of the pion
0.04— 02<2<0.3 with respect to the jet
0.02;— $ # axis
=Y. S
- Q¢
_ _ (@)} . . . e e e .
M qﬂ 71 F s * z and jr binning allows sensitivity to the Collins FF,
-0.04— 1 . 2
- Hln/c(zn']T: ¢ )
— 1.4%/3.2% Scale Uncertainty Not Shown
0.04— 03<z<0.8
0.02— 4& o T * Good agreement between the 200 and 510 GeV
= 7
o i S results
—-002— u gt eV Prelimina 'a'+_
E e :11(? ((;‘uae\\//PPrelliminarr)Y ? Q
—-0.04— 0O =*200 GeV (PRD 106, 07201/0) .
[0 ¥200GeV(PRD106,072010) .  Little to no energy dependence
107
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Di-pion Asymmetries and Cross-Section Measurements

0.04

0.02

[ Radici et. al., Vs =500 GeV
—8— STAR 2011, Vs=500GeV,L,_ =25 pb?
AR 2017, Vs =510 GeV, L, =350 pb™
AR 2011 PID Sys.
i| STAR 2011 Trig. Bias Sys.

STAR 2017 Tot Sys.

p'+p — ntn +X
<p]">=13 GeVic, W >0

STAR Preliminary 2017
Y
AR
’ # ’
b

+ +1.4% (STAR 2017), =4.5% (STAR 2011) scale uncertanity from beam polarization (not shown)

1 Il | Il 1 Il 1 | 1 1 1 1 | Il 1 1 Il | 1 1 1 |

05 1 15 2 25
ME™(GeV/c?)

myv

hE(x)@HF™ ™ (z, M?)

[ @D

b) First measurement of unpolarized w7~ cross section

= _ STAR Preliminary 2015 [ Radici et. al.
& L p'+p — n'nw+Xat Vs=200GeV —e— Run 15, Cone < 0.7
£ 0.08— (pT )y=525GeV/c
g T —e— Run 06, Cone <03
- (p, )=6GeVic
0.06_— [ ] Syst.Error
L " >0
0.04]
af g
002: % +E E+ E ;
- .
3 e ety rom b polarition ot shovn)
04 0.6 08 1 1.2 14 1.6 18
M;:‘(GeV/cz)
Ayr <
a) New measurements of Ay at 200 and 510 GeV
at 200 GeV
(a) + (b) = model independent extraction of hi’ (x)
06/03/24

pb )
GeV

(

do™™
Y

do

( (6] )mes
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:l LU | T 1T 11 I LU I LU | T 1 1 7T | LU | T 1 11 I T 1T 17T I T I:
100k STAR Preliminary g
g ‘II p+p — ww+X at Vs =200 GeV E
10° E _ M7l <1, +1,< pf“' <15 (GeV/c), 0.02 < cone < 0.7 5
- B o< M <4.0 (GeV/c’), L =26 (pb)” E
10° & [ --}-. Pythia 6428 @ Perugia 2012, 3§
a s PARP(90)=0213, CTEQ6 PDFs 5
107 L - —— Data —
E foio.oien E=3 Syst. Unc. 3
r L [ JAM DiFF Prediction ]
10° 3
10° & .
10° & S -
10° <
102 & .
:I 11 1 I L1 11 I 11 1 | I 11 1 1 | 11 Idl | | T - | 111 IdI 11 (li 1 I 1 |:
050 1 mdépr mdn o e (05
S : 1 e
2t o s P 2 S 0 =3
I St a e — 1=
osh b ek ek . g
05 1 15 2 25 3 35 4
MLT (GeV/c?)
Learn more from Bernd Surrow’s talk,
“STAR IFF Measurements,” during the
Thursday morning session.
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A and A Hyperon Transverse Spin Transfer - Dt

STAR, Phys. Rev. D 109, 012004 (2024).
A do(p'p - A'X) —do(p'p - A'X) B déc’

