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And some first SPHENIX results!
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Polarized proton running at PHENIX
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RHIC is the world’s first polarized proton collider
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Proton Spin Structure at RHIC

Flavor decomposition

Gluon Polarization N Transverse Spin
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u u d d

Transversity
T Jets A (gg,2q > n+X) W Production
~ Transverse-momentum-
Prompt Photons A, (za—7+X) AL(u+d > W' > L7 +v) dependent distributions
A, (Uu+d>W >4 +Vv))

_ Single-Spin Asymmeftries
Back-to-Back Correlations
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The PHENIX Detector

Central Arms: 7, & 5, %, vy, ...
17| < 0.35, 49 = 0.57 per arm

Muon Arms: uE, ht

14<|n <24 4p=2x

Muon Piston Calorimeters: 7, #
3.0<|n| <3.8 dp=2n

Zero Degree Calorimeters: Neutrons

7| > 6.8, 4f =2
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PHENIX Local Polarimeter

* Take advantage of forward neutron TSSA discovered in first polarized RHIC run!
* Ayx~-9% (PLB 650, 325-330, 2007)
* Allows measurement of any remaining component in an undesired direction
Shower Max Detector (position) + Zero-Degree Cal. (energy)

¢ distribution

Vertical > ¢ ~ £n/2
Radial 2> ¢ ~0, n
Longitudinal - no asymmetry

C. Aidala, NICA SPD Workshop 2026



Neutron TSSA for Local Polarimetry

Spin Rotators OFF
Vertical polarization

Spin Rotators ON
Radial polarization

Spin Rotators ON
Longitudinal polarization




Probing the helicity structure of the nucleon with
longitudinally polarized p+p collisions
Ao _ 1 N.,/L,-N_/L_

o |PP|N_ /L _+N./L._

Study difference in particle production rates for

(SI)DIS, p+p p) pQCD e+e-, SIDIS, p+p

Leading-order access to gluons 2 AG
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Gluon helicity contribution to proton
spin (A

July 2014

Sian In | R

SCIENTIFIC
AMERICAN"

Features  Taopi

tituent guarks
ificant contribution

rsicists thought a

proton’s spin was the sum of the spins of its
three constituent quarks. Buta 1
experiment showed that quarks can

for only a small portion of a proton’s
raising the question of where the rest arises.

Brookhaven National Laboratory

perhaps they contribu i dea now has support from a pair of studies
analyzing the results of prc ollisions inside the Relativistic Heavy-Ion Collider
(RHIC) at Brookhaven National Laboratory in Upton, N.Y.

MICHIGAN

il il




Gluon helicity contribution to proton

1 1

Aps Phy-STC‘S: - 2 5 -AY + AG+LG+q

physics

Synopsis: Gluons Chip in for Proton Spin

July 2,2014

A new analysis of high-energy data shows that gluons may provide some of the

proton’s missing spin.




Gluon helicity contribution to proton
spin (AG)

¥ double-helicity asymmetry

- pp — n%+X [n|<0.35

510 GeV: Runi2-13

510 GeV: rel. lum. uncertainty )
200 GeV: Runé-9 (PRD90,012007)
200 GeV: rel. lum. uncertanty
510 GeV / 200 GeV pol. scale uncert. 6.59% / 4.89

PHENIX 2 w
? — B Solid: {2=200 GeV
. M i g R

Subprocess Fraction

-

—
—
—
-
—
—

Dotad: {2=500 GeV

L I ER I L T T
0.1 0.15 0.2

X (=2p/Vs)
L Theory curves: LSS10p (dashed), DSSVI4 (solid) and NNPDF 1.1 (roﬂld) N A
. onzero LL

associated with
nonzero AG!

