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N
Polarized physics at PH><ENIX

Relativistic Heavy lon Collider (RHIC)

Recorded
System Polarization ..
Absolute Polarimeter (HT j% RHIC pC Polarimeters y ustie £ Luminosity (pb)
- 7, A/
L BRAHMS (ANDY) transverse 0.02
- 24 1 |ongitudinal 0.08
< 2006 | p+p ¢ '

n Snakes 200 transverse 2.7

Siberian Snakes longitudinal 7.5

& 2008 p+p 200 transverse 5.2

STAR ‘ 5 1
oA ATOH B 2009 P*p 588 longitudinal 12
(longttudinal polarization) Spin Rotators

Pol. H Source &~ (longitudinal polarization) 2L p+p =00 SRt L
\ LINAC  poostER . o 2012 200 transverse 9.7

> Helical Partial Siberian Snake p+p 510 longitudinal 32

200 MeV Polari i
eV Folarimeter - / 2013 | p+p 510 longitudinal 155
X ¥~ AGS pC Polarimeter

Strong AGS Snake p+p 60
2015 p+Al 200 transverse 1.27
RHIC is the only collider in the world that can p+Au 3.97

provide high energy polarized proton beams
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PH--ENIX detector

2015/2016 PHENIX Detector

_PC3  Central TECP c3
_PC2 Magnet N

U Central arms - |n| < 0.35, /2 azimuthal coverage per arm t
O PbSc and PbGI EMCal (e,y)
O Gas Ring Imaging Cherenkov Detector (RICH) (e,rt,K PID) TORY §
O Drift/Pad chambers !
U Muonarms-1.2<|n|<2.4 ?
O Muon ID [
D Muon Tracker West Beam View East *
RPC3 — S RPC3
D Forwa rd - 3.1 < Inl < 3.9 0 &01’1‘447 Central Magnet 00@?,@\ I
0 Beam beam counter (collision/luminosity) %% @@h
O Muon Piston Calorimeter — full azimuth forward EMCal (e,y) - J VMEE-CEX\L
U Far forward - || > 6.8 gesme |3 - ;/%\s — ZDCNog
) ) ) ) ~ ulD w | (F)VIX MulD
O Zero-degree calorimeter — HCal (luminosity,local polarimetry) > W H
|1 A4 South Side View North
18.5m= 60 ft

Devon Loomis | Recent spin physics results from PHENIX | ICNFP 2024 8/26/24




Longitudinal Spin
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@ Quark Spin
Q—» Nucleon Spin

g1 =(=r~(=F

Accessing gluon helicity
s

proton quark gluon orbital helici
spin helicity helicity angular elicity
momentum
-

1 YAq constrained by polarized DIS ~ 0.3
Q p + p provides leading order access to Ag through longitudinal double spin asymmetries
RHIC iaa
[ '+ DSSVO08 ‘
| 'e DSSV14 : 4
—-DSSV14+RHL£ESSQOZZ) .

(90% C.L. limit cont

Aq A Ag A Ag A
q Aq + 249 29g + 29 29 I
g q g g [ DSSV Preliminary .

0.5 ‘ ‘

¢ q

—_

g

++_ -
O —0
Arp = ocFtroT— X

0.05
‘EY()IdX A

0.5
L Q’=10 GeV?

0 0.1 0.2 0.3

02 01 -
[.dx Ag
arxiv:2302.00605

W Inclusion of PHENIX ° and STAR jet A, clear evidence of nonzero Ag
Y deAg(z) = 0.218 & 0.027

0.05
8/26/24
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Ag Aq

SRR

Direct photon A luon helicity

L JAM collaboration: ambiguity on sign of Ag ? PRD105, 074022 (2022)
 BUT negative Ag leads to negative cross sections PRD109, 074007 (2024)

1 Direct photons dominated by qg compton scattering
L Sensitive to sign of Ag

T

~SU(2) — SU@) — SU3)+pos

L Negative solution disfavored at 2.8c 0.4 -

PRL130, 251901 (2023)

P+ p o Y +X, Vs =510 GeV, | < 0.25
0.04

0.02

o
< o0

| e PHENIX Data L.