T do(ptp »> A'X) +do(ptp > AVX)  doh

= A2012+2015 O<np _<12
A®)

|« A2012+2015
désh =y [dxadxbdzaﬁl(xa)ﬁ(xb)éa(ab — ¢cd)SDN(Z) 0051 '
transversity ~ pQCD calculable polarized FF & [ s ooy ==~ ""E]' [‘E ______________
Uy [ [,E
* A(A) D77 is sensitive to the (anti-)strange ~005= SEALS, A, 0L
quark transversity in the proton - ""I(LS’A’ ISU6 | | | )
B 1 2 3 4 5 6 7 8
* A and A results are consistent with each p_ ~ (GeVic)

T,AN)

other within uncertainties
Theory: Q. H. Xu et al., Phys. Rev. D, 73(7), 077503 (2006).

* Drr is consistent with zero
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Previous STAR Results

0.25
A [ STAR plep->m+X 4 Isolated n°200 GeV e Py p +p-> EM-jet + 0 + X 0.04 STAR p'+p->EM-et + X ¢ 200 GeV
N C b s2Gevie » Isolated 7° 500 GeV Ay, [ _ _ $ 200 GeV Ay | Jetalgorithm: antik_R=0.7 % 200 GeV Multiplicity>2
2 ¢  Non-isolated 7° 200 GeV 0.015 —_Jel algorithm: amtl-kT R=0.7 ~ P> 2GeVic 4 500 GeV
- 27<n<40 4 Non-isolated n° 500 GeV TE ety 2 Gevie 500 Gev ; O 4 500 GeV Multiplicity>2
0.15—3.0/3.4% beam pol. scale uncertainty not shown - Fr /) - 29<n" <38 + A,DY 500 GeV
- [ ] Theory 200 GeV 0.01 - 29< Nier < 3.8,2.7< N, < 4.0 7 ;/ 0.02]— 3.0/3.4% beam pol. scale uncertainty not shown $
0-12" ) Theory 500 GeV /,///r "I 3.0/3.4% beam pol. scale uncertainty not shown 7/ c g
C " 4 - 0.01—
0.05— 4 b .////,./ L Y 0.005— L
- L 44 ¢ = I3 ‘ : L -
b plars o T : 7 o
0 l i I T S e (ase -
I | P P Lo . 0_— g":;?"\'\'iﬂ, é{ 1 P S S (N S S N 0 S AR
) 5? N - ;_/_,;a%r”*’.*‘* . S 6L | ] Theory 200 GeVv
E 47 24k p ' ] -0.005— ' % A D Theory 500 GeV
C & " B LR S L
= a4 s 3 C Theory 200 GeV * Theory (Evo.) 200 GeV = 4 T . °
R e 8 ) o ° L] La.d “~ A A A 3 ° ° ° [
S 5 001 [JTheory 500 GeV .3 Theory (Evo.) 500 GeV B artT, e 0
E . v e e e Coov v b b e e e e e gy T T T T e
0.2 0.3 0.4 0.5 0.6 0.3 0.4 0.5 0.6 0.7 0.8 0.9 0.1 0.2 0.3 0.4 0.5 0.6
Xg zem X
Theory: J. Cammarota et al.,Phys. Rev. D 102, 054002 (2020). Theory: Z.-B. Kang et al., Phys. Lett. B 774, 635 (2017). Theory: L. Gamberg et al., Phys. Rev: Lett. 110, 232301 (2013).
Observations and Measurements: (STAR) J. Adam et al., Phys. Rev. D 103, 092009 (2021). Conclusion

« Small Ay is observed for non-isolated ° in EM-jets (non-isolated = other photons are
allowed in the jet)
« Small Collins asymmetry for ©° in EM-jet

Collins effect can’t account for
the large TSSA

* Small jet Ay for inclusive EM-jets
e For xr < 0.3: DIS-based model for the Sivers effect describes the non-isolated 7°
results well, but not the isolated results

Sivers effect can’t account for
large TSSA

 Large Ay is observed for isolated ° in EM-jets (isolated = no other photons in the jet) Diffractive process?
06/03/24 Bassam Aboona — STAR Transversity and TMD Studies 20/31