1 1 1 1 l | 1 1

0 0.05 0.1
X1 (=2p_/Vs)

PRD93, 011501 (2016)
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Gluon helicity contribution to proton

spin (AG)
Direct photon double-helicity asymmetry

Direct photon
production more
sensitive to sign of AG

= DSSV14 with DSSV, . uncertainty
=== JAM22 Ag > 0 with JAM,__ uncertainty

PRL130, 251901 (2023)
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Flavor-separated sea quark helicity

distributions Bactn
=

W= decay lepton single-helicity asymmetry

W Wl fﬁfigil Access via parity-violating longitudinal
single-spin asymmetry in W=
production—no fragmentation functions
Jr necessary:
ditig > W~  wdp->WT

XAl (x,Q°=10 GeV?)

(b) I W+Z—-ue * STARAJ(PRL 113 (2014) 072301)

DSSV E 25 GeV

DSSV Preliminary

xAd (x,Q°=10 GeVH)

D
= DSSV06 == DSSVO0.S5
-~ DNSKKP
== DNS Kretzer DSSV Preliminary
——DSSV14

B DSSV14 + RHIC 0y,

PRD98, 032007 (2018 . _ : -
( ) Preference for positive Au, negative Ad
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Spin-

Unpolarized

Spin-spin correlations| #

Spin-momentum
correlations

Se(p;*p2)

IIIIIIII

momentum correlations and

parton dynamics
In proton and/or 1n
process of
Worm-gear hadronization

(Kotzinian-Mulders)

Two formalisms:

* Transverse-
hi- momentum-dependent
Pretzelosity (TMD) dlStI‘lbutIOIlS
Worm-gear | . .
o iy = 6 - & * Collinear twist-3
multiparton correlators

Boer-Mulders



Large forward transverse single-spin
asymmetries observed in p~+p collisions

BRAHMS

ANL BNL ENAL RHIC
\s=4.9 GeV \Js=6.6 GeV \s=19.4 GeV \s=62.4 GeV

PRL 36, 929 (1976) PRD 65, 092008 (2002) PLB 261, 201 {1991} PRL 101, 042001 (2008)
PLB 264, 462 (1991) 40 | BRAHMS
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Forward n meson Ay

arXiv:2509.13497
Accepted by PRD

Compared to 1 TSSA at other energies Compared to 7% TSSA

7° (3.1 < | < 3.7, Vs = 200 GeV)
STAR r 70 (2.7 < n| < 4.0, \'s = 200 GeV)
E7oa © 7° (1.0 < | < 4.6, Vs = 19.4 GeV)

— Twist-3 Sivers-like contribution
PHENIX ¢ T (<n> = 3.51, \s = 200 GeV)
STAR 4 1 (<n> = 3.68, \'s = 200 GeV)

E704 © 1 (1.0 < | <4.6, s = 19.4 GeV)

Twist-3 calculation for qgq correlator in proton (D. Pitonyak) insufficient to describe
asymmetry = contributions from hadronization.

Similarity between 1 and ° suggests limited impact from mass, isospin, or strangeness
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Forward and backward h* Ay

PRD108, 072016 (2023)

PHENIX 1.4<n|<2.4 1.25<pT<7.0GeVIc \'Syn=200GeV
— e pl+p 5 h'+X

pl4p s h+X

<p;>= 1.6,1.7, 2.1, 2.8, 3.7 GeV/c (xF>0)
3% scale uncertainty not shown

Inclusive positively charged hadrons measured in muon arms
itt/K*/p fractions: 0.45/0.47/0.05
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Midrapidity % T and n meson Ay

% and n

004 PHENIX p' + p, s =200 GeV, |n|<0.35 PHENIX

pl+p — 4+ X, /5= 200 GeV, [1|<0.35

p +pon®+X
p+pon +X

3.4% Polarization scale uncertainty not shown

—4— 7, this result

—— 7*, this result

—4— 7% from PRD 103 (2021), 052009

ittt =~ qgg Contribution from Cammarota, et al ‘20
iy =* qgq Contribution from Cammarota, et al '20

PRD 103, 052009 (2021) PRD 105, 032003 (2022)

Consistent with zero, within ~3x 10~* for low-p 7°.