—-0.02 : ; =0
| —— DSSV14 with DSSV,, uncertainty
F ---- JAM22 Ag > 0 with JAMMC uncertainty
| 2] JAM22 Ag < 0 with JAM _ uncertaint

~0.04[ B i | T  PRD105, 074022 (2022)
5 10 15 20

P, [GeV/c]
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0.15

0.1

-
= 0.05

—-0.05

+

U Al_l_

L Ag at x < 0.05 still largely unconstrained

©
o)

©
IS

Subprocess Fraction

pp = 7°+X
Inl<0.35

0.2 NLO CTEQ6M, DSS
Solid:  {s=200 GeV
Dotted: s=500 GeV
O L PR ISR TR SR T N ST ST T S N S S S’
0 0.05 0.1 0.15 0.2

O Charged pion A,| at /s =510 GeV probes Ag down to low x

 Consistent with DSSV predictions
PRD 102, 032001 (2020)

IIII|IIII|IIII|II

IIIIIII

pp — ©+X n|<0.35 PHENIX

m ©" Vs=510 GeV

e m:Vs=510 GeV

A 7" Vs=200 GeV (Phys. Rev. D 91, 032001)

v 7 Vs=200 GeV (Phys. Rev. D 91, 032001)
[ 510 GeV rel. lum. uncertainty

200 GeV rel. lum. uncertainty

Data points for n* slightly shifted horizontally for legibility

510 GeV /200 GeV pol. scale uncert. 6.5% / 4.8%

| Il Il 1 Il I | Il | 1 Il | I | Il Il I

lllI|IIII|IIII|II

|
0.06
X{(=2p_/Vs)

l
0.02 0.04

0.04
0.03
0.02

4
= 0.01

o

—-0.01

—-0.02

Xt (=2pT/ VE)

0.25

0.20F

T

T T | T T T I T T T | T T T I T T T

pp — m+X |n|<0.35 Vs=510 GeV PHENIX

m T

o T

o =P (Phys. Rev. D 93, 011501)
— — DSSV’14 for nt* (Phys. Rev. Lett.
DSSV’'14 for 113,
---- DSSV'14for® 012001)

[ Rel. lum. uncertainty
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| f l| ‘-|-' | 7015
| Data points for n* slightly shifted horizontally for legibility ]
~ 6.5% pol. scale uncertainty not shown .
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4 6 8 10 12 14
P, [GeV/c]

g1 =(=r~ (=

gluon helicity

+Ag(r, Q* = 10 GeV?)

DSSV Preliminary

—— DSSV14
; =— DSSV14 + RHIC <ap)
102 " 1071 10°
Ag” " aniv:2302.00605
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e-

L -
W= et u* A & || =7 gr=(o)r~ (=)~
e ) l’l' L ; (anti-)quark helicity
polarized I\ j) \) unpolarized

beam beam
proton proton

collision zone

O Flavor separation of Aq through parity violating ULJR — W+ drpup - W~
ot —o~ ~ Aﬁ(wl)d(xQ)—Ad(xl)ﬂ(xg)

U Longitudinal single spin asymmetry AY-JV_ = oFro= N TalaDd(zs)Fd@)a (@)

PRD 98, 032007 (2018)

1.0—
[ (@) WHZop'e [®] A} (2012)
p+p at \s =510 GeV [o] A" (2013) i T T T T T T T T T T T T T T T T T 1717
L (] PHENIX A; (2011-2012), p° > 30 GeV ] . . ] - 2_ 2
0.51 [ ‘\% PHENIX A; (2013), p > 3('GeV 1 Indication of: 0.02 |- XAU(xQ=10GeV)

Lo - positive U helicity 001
< 00 - negative d helicity 0
0.5] Polarized sea -0.01
: ; asymmetry -0.02 - .
_1_ } } } 1 } H H 1 Lol 1 Lol 1 [ A
0_ ~ ~ * ST‘ARA&L(PRL 113 (2014) ()72—“)1) : OppOSIte Slgn from 0.01 - T l2 T T T 2] T II T T T T T 1T ll T T T LB
S 1 | A PESVES2S GV ] unpolarized sea 0 XAd (Q’=10 GeV?)
0.5
r asymmetr
[ y y -0.01
-
< 00 -0.02
003 DSSV Preliminary
g= NNPDFpoll.l 003+ _
0.5 2 bssy Pl Dssvoe -- DSSV0S i DSSVi4
oo B%g Eg’zer : -0.04 B DSSV14 + RHICI‘,(SZOZZ) | —
_1 0_ L 1 1 1 1 ] ‘3 ‘2 ‘1
) 1 0 1 2 10 10 10 1
n X arxiv:2302.00605
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Transverse Spin
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Transverse single spin asymmetries (Ay)

L Transverse single spin asymmetries measure the left-right asymmetry of particle production