Relevant Event Classes

Inclusive EM-Jet Event:

06/03/24
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FMS: 25 <n <4
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Relevant Event Classes

Rapidity Gap (RG) Event:

Vetoing hadrons in the
BBC 1 range suppresses
a large fraction of the
non-diffractive events —
RG events are highly
enriched in diffractive
processes

East BBC: =5 <n < =2

06/03/24
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FMS: 25 <n <4
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Relevant Event Classes

Single Diffractive Event: -l T ———

Intact proton hasan ¢ < 0.15

East BBC veto A\
: 7’ f ‘ | \ | |
Roman S e
< P .
pot Intact | g
proton

East roman pots: n < —6 FMS: 25 <n <4

East BBC: =5 <n < =2
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Forward Rapidity: Ay for Inclusive EM-Jets

e EM-jets are 2-0F ¢ =2 p+p' @200 GeV
reconstructed using < en =3 15 GeV < E™""'< 100 GeV
0.04— n>=4 2.8 < F"*¢ 3.8
only photons pz"**> 2.0 GeVic
0.03
Photon candidates are 0.02

obtained from the
Forward Meson 0.01
Spectrometer (FMS) on

II|IIIIIIIIIIIIII|IIII|IIII|

the west side of STAR 0 ""% ----- | 3. 0% polarlzatlon scale uncertamty not shown
0.2 0.3 O 4 0.5 0.6 0 7
AF

* Three different photon multiplicity scenarios are considered
 Multiplicity dependence is observed

* EM-jets with only 1 or 2 photons have the largest Ay
* Could this point to a contribution to the observed A, from diffractive processes?
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Diffractive Process and Ay

p+p - EM-jet + X Inclusive EM-jet - Photon multiplicity =1or2 -
p +p - EM-jet + X RG events (at least 50% of . - ]
RG events are single r I Ted %‘% .
diffractive ) s o B = % 5
0 - L P IT n =
p +p — p+ EM-jet + X Single diffractive process C ]
e Ay consistent within uncertainties for all three 005 |- ®  nclusive process _
) | A Single Diffractive process (shifted by -0.008 along the horizontal axis) _|
p rocesses ¢ Rapidity Gap event (shifted by +0.008 along the horizontal axis) -

1 | 1 1 1 1 | 1 1 M 1 | 1 M
- Photon multiplicity = 3 -
* If Ay has significant contributions from 0.05 = " ]
diffractive processes, then Ay from diffractive i {7 i
events is expected to have a large magnitude Z0 .__-.-H%'—.‘£ éH‘@ ]
e Current results do not provide evidence in favor i | 2be o ss -
. . . -0.05 [~ STAR Preliminary p;"* > 2.0 GeV/c =
of a diffractive process having a large - p'+p @ 200 GeV -
- 30% pollariz.atio.n sc.alle l.mcqrtaipty r.IOt s.hovyn -

. . 1 1 M
contribution to Ay 0.2 0.3 04 X
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Mid-Rapidity: Inclusive Jet Asymmetry at 200 and 510 GeV

—_
(%2

-?, '50.008%— S;I'AR Pre.liminary
< - p'+p —jet+X
0.006—
- x>0
0.004:—
. . . . 0.002
* Atlow pr, the inclusive jet asymmetry is 03_______{_}_£*_#_M_H___T___ﬂ___i_"__ U I8 SR N i
sensitive to the twist-3 correlators associated o002 { Tl + 1N S
with the gluon Sivers function =0.0045 4 200 Gev, (PRD 106, 072010), aniik_ =06
-0.006 ;— ® 510 GeV, Preliminary, anti-k_R=0.5
~0.008- |
e 510 GeV results extend the measurement to 0.008F
- Xe<O0
lower values of x 0.006/
0.004F L1 [4]
. . . . 0.002—
* Results are consistent with zero within o4y 4 “+_*___+___J*___ ?} ______________________ _
N n S A A
uncertainties 0002 | {d
-0.004F
C [ 1|
-0.006F
_0.008 1 4% / 3. 2% Scale Uncertalnty Not Sho n
n | | | | [T R R R
0 0 05 01 0 15 O 2 O 25 0.3

