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PHENIX detector UCLA

@ |n| < 0.35 and 7 coverage for ¢. 2012 PHENIX Detec’[g;

e EMCal: primary detector for photons. ey Mam T _

o EMCal trigger: select high energy particles.

@ DC: measure charged particles.

e PC3: track matching. e

@ RICH: PID from Cerenkov light. i
=g
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Zhongling Ji (UCLA) Recent spin results from PHENIX June 8, 2022 3/25



Probing the gluon spin inside the proton

@ The proton spin can be decomposed as
1 1
5= EZAq+Ag+Lq+Lg
q

Gluon spin Ag is important for the proton spin puzzle.
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Little fragmentation contributions to direct photon production.
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Jet and charged pion production

Jet production

é 0.6
o Larger statistics: not suppressed by small g 04l
QED coupling. g
w — %4X
o RHIC 200 GeV data probe 0.05 < x < 0.2. ool Hew
@ RHIC 510 GeV data probe 0.02 < x < 0.08. i .
[ Solid:  (s=200 GeV
F Dotted: (=500 GeV
G0 0.‘05 OI.1 0.‘15 0.2
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From A;; to Ag UCLA

L L o B e O L e |

o Existing RHIC data mainly probe 0.05 < x; < 0.2. = |
e PHENIX 7% A;; at 510 GeV confirms a nonzero Ag and =R ,‘Wﬁ%fﬁm b
x [ Z#7 DSsv¢
extend Xg to 0.01. 32(5: 90% C.L. region| -
< S A DSSV
@ STAR jet data clearly imply a polarization of gluons in 05 .
this range. I
@ Results from 7, jet and 7% will add additional oL ]
independent constraints on the Ag. ,
; e ]
05 Q*=10GeV? .
c b b b b bawaa |l

-0.2 -0.1 -0 01 , 02 0.3
[ dx Ag(x)
0.05

PRL 113, 012001 (2014)
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Identifying direct photon through isolation UCLA

Fcone = (677)2 + ((5¢) =0.5

Isolation cut requirement:
Z Ein cone < OlE’y

Bremsstrahlung:
Hard to pass
isolation cut

Fragmentation:
Hard to pass
isolation cut
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Direct photon cross section UCLA

o Consistent with NLO pQCD.
Isolated direct photon cross section (©)

@ MPI and parton shower are important for 10%, pep V5 =510 Gev, <025
inclusive direct photon production. \

Isolation cut condition

Teone = | (BN + (59)° = 0.5

Eqone < 0.1E,

@ Constrain unpolarized gluon PDF.

* PHENIX Data

Ed®/dp® (pb GeV2 c3)
=
o

1.5~
[ POWHEG +PYTHIA8 L nopaco
[ —— with MPI E (by W. Vogelsang)
L F NNPDF3.0 PDF
[ without MPI - GRVFF
o 10 H=p./2,p, 20,
£ 5 o R R R R
= 2 08"
'm>:° - 8 50_4}?"
" E18 . .F -
7# T DL 020 —oretig e Pomceecrns
0 57 L NLO pQCD (by W. Vogelsang) slE F e R IR IR l
L NNPDF3.0 PDF & GRV FF 8 o e e T
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p, (GeVvic) arXiv:2202.08158
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Direct photon A;; UCLA

T B+P - y*°+X, Vs=510 GeV, || <0.25
@ Consistent with NLO DSSV14. 0.04¢
@ Will be the first published direct photon Ay;. 000: I
UL
@ Constrain polarized gluon PDF Ag. [ f 1
=N QL—//
< 07 _T_ T J
i * PHENIX Data
-0.02
[ —— DSSV14 with DSSV, . uncertainty
-0.04 —— — -
5 20

10 15
P, (GeV/c)

arXiv:2202.08158
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Jet cross section UCLA

e Calculation from NLO + In(R) resummation  §
: o
overestimates data. 3 Unpolarized NLOSLNR (Kang and Ringe)
. . . o ——=— PHENIX p+p 2013 {5 = 510 GeV
@ The calculation is at partonic level: MPlland § F PI<0.15, Paronic et antek, R=0.3
parton shower are important. 5 E ~—
o _ wg PHENIX
@ Similar observation from CMS, for small R wb preliminary
anti-kr. wz%
i b -
511: -
g 14
£ 12
1.
% 06
o 04
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90 100
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Jet ALL

o Consistent with DSSV14 at NLO + In(R)
resummation.