. /I\ « .
inp™ + p collisions et

= .
O Large asymmetries at high x; observed up to high /s : /O’
[ Collinear leading twist pQCD predicts Ay = asmq/\/g'“ 0 -
O Origin of Ay: Nonperturbative spin-momentum correlations described by o A T

L Transverse Momentum Dependent (TMD) PDFs/FFs
L Collinear twist-3 multiparton correlators

Z F + Z F B Z F 0
< [ v 2GS, Vs=49GeV < | i i ] < | m E704,(5=22Gev T ]
0.4~ AGS, Vs =6.6 GeV 0 e 0.2~ @ PHENIX, Vs = 62.4 GeV
4 v [ = E704, Vs =22 GeV r ' i [ * STAR, Vs =200 GeV
LAN [ o BRAHMS, Vs = 62.4 GeV R % H L % STAR, Vs =200 GeV, <n>=1.5
I © BRAHMS, Vs = 200 GeV H F -
A [ ] -+ ot
— | L L , Vs = e'
. - L L [
¢ \ i l | 1 I [ I [
/, \ 02 1 02k ¢ ! o1
4 [ t i [ {
. 1
,' Twist-3 ~ 1/p77? : X : ] .
. TMD 01 *T O3y zes 4Gy T 0051 * %
I 2 L A AGS, Vs =6.6 GeV L
. 1
L ° & L L #
o” ® ®m  E704, {s =22 GeV )
ok P 04 ® BRAHMS, Vs = 62.4 GeV olenl L *f‘
> L | © BRAHMS, Vs = 200 GeV ‘ LT T T
El | L. L | L. AT I PR Lol
DT 0 0.2 0.4 0.6 0.8 0 0.2 0.4 06 08 0 0.2 0.4 0.6 08
Xg Xg arxiv.1602.03922 X
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@ Quark Spin

Mechanisms of Ay () Hadton spr
©—> Nucleon Spin

Q, ky >> Agep

Q>>k: = Aqep

Sivers TMD PDF Transversity & Collins TMD FF
t

ZEIONIO b= (D-(1) ® HE -O-O

Sp P

p p p \N\p
Sq Tn
>

Twist-3 multiparton correlators

<

. £XRRR
-

Ay x Z ¢23/)A($17 22,51)|® dpyB(2") ® 6 @ Dyy(2)

Ay o ff_T(x7 k%) ) DCfIL<Z) An x hq (.I‘) . Hll (27 k%) a,b,c Transversity Collins-like correlator
+ Z hi(z,s1)|® (bb/B(x/) Ro' ® Dé?;)h(zh 22)
a,b,c
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Mechanisms of Ay

Q>>k: = Aqep

Sivers TMD PDF Transversity & Collins TMD FF
t
1
OO SONOEY ONO
Sp Sp
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@ Quark Spin
Q—» Hadron Spin

Q—» Nucleon Spin

-

Q,

Ky >> Aqcp \

Twist-3 multiparton correlators

<

. LXK
-

PHENIX
pp 2> h+X
pp 2>y +X

Sivers-like correlator

ANO(Z

92523/)14(551, 22,51)|® ¢o/B(2") ® 6 @ Dyyn(2)

a,b,c

Transversity Collins-like correlator
hi(2,51)|® $/B(2") @ 0' ® D((;j)h(zlay
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Direct photon A,

qgq correlator ggg correlator
O Photon in final state - no final state color effects

 Clean probe of initial state quark-gluon and trigluon correlation functions
O First direct photon Ay from RHIC = 50 times reduced uncertainties from Fermilab E704 PLB 345, 569 (1995)

PRL 127, 162001 (2021)

0.02 -
- pT+p o ¥+ X, Vs =200 GeV, [n|<0.35
001  PHENIX
5z i
< i
or
| zsme qgq Contribution
. — — ggg Contribution Model 1, min/max
_0.01 ggg Contribution Model 2, min/max
I S S T T T T AN S A I I S T R TR R | P

5 6 7 8 9 10 11 12
P, [GeV/c]
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Midrapidity ni°, n Ay

ggg correlator

qgq correlator

[ Sensitive to gluon dynamics through quark-gluon and trigluon correlation functions
L Used to constrain gluon Sivers TMD JHEP 1509 (2015), 119

