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Nucleon structure

Global properties: Local properties:

mass Quark and gluon spin
spin Orbital angular momentum
quantum numbers Momentum distributions

Quark Confinement Asymptotic Freedom

Probe
Energy

200 MeV (1 fm) >2 GeV (1/10 fm)
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Nucleon tomography
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Nucleon tomography
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Parton Distribution Functions (PDF)
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Transverse-Momentum-Dependent (TMD)
Parton Distribution Functions (PDF)

f(ma kT) meentum

3-dimensional

Longitudinal momentum
kKt =aPt
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Testing QCD
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Cross section: do =
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Testing QCD

pp —

fb(Xb) fa(Xa)
b a

Parton Distribution Functions (PDF)
— flavour

X = pparton/ P proton

Cross section:  do = f,(x,) ® fo(xp)®
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Testing QCD

pp —
Hard scale
/ perturbative QCD
cQ
f(xs) /‘ £(x)
bQ—/><—Qa
9

Parton Distribution Functions (PDF)
— flavour

X = pparton/ P proton

Factorization
Cross section:  do = f,(x;) ® fo(xp)RAG®
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Testing QCD

pp— X

0 R+
p, n, :7 3)7 o

Hard scale

/ perturbative QCD
fa(Xa)

G
fb(xb) / a2l Xa
b—>+—=Ja

Parton Distribution Functions (PDF)
— flavour

X = pparton/ P proton

Factorization
Cross section:  do = f,(x;) ® fo(xp)RAG®
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Testing QCD

pp — m°X

Fragmentation Functions (FF)
— pair momentum: z = p.o/p.
FF extracted phenomenologically Hard scale

/ perturbative QCD
c
fo(x5) / £(x,)

a

Parton Distribution Functions (PDF)
— flavour

= X= Pparton/ P proton

Factorization ’
Cross section:  do = f,(x;) ® fo(x,)Rd6RDI (2)
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Testing QCD

pp — m°X

Fragmentation Functions (FF)
— pair momentum: z = p.o/p.
FF extracted phenomenologically

Hard scale

/ perturbative QCD| 4 higher-order PDF/FF
fa(xa)

aXa

fo(Xb 7 -
bl bQ—>/<—Qa f(wakT) D(zapT)

Parton Distribution Functions (PDF)
— flavour

= X= pparton/ P proton xA) IB
not measurable

y . LF = TFeynman — £A — LB
Factorization measurable

Cross section:  do = f,(x,) ® fo(x5)®d6RDT(2)
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Measurements: Transverse Single Spin Asymmetries (TSSA)

Inclusive hadron production in polarized proton-proton collisions: pr — hX

LEFT

"”§/

RIGHT

First-order predictions in pQCD: No asymmetries

Asymmetric distribution to left and
right of polarized proton spin
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Measurements: Transverse Single Spin Asymmetries (TSSA)

Inclusive hadron production in polarized proton-proton collisions: pr — hX

HELT First-order predictions in pQCD: No asymmetries

&7 g Observations: Large x_-dependent asymmetries
\ A ST g .|

%J‘C . : < [u evos, fo=2200v
. Em’,ﬁ;zzesv ‘ g R Jf 0-2'_: el B
PR ko |
0.3 % % -0.1 { i [} B
RIGHT J%{ i 3 +
0.2k I _o2l
:{' 1 % L H*
. . . ' o $ : 03 2GS, V5 =4.9GeV % oos- ¥
Asymmetric distribution to left and -;ti"'ﬁ ‘lf ;T : { ’ : mni”%
right of polarized proton spin PR ey

/
LFeynman — sz/\/g
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Asymmetry measurements

Inclusive hadron production in polarized proton-proton collisions: pr — hX

Involved phenomena:
Sivers TMD-PDF

First-order predictions in pQCD: No asymmetries

L St (P x kr)

kr

2P+ kr . s Observations: Large x_-dependent asymmetries
Paf::ml?:;‘;fsc \ 2 < ® E704, {5 =22 GeV Tco
B 0 mucleon  parton - 021 ¢ PHENIX, Vs = 62.4 GeV
proton | g e i ‘ R Ao
(b) () ST ST/ 4 Sivers TMD PDF st ;:::.'x'afifiiev'rﬂ#
Collinear higher-twist m%
| 4
|
P I zP .o O S TS I SN
P.S . . . .
proton ! Kinematic domain studied in my analysis

qgcicbr ggdg LFeynman — sz/\/g 0<xp <0.15
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SsPHENIX experiment

RHIC (Relativistic Heavy lion collider

Collaboration started in 2016

Collisions: p'p, p~'p, pAu, Audu ~ 300 members (53 institutions)
Run 2024: p'p Commissioned from 2023 to 2024

At Brookhaven National Lab (USA, New York State
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sPHENIX experiment