@ Independent constraint on polarized gluon
PDF Ag.

@ Uncertainty are correlated due to unfolding.

I
s

preliminary

o

-0.02

-0.04

-0.06

-0.08

|
©

NLO + InR, DSSV14, Kang & Ringer
PHENIX 2013 pp 15 = 510 GeV
Inl<0.15, anti-k_R=0.3

STAR 2012 (510 GeV, |n|<0.5, R=0.6)

6.5% pol. scale uncertainty not shown

10
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Charged pion A;; UCLA

24 F T T T T — - T T T T T
- - — .
504~ PP ® p+X1h|<0.35 Vs=510 GeV PHENIX %.15; pp ® p*+X |h|<0.35 PHENIX _]
r p* ] - |
F : p b r m p*Vs=510 GeV ]
003~ 5 po(Phys. Rev. D 93, 011501) ] = e p: (s=510 GeV ]
[ — — DSSV'14 for p* (Phys. Rev. Lett. ] 0-1f A P Vs=200 GeV (Phys. Rev. D 91, 032001) ]
Y E— DSSV'14forp 113, ] L v p:Vs=200 GeV (Phys. Rev. D 91, 032001) i
[ ----DSSV14forp® 012001) ] [ [ 510 GeV rel. lum. uncertainty 1
0.01} [ Rel. lum. uncertainty %- = 0.055 [y 200 GeV rel. lum. uncertainty ]
: i 5 S ﬂ L # ]
0 + ]
C ] 0
r ] o | 4
-0.01— — r o 1
[ Datapoints for p*slightly shifted horizontally for legibility ] o 05* Data points for p*slightly shifted honzontally for legibility R
_0.02 6.5% pol. scale uncertainty not shown E "I 510 GeV /200 GeV pol. scale uncert. 6.5%/4.8% 1
C L | R Ll 1l P PR I N Ll | 1
4 6 8 10 12 14 0.02 0.04 0.06 0.08 0.1
p, [Gevic] xT(:ZpT/\E)
e PRD 102, 032001 (2020) @ 510 GeV data probe low x range.
o Consistent with DSSV14. o Not enough statistics to decide 7% order.
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Transverse Single Spin Asymmetry (TSSA) UCLA
LEFT\ 100GeV
\ * i °Proton
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Origin of TSSA: TMD UCLA

Leading Twist TMDs Q Nucleon Spin @ Quark Spin

Quark Polarization

Un-Polarized Longitudinally Polarized = Transversely Polarized
(U] (8]

v 1=® ”1L=®_ @

Boer-Mulders

Helicity
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When Q > kr Z /\QCD :
Quark correlation matrix ®7%(x, kr) ~ Tr[Ty* & (x, kr)] — TMD functions
(P, S|gs(é—, &r)W ™ (€-, 00)W T (&7, 00) x

W (50, 0) W~ (—00,0)q(0_,07)|P, S) [Progress in Particle and Nuclear Physics 65, 267]
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Origin of TSSA: Collinear twist-3 UCLA

q(xuP) G* 9(xP) [PRL 67, 2264] When Q, k1 > Agcp

Collinear twist-3 function ¢(3)(x1,xz, St) ~

P, S7) 5 (P, 7| 929 (P, Stla(P)y" €5 G Sta(xP)|P, St)
gog: CG ey GIT S GO, C7Pe = if "< or d7°
Doco(ST) = 0O (x1, %0, S7) @ A (x') © 6 @ DP(z) — Sivers type
[PRD 59, 014004] + 6q'@(x, S7) ® ) (x], x5) ® 6" © DP(z) — Boer-Mulders type
+ 8¢9 (x,57) @ dD(x') © 6" @ D (2, 2,) — Collins type

[PRL 97, 082002] When Q@ >> kT > Aqcp, relation between collinear twist-3 and TMD :
OO, x,Sr) ~ [ Phr(K /Me) iy k).