Help constrain twist-3 trigluon correlation functions (PRD 89, 034029 (2014)),
or gluon Sivers TMD function in Generalized Parton Model (PRD 99, 036013 (2019))
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Midrapidity % T and n meson Ay

% and n

PHENIX

pl+p — 4+ X, /5= 200 GeV, [1|<0.35
3.4% Polarization scale uncertainty not shown

p'+p — n°+ X, fs=200 GeV, |n|<0.35

| | PHENIX

—— qgq Contribution

— — GPM -

vvesss: CGIHGPM Scenario 1
CGI-GPM Scenario 2

—4— 7, this result

—— 7*, this result

—4— 7% from PRD 103 (2021), 052009

ittt =~ qgg Contribution from Cammarota, et al ‘20
iy =* qgq Contribution from Cammarota, et al '20

PRD 103, 052009 (2021) PRD 105, 032003 (2022)

Consistent with zero, within ~3x 10~* for low-p 7°.

Help constrain twist-3 trigluon correlation functions (PRD 89, 034029 (2014)),
or gluon Sivers TMD function in Generalized Parton Model (PRD 99, 036013 (2019))
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Midrapidity direct photon Ay
Consistent with zero

Quark-gluon Compton
scattering — sensitive to
trigluon correlators

PRL 127, 162001 (2021)

ggqg contribution — Kanazawa, Koike, Metz, Pitonyak, PRD 91,
014013 (2015)

Already constrained by other measurements to be very small

ggg contribution — Koike and Yoshida, PRD 85, 034030 (2012)
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Midrapidity open heavy flavor
electron and positron Ay

Gluon-gluon fusion —
sensitive to trigluon
correlators

Theoretical calculations
for trigluon correlation
function parameters that
best fit the data

MICHIGAN
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p'+p > e +X « Open Heavy Flavor e*
/s = 200 GeV Open Heavy Flavor e

m| <0.35
PRD78, 114013
PHENIX % (O X9 = (901,011)

A A% =(-0.01, 0.11

f* “d

PRD84, 014026

---- Kg = 6.0x10™
---- Kg = 6.0x10™

PRD 107, 052012 (2023)

' -4
Kg = 2.5x10



Previous open heavy flavor results:

Forward muon A,

p+p —u +X at (s = 200 GeV| p+p — n +X at s = 200 Ge
PHENIX x_<0 PHENIX x.>0

{3.4% scale uncertainty not shown)| (3.4% scale uncertainty not shown)

—— Twist-3 model 1 (D—p)
Twist-3 model 2 (D—p)

— Twist-3 model 1 (D—u)
Twist-3 model 2 (D—u)

2 3 4
P, (GeV/c) P, (GeVlc)

p+p — p*+X at /s = 200 GeV] p+p — u*+X at s = 200 GeV|
PHENIX x <0 PHENIX x>0

(3.4% scale uncertainty not shown)| (3.4% scale uncertainty not shown)
— Twist-3 model 1 (D—y) Twist-3 model 1 (D—wu)
=---+: Twist-3 model 2 (D—y) == Twist-3 model 2 (D—uw)

2 3 4

P, (GeV/c) P, (GeV/c)
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(a) prp— 1 +X at /s = 200 GeV —— Twist-3 model 1 (D)
PHENIX 1.25<p <5.0 GeVic -=== Twist-3 model 2 (D—y)

<p>=2.1,15,1.5,2.1 GeVic
(3.4% polarization scale uncertainty not shown)

-0'1§0.| -0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08 0.1

Xg

(b) prp—u*+X at /s= 200 GeV —— Twist-3 model 1 (D)
PHENIX 1.25<p <5.0 GeV/c -e--- Twist-3 model 2 (D)

<p>=2.1,15,15,21 GeVlic
(3.4% polarization scale uncertainty not shown)

-0.15
-0.1 -0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08 0.1
Xg

PRD 95, 112001 (2017)

Asymmetries consistent
with zero and theoretical
predictions taking into
account contributions
from trigluon correlation
functions from PRD 84,
014026 (2011)



Nuclear effects: Forward hadron A, for

PHENIX 2. PHENIX

Sy= 200 GeV Syn= 200 GeV
h*, 0.1¢<x <0.2 # h*, 0.1<x <0.2

-3-2-10 12 33-2-101233-2-10 123 1-4“{(2-4 14¢1 <24

¢ (rad) ¢ (rad) ¢ (rad)