Jet x; (2p_/Vs)
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Mid-Rapidity: Pion Tagged Jet Asymmetry at 200 and 510 GeV

STAR, Phys. Rev. D 106, 072010 (2022)
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KPRY: Z.-B. Kang, A. Prokudin, F. Ringer, and F. Yuan, Phys. R It . t t th th t . t
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Outlook

STAR Forward Upgrade:
* |Installed and commissioned before 2022 Si Detectors
« 25<n<4 sTGC
* Charged particle tracking using Si S See L[
detectors and small-strip Thin Gap
Chambers (sTGC) a
* Electromagnetic and hadronic
calorimetry
e (Capable of measuring:
« h*, eT (with good e/h discrimination)
Photons, 19
e Jets, hadrons in jets
e Lambda’s

e Drell-Yan and J /1 di-electrons
e Mid-forward and forward-forward correlations

ECal

e Quarks up to x~0.5 and gluons down to x~0.001
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Outlook

10

[ current data for Collins and Sivers asymmetry:

- @ COMPASS h*:P, <16 GeV
- O HERMES 2% K*P,;<1GeV

- " JLabHall-A =n*:P,; <0.45 GeV
[ X5 JLab 12
= @ STAR 500 GeV -1 <n <1 Collins
- O STAR 200 GeV -1 <1 < 1 Collins
[ ® STAR 500 GeV 1 <m <4 Collins
- O STAR 200 GeV 1 <m < 4 Collins

Y STAR W bosons

III 1 T IIIIIII

4

* The mid + forward rapidity capabilities of STAR complement the future EIC kinematic coverage
* The forward upgrade will bridge the kinematic region between mid-rapidity STAR and SIDIS
great for future Collins measurements
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Outlook

0.01
~ STAR Projection: PYTHIA anti-k; R = 0.6, /s = 510 GeV, jet p;> 4 GeV/c, n =
0.008— 2.5~4, P=60%, L =2350pb
0.006— AhN
- e AR
0.004 :— ° A’XI—
0.002— 1
- ¢
z | @ TSt mmmmmmmmmemme e
< O
- ¢
-0.002 —
—0.004— Gamberg, Kang, Prokudin: n = 2.5 +
[ — Ay ®
-0.006 [ — _
- Ay
0008~ T AV
_O 01 : 1 1 | | 1 1 1 | | 1 1 | 1 | 1 | 1 | I | 1 | 1 I 1 1 1
' 0.2 0.3 0.4/1 0.5 0.6
XF - pZ pbeam

* Ay for full jet reconstruction, combined with charge-sign tagging of a hadron fragment with
z > 0.5
* Up to 100 separation between plus-tagged and minus-tagged jet Ay
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Summary

Spin-dependent (k) from dijet production and Ay from W /Z° studies at STAR provide probes
for the Sivers effect

The Z° cross section gives insights into the evolution of the unpolarized TMDs

The Collins effect is studied at two energy levels and show little to no energy dependence

Di-pion asymmetries and cross-section results from STAR can provide the initial steps to model-
independent transversity extractions

« A(A) Dy is sensitive to the (anti-)strange quark transversity in the proton

 EM-jet Ay results at forward rapidity for single diffractive processes show no large contribution
for the observed large TSSA in the forward direction

 The Forward Upgrade extends the kinematic range of the measurements at STAR, which are

essential for universality studies at the future EIC
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Probing The Sivers Effect Using Dijet Production

06/03/24

) * The signed opening angle, {, is sensitive to
jetl ~ Jet2 5 the spin-dependent partonic k involved in
characterizing the Sivers effect.