Aoco(ST) = AoTmp(ST) at leading k1/Q.
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Direct photon Ay UCLA

First direct photon Ap.
Measured Ap consistent with zero.
Small contribution from qgq correlation.

Clean extraction of ggg correlation. 0

_l,uu‘mww

[ === qgq Contribution
L — — ggg Contribution Model 1, min/max

ggg models have different gluon PDFs.

Constrain gluon spin-momentum correlations. ~ -0.01— - 999 Contribution Model 2, min/max

56 7 8 9 10 11 12
pT[GeV/c]

PRL 127, 162001 (2021)
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70 and n Ay UCLA

0.04-PHENIX p' +p, s = 200 GeV, |n|<0.35 [p'+p - ™+X, Vs =200GeV, |n|<0.35
+ ' 0.001
[ PR TPEX 001 o PHENIX
[ ap' 5 [ _0.001
0.02 P *P ”*Xl N T
< 0;____1__ N &i Aok [ 2= qgq Contribution TT
I ¥y % % ] [ ——GPM
L -0.01— - CGI-GPM Scenario 1
L C CGI-GPM Scenario 2
_0'02\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\‘\ I T I N [ SN VRS M M1
2 4 6 8 10 12 14 2 4 6 8 10 12 14
P, [GeVic] P, [GeVic]

o PRD 103, 052009 (2021) @ Small gqggq and constrain ggg.
e Sivers TMD PDF: GPM and CGI-GPM.

@ CPI-GPM include initial- and final-
interactions to reproduce Sivers sign change.

@ Improved stat. uncertainty.

@ Consistent with previous measurement and
with zero.
@ Scenario 1 (2) maximize (minimize) open

° ATI\rIO vs A}: strangeness, isospin and mass. heavy flavor TSSA.
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Charged pion Ay UCLA

=z
<
" PHENIX
0.03 .
.. . . p'+p - T+ X,{s=200 GeV, |n|<0.35
o Low statistics due to few 7 fire triggers. 0020 3.4% Polarization scale uncertainty not shown

o x2 ~ 9 (ndf = 5) between 7.

@ Indicate differences between 7=.

0.0.

o

\‘\H\!HH'THH‘HH‘HH‘H
T o
e —o—

-0.01

T
=
-
=
)
@
7]
=X
=

—o,ozf——#— T, this result
—#— 1° from PRD 103 (2021), 052009

-0.03 — Tt qgq Contribution from Cammarota, et al '20
r — 1" gqgq Contribution from Cammarota, et al '20

- b b b b oy |
0.04 2 4 6 8 10 12

14
P, [GeVic]

PRD 105, 032003 (2022)
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Open heavy flavor e* Ay in p+p UCLA

e Signal: OHF dacay e*.
@ Backgrounds:

o et from 7°, 7, 44", J/, K2, KE. <008 pTip e+ X . Open Heavy Flavor e*
o Misidentified e (primary 7). 0.06= V5 =200GeV = Open Heavy Flavor e
@ Mainly from gg hard interactions 0,045 QLEEI'&S PRD78, 114013
— Sensitive to ggg correlators Téf’d). 002k _ &: ﬁg :{881 8:11; gg
=03 N n ) PRD84, 014026 g
3 Ay(p'+p = HF(e™) + X) . 02: Kg= 6.0x10" - Kg = 2 5x10
© £ - 2 V =V. —
~o2 Is =200 Ge g - Kg = 6.0x10% = Kg = 2.5x10*
Il < 0.35 —0.041
o1 PHENIX —0.06}‘ B 3.4% polarization scale uncertainty not included
P 1 2 3 4 5 6 7 8
O BesiF Theory: PRD78, 114013 p, [GeVic]
S ARy .
025 015 005 005 0.1 arXiv:2204.12899