- Inclusive positively charged
forward hadron TSSAs

— 1t/K*/p fractions:
0.45/0.47/0.05

+0.69(stal) +0.06(sys) ) \ +0.68(stal) +0.11(sys)

<Y - 0.36(stat) -0.05(sys) N\ p=1.21 - 0.39(stat) -0.09(sys)

- Clear suppression of Ay in
p+A observed

PRL 123, 122001 (2019)
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® State-of-the-art jet and heavy&ﬁévor detector
® Hybrid DAQ

® Streaming readout for tracking

* High-rate triggered readout for calorimetry

. Minimum Bias
{ Detector (MBD)

TPC Outer
Tracker (TPOT) MRy

Au+Au, p' + p', 0+0 data 2023-2026

MICHIGAN

' NL ™ C. Aidala, NICA SPD Workshop 2026




sPHENIX 2024 p+p

sPHENIX Run 2024 pp (s=200 GeV

rvo'—20'

57

pp inelastic collisions

10"
X Cryo-12 Cryo-13 Cryo-14 Cryo-15 Cryo-16 Cryo-17 Cry
[ T fEi et LU R B T

0-18 Cryo-19 C:

TETTET 1 L
~ Calorimeter Data (crossing 0.0 & 1.5 mrad, all z-vertices) — &
r 120 >
B EEREER Photon/Jet Trigger Sampled = 107.4 pb” - =
C ]
— 238.6% of Run Goal ‘/ 100 £
r - - 100 €
[ = - = - H - 3
[ All Detector Data (crossing +1.5 mrad, 1zl<10 cm) -
- } 80
[ - Y/ Photon / Jet Trigger Sampled = 13.28 pb’ —

L 29.5% of Run Goal

, : Y 6—60
: Tracker Streaming Data (crossing +1.5 mrad, 1zl<10 cm)

: _ Open Heavy Flavor Recorded = 2.90 pb™

[ 64.5% of Run Goal -

- H i H H H o

C S B SR

ryo-21 Cryq-22 Cryo-23 Cryn-24
L ERA T Inan)

L f L
J9n-21 Jul-02

Yy invariant mass spectrum

MICHIGAN
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Trackers fully commissioned!

MEPENE P M AP PR I
Jul-14 Jul-25 Aug-05 Aug-16 Aug-28

L i | L
Sep-08 Sep-19

C. Aidala, NICA SPD Workshop 2026

PHE

6 <P [GeVI<7 spHENIX Preliminary
p'+p Vs = 200 GeV

24

|

Integrated lumi with different
subsystems commissioned




Midrapidity m° and n meson Ay

(n)= 093 070 0.62 0.61 0.62 0.66 (n)= 117 092 0.70 0.58 0.55

SPHENIX Preliminary . pT p—n X SPHENIX Preliminary

0.02 ® SPHENIX 2024, v >0 p'+p Vs =200 GeV M SPHENIX 2024, v >0 pt+p Vs =200 GeV
© PHENIX PRD 108 (2021) 052009, Il <085 o, i imncensinty not shown _ O PHENIX PRD 103 (2021) 052009, i < 0.35

7% polarization scale uncertainty not shows

PHENIX: || < 0.35
sPHENIX: > 0 : : ix.bnl. sPH-CONF-COLDQCD-2025-01

Only ~1/3 of data set.

Stay tuned for more spin results from sPHENIX!

MICHIGAN
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https://www.sphenix.bnl.gov/sPH-CONF-COLDQCD-2025-01
https://www.sphenix.bnl.gov/sPH-CONF-COLDQCD-2025-01
https://www.sphenix.bnl.gov/sPH-CONF-COLDQCD-2025-01
https://www.sphenix.bnl.gov/sPH-CONF-COLDQCD-2025-01
https://www.sphenix.bnl.gov/sPH-CONF-COLDQCD-2025-01
https://www.sphenix.bnl.gov/sPH-CONF-COLDQCD-2025-01
https://www.sphenix.bnl.gov/sPH-CONF-COLDQCD-2025-01
https://www.sphenix.bnl.gov/sPH-CONF-COLDQCD-2025-01
https://www.sphenix.bnl.gov/sPH-CONF-COLDQCD-2025-01
https://www.sphenix.bnl.gov/sPH-CONF-COLDQCD-2025-01

Conclusions

* Along with STAR, PHENIX pioneered a
broad program studying spin physics in
QCD at a proton collider

* An extensive legacy of measurements!