O High precision measurement: consistent with zero to sub-percent level
PRD 103, 052009 (2021)
" p'+p o 7°+ X, Vs=200 GeV, |n|<0.35 p +p — n+X, Vs =200 GeV, |n|<0.35
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C 0-°°1=""~—-~--..m.:—;.~ E 0.01¢
001 o TETEE PHENIX| 0] ob-gerge g
. —0.001E e ' | —0.01¢ EP. - .
» 2 3 4
z [ . -
< 0 _‘_n_""_""_:.ﬂm'-nmm-%uw T s el Wikl 0 [---&---- R - R P N %+ ___________________ +
- —— qgq Contribution -
T —— GPM -
-0.01+ - CGI-GPM Scenario 1 4 i o s. Rev.
0.0 - CGI-GPM Scenario 2 01 | oy 012008 PHENIX
[ PR TR S T AN TR T TR N TR N TR EN T SR T R T - C 1 P T T R A S S N
2 4 6 8 10 12 14 2 8 10 12
p, [GeV/c] p, [GeV/c]
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Midrapidity open heavy flavor Ay

O Gluon-gluon fusion v/ Direct sensitivity to initial- ggg correlator
O Zero gluon transversity in spin % nucleons / state trigluon correlator

[ First constraints on phenomenological trigluon parameters A, K PRD 107, 052012 (2023)

50

PRD 107, 052012 (2023)

0.085 p'4p - e* +X . Open Heavy Flavor e*
0.06- 'S =200 GeV = Open Heavy Flavor e 0§
" Ml <0.35 BT
O 04—_ PH ENIX PRD78, 114013 <
0_023_ (A &) = (-0.01%0.03, |
C Ll 0.11+£0.09) GeV 202 -o1 [oG y 0.1
] e o o B T ([Ge
- & PRDS84, 014026 A"+ — HF(") +X)
-0.02 o § Kg = (6.0_:1:)X10'4 K = (2.5?’;:)“0’4 {s = 200 GeV
_004:_ et e il < 0.35
-0.06 - 3.4% polarization scale uncertainty not included PHENIX
S S S S S S S S S S S S S S S S S S Theory: PRD78, 114013
1 2 3 4 5 6 7 8 /5 s
AN oe O"f')"d)

P, [GeV/c]

A [GeV]
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Forward h*, n Ay

1 Forward production of hadrons at high x; dominated by valence quarks
L probe of quark-gluon correlator

O h*: large positive asymmetries

L h-: mix of negative t and positive K asymmetries

U 7n: large (~20-40%) asymmetries at high x;

O Potential first hint of suppression at high p;in x; > 0.6?

0.6— p’+p = n+ X (Vs =200 GeV)
- <n>=349
04— ¢ PHENIX 2012
02—
C + 4
L - e B %
0.0—-F--I- J—i_ . ] N i ___________
& ‘+7, (b (GeVie) =
—02F
_04 —
: 3.4% polarization scale uncertainty not shown
| Lo by v by by by

2.26 2.80 3.26 3.72 4.29

—~ —
PH-<ENIX
preliminary

P IR N BRI

-0.8 -0.6 0.4 -0.2 0 0.2

0.4 0.6 0.8

z 1.0
<

0.8

I|ITI

0.6

0.4

0.2

0.0

FTTT ] TrTrTr[rrrrrrrrr[yrrro
| | | | | |

e b b b by

pT+p = n+ X (Vs =200 GeV)
<n> =349

PHENIX 2012
¢ 02<x.<0.6
o 06<x.<038

s
PH-<ENIX
preliminary

3.4% polarization scale uncertainty not shown

2 2:5 3 3.5 4
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qgq correlator
PRD 108, 072016 (2023)

0.1 -
008:— PHENIX 1.4<n|<2.4 1.25<pT<7.0GeV/c sun=200GeV E
TUE —e— p'+p — h*+X 3
0.06 —u— pl+p > h+X =
0.04;— [#] —;
0.02 + E
= E il . -
< 0%% 4w + + =
-0.02F =
-0.04 —
-0.06 <p,>=1.6,1.7,2.1, 2.8, 3.7 GeV/c (x_>0) —
-0.083— 3% scale uncertainty not shown _f
0Bl el i L L L =
-0.2 -0.15 -0A1 -0.05 0 0.05 0.1 0.15 0.