MAGNET

SEPD

MVTX

| TPC

MinBIAS




sPHENIX experiment

MAGNET

SERD. EMCal: Photon'measurement: OHCAL
MinBIAS: Collision position

MVTX
EMCAL

| TPC

iHCAL

MinBIAS




Neutral meson selection

T Ny

=  180F T
g, 160E- SPHENIX Preliminary.- > A?@tal : Signal range asymmetry
o 140 p'+p \5=200 GeV (dark blue, dark red)
s F E Ak o
*g' 100~ = > N - Side range asymmetry
g 8 E (light blue, light red)

60_— ]

40 E > AN : Corrected asymmetry

20 —

% 08 05 1

M,, [GeV]
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Neutral meson selection

T Ny

<  180F T T
g, 160E- _SPHENIX Preliminary ] > A?@tal : Signal range asymmetry
N 1402— p'+p Vs = 200 GeV —i (dark blue, dark red)
s F E bk .
*g' 100~ = > AN : Side range asymmetry
g 80 E (light blue, light red)
60_— ]
40 E > AN : Corrected asymmetry
20 —
% 0.8 09 1
M,, [GeV]
L ka
r N total A Ag{’,tal—’r AR}{
N — —
ARl = (1 —r) Ay +r A% 1—r
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Asymmetry measurements at sSPHENIX

*

Asymmetry measurement: € = polarization x Ay

N; — Ng
g ————
Nr + Nr
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Asymmetry measurements at sSPHENIX

RIGHT LEFT

AV~ TR = °
- Ja N T

LEFT RIGHT

Asymmetry measurement: € = polarization x Ay

Default Luminosity Formula
Ni — Ng N/t — N/t
€ = < S € =
N1, + Ng NT/ET—FN*L/ﬁJ’
Geometric Formula
_ VN Nt — /Nyt Ngt
VNLT Ng 4+ /Nt Ng T
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Asymmetry measurements at sSPHENIX

RIGHT LEFT

\ @ \ D

Asymmetry measurement: € = polarization x Ay

Default Luminosity Formula
N,—Nrp N/t — N/t

T NL+NrT . T NTYLTy N/
Geometric Formula

_ /Nt Nt — /Nyt Npt
VNLT Nt + /Nt Npt
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sPHENIX asymmetry results

Among the first preliminary results of SPHENIX in run 2024 pr

Kinematics in the analysis:

Integrated range
o 0 <zp<0.15
e 0<n<12
Unintegrated
 pr € [3,10] GeV(r?)
€ [3,20] GeV(n) F
(related to kT parton transverse momentum)
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sPHENIX asymmetry results

Among the first preliminary results of SPHENIX in run 2024 pr

Kinematics in the analysis:

Integrated range
o 0 <zp<0.15
e 0<n<12

Unintegrated

° pr € [3,10] GeV(n*)

[ ® E704, {s = 22 GeV

["® PHENIX, s = 62.4 GeV

[+ STAR, V5=200 Gev

| % STAR, V&= 200 GeV, <>=15

[ » STAR, ¥s =500 GeV

'_ O PHENIX, ¥s = 200 GeV, <n>=0.:

@

%

€ [3,20] GeV(n)

Xg

(related to kT parton transverse momentum)

Observations:

>

sPHENIX (2024) results compatible with PHENIX (2021)
> Expected refinement of the analysis (extended p. range,
unintegrated x, n)

> More statistics on Sivers and twist-3 predictions fits
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Summary and perspectives

Asymmetry measurements
> First preliminary results for the neutral meson TSSA
o with new detector sPHENIX (installed in 2022)
o in pr collisions at 200 GeV
> Also studied by other experiments
o RHIC (STAR, PHENIX, sPHENIX) at Brookhaven National Lab
o EIC at Brookhaven National Lab
o SPS (COMPASS, HERMES) at CERN

Quantum-Chromodynamics
> Factorization and universality
> More solid foundation to QCD
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Factorization and Universality

TA,TB not measurable o T
TF = TFeynman = T4 — T Measurable -~ |
0 =PDF(z4) ® PDF(2B) ® 0pharda ® FF(z¢) Collinear ©
PDF (% 4, kr.4) FF(zc,pr) TMD
PDF(z4,%1.4) FF(zc,2c.1) Collinear - twist 3

03/07/2025 15



Factorization and Universality

proton-proton collisions Drell-Yan

Universality: PDF and FF are the same in every interaction
e*e collisions Deep-Inelastic Scattering
>
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sPHENIX asymmetry results - backup

Among the first preliminary results of SPHENIX in run 2024 pr

Kinematics in the analysis:

Integrated range
o 0 <zp<0.15
e 0<n<12

Unintegrated
® pr € [3,10] GeV(n)

€ [3,20] GeV(n)

Z F
<< L w E704,\5=22GeV

02 e PHENIX, Vs = 62.4 GeV
[+ STAR, V5=200 Gev
| % STAR, V&= 200 GeV, <>=15
[ © PHENIX, Vs = 200 GeV, <n>=0.
* STAR, Vs =500 GeV

@

%

(related to kT parton transverse momentum)

Observations:

> sPHENIX (2024) results compatible with PHENIX (2021)
> Expected refinement of the analysis (extended p. range,
unintegrated x, n)
> More statistics on Sivers and twist-3 predictions fits
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