» Stay tuned for more results to come
from sPHENIX!
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PHENIX Detector

C e R o F Py azk — o -
i [ g TR —




Nuclear effects: Forward neutron A, at
\/SNN =200 GeV (p"+p, pT+Al p* +Au)

PHENIX o BBC Tag 0.56 < X, < 0.70 0.40 <X, < 0.55 F BEC Veto 0.55 <X, < 0.70
oy IE =200 GeV, 1>6.8 -
3

Vs = 200 GeV, 1> 6.8 -E
" 3.4 % Polarization scale - 2 ‘
uncertainty not shown

.4 % Palarization scale
" uncertainty not shown

T BBCveto - 7

E
P

016 018 02 022 002 004 006 008 01 012 014 018 048 02 028 002 0.04 006 0.08 0.1 012 014 0.6 0.18 02 022 002 0.04 0.08 0.08 0.1 012 0.14 0.16 0.18 02 0.2
0, G P, [GeVic] P, [GeVic] [ [GeVic]

e Very forward neutron asymmetries are shown for pf+p, pf+A/, p*+Au collision systems for
both beam-beam-counter (BBC) tagged events, dominated by hadronic interactions (left), and
BBC vetoed events (with little activity in the BBC) that show an enhancement of ultra
peripheral collisions (UPC) (right)

e The asymmetries qualitatively agree with the UPC + one-pion-exchange (OPE) theory

EE Phys. Rev. D 105, 032004 (2022)
See also detailed pr-dependent p+p results in Phys. Rev. D 103, 032007 (2021)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.032004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.032004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.032004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.032004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.032004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.032004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.032004
https://inspirehep.net/literature/1834002
https://inspirehep.net/literature/1834002
https://inspirehep.net/literature/1834002
https://inspirehep.net/literature/1834002
https://inspirehep.net/literature/1834002
https://inspirehep.net/literature/1834002
https://inspirehep.net/literature/1834002

Midrapidity direct photons

—
T —
e —

— Q+g>gHy

Fractional Contribution

* Only sensitive to
initial-state proton

structure
16 18 20 — With 1solation cut, NLO
lediedds fragmentation photon
Fractional contribution of parton contribution < 15%
scattering to midrapidity inclusive direct (PHENIX PRD 82,
) ) 072001 (2010))
photon production at leading order for N
p+p collisions at /5 = 200 GeV. * Strong sensitivity to
PHENIX PRD82, 072001 (2010) gluons 1n the proton
L Y |
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Direct photon background:
Hadron decay photons with missing partner

Sometimes only one of the photons from a h = yy decay i1s
measured and the second photon 1s missed

* 7 decays tend to be more asymmetric because they are ~4 times

heavier than 7%s
. # West Arm

¢ East Arm

Estimate number missed using
ones that were tagged:

From data: Ratio of number isolated decay
photons to direct photon candidate sample

PHENIX

|

From simulation: Converts between tagged
decay photons to missed decay photons PRL 127, 162001 (2021)




Direct photon selection

* Tagging cut - subtract out photons that are tagged
as coming from ° — yy and n - yy decays

* Isolation cut — eliminate decay photons and next-

to-leading-order fragmentation photons
E, » 10% > Ecope

Figure from J.D. Osborn



Direct photon background:
Merging of ©° decay photons

Photon merging - sometimes the two photons from a 7° — yy

decay are so close together that the EMCal cannot resolve them
as separate photons