Xg
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100GeV/nucleon

100GeV

Polarized Proton
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n
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> Z jions S
8% pliAu w8
° ° ° O S 80- Z p
g @ S
< 60 _ 3
) 2 __ PHENIX €
=3 2 3
3 40 _ 3
S % o
‘9 20 / o

IS
o
o
a
IS)
vt
o
—
o
IS)
)
o
IS
a

 Consistent results in all collision systems

O High precision measurements of pT+p, pT+Al, pT+Au 8 8
O all consistent with zero fa % PHENIX | &
q:? ’ \H% TS c:o_
0 005 01 015 02 025
M,, [GeV/c?]
PRD 107, 112004 (2023)
01— P +A = 1%+ X, \s,, = 200 GeV, n|<0.35 01— P +A = n+X, sy, =200 GeV, n|<0.35
~ 0.004; — 1 * (p+Au) This Result - « (p+Au) This Result
H S ¥ S O g e - * (p+Al) This Resul :
0.05/- + + (p+p) PRD?OS 052009 0.05-, (p+p) PRD103 052009 * '
z -0.004— i 5 z L
< ~ . i , T < ~ {
0:.._ ............. PO PAP N S S § ..... é ...... *% .................................. 0:... ............ 9.+ ..... !.éé ..... * ..... B
B PHENIX (a) B PHENIX (b)
-0.05 3% Polarization scale uncertainty not included -0.05 | 3% Polarization scale uncertainty not included
1 1 1 l 1 1 1 ] 1 1 1 l 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 l 1 1 1 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 l 1 1 1 I 1 1 1
0 2 4 6 8 10 12 14 16 0 4 6 8 10 12 14 16
P, [GeV/c] P, [GeV/c]

Devon Loomis | Recent spin physics results from PHENIX | ICNFP 2024 8/26/24




Forward h* Ay,

O Striking dependence of Ayon A PRD 108, 072016 (2023)

0.1
. . F(a) PHENIX 1.4<[n[<2.4 1.25<p <7.0 GeV/c s, =200GeV ]
L Models predict A'13 dependence but only relevant in color glass o3 +"p;+§ﬁn;xxp E
. VoE™ PT+ g + =
condensate regime PRD 84, 034019 (2011) 004 4 AU X E
0.02F | -
O Higher twist calculations in SIDIS predict ~AY/3 dependence & o Hrog ot
. _ PRC 81, 065211 (2011)  oF % : E
L Dependence on A still apparent in forward h* Ay vs. x¢ OO <ppot,17,21,28,37 GeVio 050 E
-0.085— 3% scale uncertainty not shown F _f
PRL 123, 122001 (2019) B X B - BT 0% R
004| (@) PHENIX 0.04F PHENIX (©) 5 XF
n VS_NN= 200 GeV - p+p S\ 200 GeV 0.0.85—(b) PHENIX 1.4<|n|?2.4 1.?5<pT<7.0 GeV/c |s,=200GeV J
0.03 - fP*P h*, 0.1<x_<0.2 0.03 - h*, 0.1<x_<0.2 008 T E
i , . Y- | ’ - F " E —— pT+Au»h*+x #] E
0.02 1.4<n<2.4 0.02 1.4<n<2.4 004 # P - E
.02 - 021 p+Au 22 , S o E
i - i Al < o +@ T Bo ; :
=z 0.01- <C 0.01{p+Al 0.02]- E
< i | 40-729 -0.04F E
0 0 -0.06 <p>=1.6,1.7,2.1,2.8, 3.7 GeV/c (x.>0) E
i p+Al.| i -0.((;)81;— 3% scale uncertainty not shown _E
_001 | _001 | . - 02 -015 -0.1 -0.05 x0 0.05 0.1 0.15 0.2
- 1/ _ A& — Avg. _ A,N F
002 f(A )—(A1/3)(x 002k (N, (N:;/I?)B
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0.2f

0.1r

en/P
o

-0.1f x>0.5
0.3<6<2.2 mrad
-0.2¢0, ., I 1 Lot v by b o B b v 1 1y
40 1 1 0 1 =
¢ (rad) ¢ (rad) ¢ (rad)
ZZ
A
p : X U
§ T -
S Wl pT z
p™ n A

Far forward neutron Ay,

O Negative Ay in far forward neutrons from p+p well
described by one pion exchange (OPE) model

Q Initially unexpected large dependence on A (+ sign

change)

 Additional contribution from ultra-peripheral
collisions (UPC) qualitatively describes data

p'+p - n+X | p'+Al— n+X

PHENIX
ZDC inclusive

T

\Spn= 200 GeV

p’+Au - n+X

0.4

0.2

PRL 120, 022001 (2018)