* A Conversion from the spin-dependent {

asymmetries (A{) to Sivers (k1) can be
achieved

O =@

A¢ D

jet2

(¢)*: the centroid of the distribution for
* @p: dijet bisector angle spin-up/spin-down proton beams
o { >mifcos(py) >0
e { <mifcos(p,) <0 P: magnitude of beam polarization
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Tagged Al and (k) From Tagged Dijet Production

STAR, arXiv:2305.10359

0.15--a) | STAR 201242015 p-p 200 GeV * otttggg‘igg
0.1 0 tagging
+ —tagging
B 0.05 h ] .
g it} :
= 0 | rY 1
3\\/4“ 5 &l
= -0.05 ! # {, {, %
-0.1 (average)
-0.15 | . | .
20 b) +z & -zbeam combined __ stat.uncert.

Y
o

it

dijet p,> 6 GeVic & 4 GeVlc

Bl

[ ]syst.uncert.

l

(kT) [MeV/c]

4

al

¥
i 1
et

3.2% beam polarization uncertainty

.
1

not shown

!
Wl

-2

+: enhancing the fraction of u
0%: less enhancement in the u fraction
07 : less enhancement in the d fraction
—: enhancing the fraction of d
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-1 0

2

 ~3.10 separation between + and — tagging

* Asymmetry shifts from positive to negative when
going from + to — tagging — strong evidence that
Sivers (k) in u and d are opposite

Kinematic model (transverse plane)

AZ- (ler) /" [

(k)
Correlation:  to parton level / 4+ = =
jet2

o JE12
(3) Modified dijet event

correct jet PT

(1) Corrected dijet event (2) Add (/)

=+ )
s A{ - (ky) correlation
+ ot 22/ ndf 1.168/4
(average) 035 po 6.563 + 0.01505
0.25;—
4 map A(-(kr) 3
> 3
correlation 3
total _ + < 1 (x /x ) 5_
n =M1 TN N Xy /X3 =
e by b b b by
0% 0.005 0.01 0.015  0.02 0.025 0.03
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Collins Asymmetry vs. z from 510 GeV

STAR Preliminary Vs =510 GeV
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Collins Asymmetry from 510 GeV vs. Theory

" 08 STAR Is= 510 GeV 2017 (p; )= 319 GeVlc Theory curves:

%) . | T > _ L)
g : P +|; jet+ m + X 2011 (P, ) = 31.0 GeVie * KPRY: Z.-B. Kang, A. Prokudin,
* 0.06— Xg > )

< - F. Ringer, and F. Yuan, Phys.
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Oy Lett. B 774, 635 (2017),
0.02  KPRY-NLL = =0 arXiv:1707.00913
- ’-'S%;:'. L E%: RATARKAALNK
Op—-------- R S -
B @ oW o ,'_',?:T::-'/:/-l,:,T/:ffv'df_'/:/T/_////_?é;: ;;; / % L . .
_0.00 e e e DMP+2013: U. D’Alesio, F.
- . . e E+3 Murgia, and C. Pisano, Phys.
-0.04f m 2017 Prepm_mary
[ e m 2017 Preliminary Eom Lett. B 773, 300 (2017),
006l O = 2011 (PRD 97, 032004) —— ,
I o = 2011 (PRD 97, 032004) arXiv:1707.00914
—~0.08/—1.4%/3.5% Scale Uncertainty Not Shown
[ | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
0 0.1 0.2 0.3 0.4 ~r ~n
y4

* The 2011 and 2017 experimental results for Ayt agree with each other
* Overall, the theoretical models underestimate the experimental results
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Detailed Future Work

EM-Jet Ay:
e Data from Run 2022 and 2024 using the Forward Upgrade will improve precision of
measurement
Dijet Sivers:
 Combining existing results with data from 2017 and 2022 at 510 and 508 GeV,
respectively, to explore the x-dependence of the measurement
W*and Z° Ay:
* STAR recorded 400 pb~! during Run 2022 utilizing the Forward Upgrade detectors
* iTPC extends the n coverage
Collins Asymmetries:
* Use polarized p + Au data from 2015 to measure the Collins asymmetry
 Use 2022 and 2024 data with the Forward Upgrade for Collins measurements in the
forward direction
Di-pion Asymmetries:
e Use data from Run 2022 and 2024 to perform a precision measurement of IFF
asymmetries of pion and kaons
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