Simﬂar to the background fracti()n From Data: Ratio of number isolated

.. decay photons to direct photon sample
due to missing one of the decay
+

hotons iso,h
P - . Nbg . Nmerge Ntag
merge _ _ iso
Found to be Nsig + Nig &w_ N

negligible after a
From Simulation: Converts between tagged
shape cut ‘

C. Aidala, NICA SPD Workshop 2026 33




Partonic contributions for midrapidity
T and 1 meson production

* Midrapidity:
idrapity Combination of quarks
and gluons coming
from the polarized
proton

* (Forward rapidity:
Primarily quarks coming
from the polarized proton)

18 20
P; (GeVic)
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Midrapidity charged pion A, at
s = 200 GeV

First results of midrapidity charged pion
Ay from PHENIX

Compared with 7 Ay from PRD 103,
052009 (2021)

nt*- Ay consistent with zero and theoretical
predictions in measured range, but there is
a hint that 77~ behave differently (potential
flavor dependence)

- Flavor dependence can be seen in the ggg
theory calculations at higher p

MICHIGAN
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PHENIX

pT +p —+ W+ X, 5= 200 GeV, Inl<0.35
3.4% Polarization scale uncertainty not shown

—4— m, this result

—— 7, this result

—& ¥ from PRD 103 (2021), 052009

— 1 ggq Contribution from Cammarota, et al 20

— n* ggq Contribution from Cammarota, et al '20

Phys. Rev. D 105, 032003 (2022)



Asymmetry background subtraction

peak bg

N — 1—7r

Nbg

Where r = is measured from a fit in the invariant mass peak region

Nsig+Nbg
Example invariant mass spectra for photon pairs in the West Arm with 4 < pr < 5 GeV/c

RN
(&)

N Peak Region

7~ Sideband Regions
- [it to Background

o)

107 counts/(0.001 GeV/c?)
o

0.2 0,25
M,, [GeV/c?]

M,, [GeVic?]
PRD103, 052009 (2021)
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Comparing midrapidity ° and n
results

 Any differences in 7° and 7
Ay could be due to effects o
strangeness or 1Sospin 1n
hadronization:

0 = %(uﬂ — dd)

N 0.04 PHENIX p' + p, s =200 GeV, [n|<0.35

= 1(‘+dci 255)
n—\/6 uu SS

PRD103, 052009 (2021)

 Or to mass effects in hadronization:
myo ~ 135 MeV/c? m,, ~ 548 MeV/c?

IIIIIIII



Midrapidity A}f,o ;
Theoretical predictions

* Very small ggq correlator
- contribution predicted
p'+p — n®+X, Vs =200 GeV, n|<0.35 — JAM Collaboration, PRD
102, 054002 (2020)

* Results can help constrain
gluon spin-momentum

correlations
L s — Twist-3 trigluon correlators
— gg;MContrlbqun (Beppu, Kanazawa, Koike,
CGI-GPM Scenario 1 Yoshida, PRD 89, 034029
CGI-GPM Scenario 2 (2014))

— Gluon Sivers function — in
the Generalized Parton
Model (GPM) (D’ Alesio

PRD103, 052009 (2021) %Oerli yﬁllrjglgaé P6§a6r(1)ci,3

(2019))

MICHIGAN
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Open heavy flavor electron
analysis procedure 1

e*/-cands

et identification at PHENIX

* |(E/p-<E/p>)og, [ < 2--(<Ep>~1)

* Track matching to EMCal energy deposits and RICH
shower ring center

e >] photomultiplier firing in RICH -- p ., > 20 MeV/c
* EM shower shape probability > 0.01
* Hit requirement in inner 2 layers of VTX

Normalized Counts

« Conversion veto cut on opening angle of nearby e*-
candidates

a
c
3
o
]
o]
@
N
©
E
S
z

*Esha, Roli. (2020, September 15). Electron Identification in PHENIX

MICHIGAN
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Open heavy flavor electron
analysis procedure 2

TSSA Observable Cross checks and systematic studies (Heavy Flavor e*")

Ay 1s calculated using the Relative Luminosity formula, .
integrating over the ¢ ranges of the east and west arms .