® ZDC inclusive

PHENIX

p'+A — n+X at {5, =200 GeV
Xg>0.5,0.3 <6<22mrad

B ZDC®BBC-tag

A ZDC®BBC-veto

3% scale uncertainty not shown

A

L [ ]
I A

p Al Au

[ ] | |
A

SRS

| I I | | ! | | | L

0 100 200

A (atomic mass number)
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0.2

0.15]

Weak xr dependence

PRD 105, 032004 (2022)

F 3] A, 0.01 < P,/[GeV/c] < 0.06
=] Ay 0.06 < P,/[GeV/c] < 0.11
F[+]A,0.11 <P /[GeV/c] < 0.16

ZDC inclusive [ 2015: p+p > n + X BBC Tag

: - PHENIX
@ [ Vs =200 GeV, n> 6.8 (o) |

- 3.4 % Polarization scale
I uncertainty not shown

BBC Veto

(©)

0.1{7%7] A, 0.16 < P,/[GeV/c] < 0.21 - -
& 0.05F - -
o .
[ [ == E== (v
: == = | & |
005 m - i @ [=
-0.1- -
L | | I | 1 | il | |
0.5 0.6 0.7 0.8 0.9 0.5 0.6 0.7 0.8
Xe Xg
PRD 105, 032004 (2022)
' PHENIX 0.40 <x, <0.55 |~ BBC Veto 0.55 < X, < 0.70
04E © {52200 GeV, 1>68 i .
r § @ [ 3.4 % Polarization scale - * \ ()
0-3; + \ [ uncertainty not shown ‘
02f- =
< E R
0.1 -
Fo- ] oo BH
Fofe =
o Lo f- - o
[ =S E
A e I P A S P B D S B B O P T P I A | | I |
F 30 prpo neX 0.70 < x, < 0.85 ... 0.85<x,<1.00
04— Mitsuka UPC+OPE = -
F 5] prAl> neX . () | e \ (d)
0.g[ 7 Mitsuka UPC+OPE lj NN E L N
o] p+Au— n+X r .
E Mitsuka UPC+OPE e F .- N -
& ’ h . - .
—n.1:—‘ E

Tl IR BT IR |
0.02 0.04 0.06 0.08 0.1

P RN BTN A AT AP I
0.12 0.14 0.16 0.18 0.2 0.22

P P AT AU PR AT TR ATRTE TS SR B
0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2 0.22

P, [GeV/c] P, [GeV/c]
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Summary

J After 20 years at the forefront of spin physics, PHENIX is winding
down its final analyses

O Exploration of longitudinal and transverse spin asymmetries has advanced our
understanding of hadronic spin structure and dynamics

O Final measurements will investigate Ag at low-x:
U Midrapidity n A, 510 GeV
1 Forward rapidity cluster A, 510 GeV

(d More interesting RHIC spin physics on the way

J STAR Forward Upgrade
1 First sSPHENIX spin data
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Backup
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Collinear QCD Factorization

L Mechanism needed to split the non-perturbative long-distance physics from the perturbative

short-distance physics

 QCD factorization proven to hold for a vast array of processes in collinear, leading twist limit
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Beyond leading twist collinear factorization

Transverse Momentum Dependent factorization

L Transverse momentum dependent (TMD) distributions
 Nonperturbative transverse momentum dependence in the leading twist PDFs or FFs
d TMD PDFs: spin-momentum correlation of initial-state proton and constituent parton
d TMD FFs: spin-momentum correlation of final-state hadron and fragmenting parton
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Beyond leading twist collinear factorization

Higher twist collinear factorization

 Twist 3 collinear multiparton correlators
 Higher order term in the 1/Q expansion of the cross section

O Interpretation: interference between a single parton state and a two-parton composite
state
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Preliminary forward n meson cross section 500
GeV

U First measurement of n meson cross section at forward rapidity in 500 GeV pp collisions

L Good agreement with NLO pQCD predictions

O Will be used in an update to the only global set of n meson fragmentation functions
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Preliminary Runl12 forward n meson A,

L Good agreement within uncertainties to previous published PHENIX results from 2008 with

greater reach to higher x;

 Future inclusion of minimum bias data will extend results to lower x;
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History of forward n meson TSSA

O pT +p > h+Xat forward rapidity accesses high x¢ region where large nonzero asymmetries
have been measured - probe of twist-3 ETQS qgqg correlator

(J Recent phenomenological work suggests that Ay for inclusive pions mostly due to Collins-like
twist-3 fragmentation term [PRD 89, 111501(R) (2014)]

( Comparing to forward ni°® Ay can highlight potential contribution from strange quarks
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