2, [GeV]

T8 (x,x) = Ar.aG(x)
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Forward neutron Ay in p+p UCLA

@ Mainly from 7-R interference in hadronic interactions. _=

<
. . . C PHENIX
@ Negative Ay with linear pt dependence. 0.02r
ok
» , Amp =Rp) o s SRR
— =1 V. Emm -00dD o
' — P e F
X m R = z *%gf " ~0.061- JA
X E 01 i * ¥ F
— — oss] . Toory d -0.08
P n n P =
- LR R BT _04-
7-R interference ar (GeV) 0 E
-0.12F Pol3 .
= 2015:p'ap - n e X
0.14 Power La?"’ \!§=1520'3 G':v, nn> 68
PRD 84, 114012 (2011 e g Exponential 3.4 % Polarization scale
) ( ) —0.18 B ‘Unfoldec‘I Ay | uncerltamty not s‘hown
0 01 015 02

0.25 0.3
P, [GeV/c]

PRD 103, 032007 (2021)
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Forward neutron Ay in p+A UCLA

e UPC: Positive Ay with Z? dependence. 0'* o ‘_/;:E(/H/@
o AUPCHHAD _ aupcAy“+onapAy™ of P o
N oupctOHAD .oi— g/ X
o PRC 95, 044908 (2017) B
0.4 PHENIX ® ZDC inclusive

® ZDCABBC-tag

p+A ® n+X at |5,=200 GeV

L x>05,03<qg<22mrad A ZDCABBC-veto

3% scale uncertainty not shown

0.2- !
<t *
o ZDC®BBC-tag(N N S): Select hadronic interactions.
o ZDC®BBC-veto(N N S): Select UPC interactions. 0 AAI Au
@ Strong A dependence in inclusive and BBC-veto. 1 .
o PRL 120, 022001 (2018) TR
0 100 200

A (atomic mass number)
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Forward neutron Ay vs pr and xr

PHENIX

UCLA

<onf at0en <oss | @S pN nox eom | € F [y yrprey oy TR
E FHENIC — 2Z0C Inclusive. gomenets o FHENDC . 0C Inclusive. bl
T o s . 3 2 oo >
‘uncartainty not shown o ‘uncartainty not
3 presesery
- d
E 1=
6 E =
i E

="

o vl

="

o vl

F05

0.4

0.3]

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

[%] A, 0.16 < P/[GeV/c] < 0.21

a

ZDC inclusive [

2015: p+Au > n+ X
VSTN= 200 GeV, 1> 6.8
— 3.4 % Polarization scale
uncertainty not shown

5

BBC Tag

I PHENIX

b

BBC Veto

o Lo e b b e L L

Xe

B
0.5 0.6 0.7 0.8

Xe
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Summary UCLA

Gluon spin is important for proton spin decomposition and the proton spin puzzle.
Direct photon production have little fragmentation contributions.
Jet and ©F production have larger statistics.

Contribute to future global analyses together with forward cluster and forward/central 1 Ay;.

TSSA measurements from ~, 7%, 7, 7+, OHF e® are important to understand the qgq and ggg
correlations in collinear twist-3 formalism as well as the TMD functions.

Forward neutron Ay in p+A results from both hadronic and EM interactions.
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UCLA
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Processes
[ Reaction Dom. partonic process | probes | LO Feynman diagram

p—m+X 39— g9 Ag }“’“i
a9 — q9 j f

PP — jet(s) + X 93 — g9 Ag (as above)
q9 — q9

p—y+X 49 — g Ag

pp—y+jet+ X a9 — vq Ag >_‘<

-+ X qq— vy Aq, Aq —

—
P9 — DX,BX 4§ — c¢, bb Ag

1
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