1 1N]-R-N}

~ {|cos ¢|) P N] +R-N}

Background Sources (Heavy Flavor e*")

Photonic: n°, n, y: Asymmetries measured to .
be 0 — treated as dilution

— n%and n (PRD 103, 052009)
— v (PRL 127, 162001)
Nonphotonic: J/y, Ke3

— Ke3 is a negligible fraction

J/y Ay taken from PRD 82, 112008,
large source of statistical uncertainty

Hadron contamination: h*-
— h'- Ay taken from PRL 95, 202001
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4()HF—)E: _ N JnEENMfymeN
Ay = ‘ -. -. , ,
- jhi - f]/t—\r - jﬂ'“—}ﬁ‘ - .f"r,‘r—m - j“;‘—)fﬁ

O'_.-{DHF—i-e —
N

Square Root formula: A9 - A M taken as systematic

cos@ modulation fit: 3 ¢ bins per arm

1 NT(¢p5)-R-N*(¢s)

AN 1 cos qbs - ;NT((PS)*‘R'NI{‘I)S)

Bunch shuffling: Randomize polarization direction, measure
Ao

Propagation of systematics on background fractions through
background correction formula

A€ 5 / h.j: [ / .]/Lﬁ!—}(;'
AN B f h* AN - f J /u'_:—n?Air\.f

L= fhi B -f'-}/"r"f-’—*ﬁ - fﬂ'”—,\e - f‘ri—,\e - f“;’—:»e
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Primarily open charm
production

gg~>QQ
Dominant contribution @
200 GeV midrapidity. ggg
correlator not well
constrained from previous
measurements

qq-~>QQ Small contribution @ 200

* GeV midrapidity. ggq
correlator somewhat
constrained from previous
measurements

qgq (Efremov-Teryaev-Qiu-Sterman)

*Kang, Qiu, Vogelsang, Yuan, PRD78, 114013
**S. Sakai, The Azimuthal Anisotropy of Electrons from Heavy Flavor
Decays in sqrt(s) =200 GeV Au-Au Collisions at PHENIX, March 26, 2000
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Open charm TSSA model calculations

PRD78. 114013 (Z. Kang, J. Qiu, W
Vogelsang, F. Yuan)

Contributions from twist-3 qgq correlators as well as
antisymmetric and symmetric ggg correlators
considered

Authors provided TSSA calculations for A"°(py), and
AN"(pr)

Trigluon (ggg) correlators written as T;D(x,,x,)
(antisymmetric) and T5@(x,,X,) (symmetric)

—  Model calculations rely on normalizing to the unpolarized gluon
PDF

AW 0o A=A, =0.07Gel.

X D° meson . D° meson
A= Ad 0. 07 GeV y=0 ‘ As=1A,=0.07 GeV y=0

05 1 15 2 25 3 35 4 45 05 1 15 2 25 3 35 4 45
P, P,

hL
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PRD84. 014026 (Y. Koike, S. Yoshida)

«  Contributions from twist-3 antisymmetric and symmetric
ggg correlators considered

*  Authors provided TSSA calculatlons for AN"(py),
AP (pr), Ax"’(pr), and A" (py)

Trigluon (ggg) correlators written as N(x,X,)
(antisymmetric) and O(X,,X,) (symmetric)

— 4 independent contributions from these functions:
{N(x,x), N(x,0), O(x,x), O(x,0)

—  Ins=200 GeV p™+p collisions, m, is negligible,
and TSSAs depend on effective trigluon correlators
N(x,x) - N(x,0) and O(x,x) + O(x,0)

—  Model calculations rely on normalizing to the
unpolarized gluon PDF

O(z,z) = O(z,0) = N(x,z) = —N(z,0)
(Modell] O(z,z) = KqzG(z)

[Model2] O(z,z) = K;\/xG(x)
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Open charm TSSA model calculations

PRD78, 114013 (Z. Kang, J. Qiu, W. Vogelsang, F. Yuan) PRD84, 014026 (Y. Koike, S. Yoshida)

T((-'-.ﬂE \(z,2) = M\aG() O(z,z) = O(z,0) = N(z,z) = —N(z,0)
e ol Modell] O(z,z) = KqaG(z)
[Model2] O(z,z) = Ki\/xG(x)

Tg ) (z,z) = A\fG(x),

I @, z) = —4My (N(z, ) — N(x,0))

Effective trigluon correlators N(x,x) - N(x,0)

2T

and O(x,x) + O(x,0) are explicitly related to _

T d(x,x) = T¢*)(x,x) in PRD82, 054005 j—i"'T(g.‘i“ (z,z) = —4AMy (O(z, z) + O(z.0))
2

The results presented here and in arXiv:2204.12899 [PHENIX] explicitly
constrain parameters (A;,A,) from PRD78, 114013 as well as K; and K.’ from
PRD84, 014026
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Open heavy flavor:

PRD 107, 052012 (2023)

-0.2 GeV < A< 0.2 GeV

-0.1 GeV <A <0.3 GeV

41 steps per parameter

Calculate A for D® and D°

Simulate D%>e* and D%»e” decay with
PYTHIAG

Calculate A P%>¢* and A P>
Calculate Ax?, y(AuAg) = X2 (ApAg) -

X2(+,—)min

ag, by, a5, @, parameterizations
provided by Z.B. Kang, J.W.
Qiu, W. Vogelsang, F. Yuan
(PRD78, 114013)

* a,and by: contributions from qgq
correlators

* 3, and a,: contributions from
trigluon correlators
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Results from (447, scan

. 2
) nbins (‘41'3*)11:1(:1 -~ Awlmw'”(/\f« /\(1))
XA =Y
i

9 (4+)data

A(p'+p — HF(e™) + X)
/s = 200 GeV

Ml < 0.35

PHENIX

Theory: PRD78, 114013
AT )

X2(Ar, Aa) = Xy (Mg Ad) + x{) (Ar, Aa)

—0.05 005 0.15
’ [GeV]

0
Ag = ap + /\f(lyl + Mg

Ago = by + )\f(lq — Aga2
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Open heavy flavor: Results from (A;4,) scan

PRD 107, 052012 (2023)

+ -0.2GeV<A<0.2GeV g = 35 A0 0)

 -0.1GeV<A;<0.3GeV

* 41 steps per parameter

* Calculate A, for D% and D?

* Simulate D%>e* and D%»e decay with
PYTHIAG

* Calculate A P%¢* and A PO

 Calculate Ax*, y(AuAg) = X2 (ApAg) -

2
9(+)data

X2(+,-)min S Data prefers combinations
£ of A;and A, that yield
. 5 + o
a,, by, a;, a, parameterizations = cancellation of
provided by Z.B. Kang, J.W. < SEMTIOUIONS €
Qiu, W. Vogelsang, F. Yuan o3 antisymmetric and
o o etz 8 I I ok : symmetric trigluon
(PRD78, 11401.3) . < correlation functions -- this
* 3y and by: contributions from qgq 5 J : _ : 1 can be seen from the shape
correlators of the AX2(+,-)(7\f,7\d)

* 3, and a,: contributions from
trigluon correlators

distributions

daa

. 0
C. Aidala, NICA SPD Workshop 2026 Af\j, = by + A\pa; — Agas
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Open heavy flavor: Results from
K. and K’ scans

arXiv:2204.12899

-0.005 <K< 0.005

-0.00025 < K.’ <0.00075

101 steps per parameter

Calculate Ay for DY, D*, D°, and D-

Simulate D%>e*, D*>e*, D%>e", and D->e decay with PYTHIAG
Calculate A P0>e* A Pr>e* A LPP>¢ and ALP~¢

Calculate Ax?, 1(Kg) = X2 5(Ke) = X2 amin @Nd AX2 1, (Ks') = X210 5 (Ks') = X204 ymin

1o Confidence Intervals: ) )
Consistent with modest

upper bound on K. and
K’ derived in PRD84,
014026 (2011)

K, = 6.0x10 (+0.0014 -0.0017)

Ks' =2.5x10* (£ 0.00025)

C. Aidala, NICA SPD Workshop 2026 46
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