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The Proton Spin Structure (p+p)

Polarization experiments e —
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The Proton Spin Structure (p+p)

Polarization experiments
» Helicity
— Valence quarks
- Gluon polarization (l)
- Sea quarks (ll)
» Transversity
- Transverse spin (lil)
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momentum

gluon spin . .
1 1 AS 4+ AG+ L What is the connection
P T T to orbital angular
N N valence + sea quark & gluon
—~—— quark spin orbital motion momentum?
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The PHENIX Detector for Spin Physics

- 2012 PHENIX Detector \/\\l
Philosophy : PH-<ENIX
v High rate capability and granularity K
at cost of acceptance
v Good mass resolution & particle ID
v' Trigger for rare events TOF-Y 2
=
Il
n/y/m detection (central and forward) 2
Electromagnetic Calorimeter, MPC
nt/n~ (central)
Drift Chamber : ¥
Ring Imaging Cherenkov Counter e Beam View ha —
J/y (central and forward) ; Central Magnet
Muon Id/Muon Tracker
Resistive Plate Chambers (RPC)
Relative Luminosity
mum. South ZDC Zo:l_-

Beam Beam Counter (BBC) i
Zero Degree Calorimeter (ZDC) —_—_
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Local Polarimetry - ZDC
Filters for “rare” events
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Polarized proton runs
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. Gluon Polarization

Robust measurement covering wide x, region through
multiple channels:

Each experimental channel (=, v, etc) covers different
ranges in xq, have different systematics, and in principle,
uniquely contribute to a Global fit.
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. Gluon Polarization

Robust measurement covering wide x, region through
multiple channels:
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Cross sections
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Cross sections
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Neutral pion asymmetry

10.1103/PhysRevLett.113.012001

> Final PHENIX ° double spin asymmetry I
published in 2016 (including Run13) xAg V3

» Favor positive gluon polarization

- - -

> Sensitive down to x~ 102
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» Additional constrain in global fit beyond T S L
DSSV14 T
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» Charged pions sensitive to sign

change via pion A | ordering

> Reduced statistics compared to =° due

to triggering.
» 1 provides a good test for

strangeness fragmentation functions
sensitive to large scale
given by heavy flavor quark masses.

> Electrons:

PHIFENIX—

Charged pion, eta, and electron asymmetries

PhysRevD.91.012007 (2014)
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PHENIX——

Il. Sea Quark Helicity

/
Features:

» High energy scale, Parity violating,
Flavor conserving, Low rate

PHENIX Measurements:
— Midrapidity (|n| < 0.35): W* — e*
— Forward rapidity (1.2<|n| <2.2/

proton (polarized)

helicity = +
(chirality)

helicity = —
(chirality)

proton (un-polarized) N.A.v“ _\—\H — t.H
Sea quark polarization have sizable uncertainties (pre-RHIC).
OON# | | _______ I | L | I _______ | I L O.ON—.
04 - -1 [ = DSSV: PRD81 i
- X Au DSSV 1 [ xAd 094020(2010) 1 (5
002 5 4t -
- 0
] K S H
1 PIQRKIKIKHKX X HXHAK -
0F RRRRLIRILRIILS 7 002
- - IXIRAERAK ]
I {1 E RRRRK - -0.04
002 - [ ]
i | | | I I | _ | | 1111 _I i | | L1 1111 _ | | 1111 _I
0.06
10 -2 -1 -2 -1
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- PHENIX Run 2011 (500 GeV) +
0.3F ® Run 2012 (510 GeV) | |<0.35

W—e in Central Arms

PRD93, 051103 (2016)

2012

PHENIX Detector

PC3
PC3 Central
Magnet TEC

Yoz =weL

m-Amv —+Data - (w) Uncertainty in |
. PHENIX Run 2013 p+p 510 GeV 10°F — Jacobian peak <<_=._|wm| um.o_ao_.o:ma E
O;w _;o_Ao.wm ,,,,, — |mwwxw__moc=n_ - === WYZ e
AL O” _M,Vowomm‘\o ——— ] M ._Omm
|O.._WIA .5% polarization scale uncert. not shown) Iw w w
- CHE NLO calculations ] o
-0.2 . o 10
- DSSV 14 : 3
-0.3 : -
04 NNPDFpoli.1 k ° M
05 _ _ _ _ | m m ;
-04 -0.2 0 0.2 0404 -0.2 0 02 04 S 70790 30 40 50 60 10 20 30 40 50 60
n, n, pe [GeV/c] pe [GeV/c]
Ww* — e* A, with integrated Run11-13 data
» Leptonic W decays clearly visible via Jacobian peak
» Probed Bjorken x of ~0.16 (M,/ \'s)
» e significantly above latest global fit.
7 Sizable asymmetries found, consistent between experiments
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PHENIX Detector
PC3 Central PG
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0.50 5 . M
@WsZ0 ) gla) € Ib)e u
047 BHENIX Run 2¢ T -
0.3." Run 2012 (510 [ PHENIX 2011-2013 W*+Z"
.m 0.6-  ° n |<0.35, p2 > 30 GeVic - )
0.2F - € - - Uncertainty in |
- PHENIX Run 2C - N . background 3
0.1 In <035 04-  STAR2011-2012W* - 1 wzoe
N - | * pe> 25 GeV/c ) )
A O” _“Mmmv.%wommso ) _ o-Mul T l. ||
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T === pe>25 GeVic !
% —l o.— b b b by b T b b s b b bl n
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» F n, n,
» e significantly above latest global fit.
7 Sizable asymmetries found, consistent between experiments
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N RPC3

18.5m= 60 ft
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W—p in muon arms o = AL -
QQA\ 47 -—
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1.0 p——————————————————— i .\\ |
C (a) w +mlv%_+%m v [&1 AL (2012) ] ZDC South ZDC North
+p at \s = (& =
i PP (33 AL (2013) 7 MulD MulD
0 w.l [w] PHENIX A; (2011-2012), p ° >30GeV ]
=i [a] PHENIX A{ (2013), p: > 3FGev i MuTr
' E ) =t Al South Side View

PRD98, 032007 (2018)

* m4>_~ w_wm"u%\rmq_ Vw..mwwmwwduo.\m"wo: " quvlv<<Jx<W+2<<lv F) total cross section
—— RHICBOS
.............. ——— PYTHIA
2 B ¢ : il —— CHE
= L : ] e 4 STARW-e
: . NNPDFpoll. . PHENX W
-0.5F - DSSV DSSV 0.6 --- DSSV 0.5 - A & A PRL 106 (2011) 062001
- I BRNS KKP . ® PHENIX W—p
-1.0L -.N e -._ N o NN _ N N . moa“._.r%ummmuu.
n L
+ ? | — _._ m_o_ - _:_.vo_l_Ju_ _d_mo_ - _mn_uo_ - _m_mo_ — _mA_uo_ _
Ww* — u* A with Run13 data RO
» Vs =510 GeV, Int. L =277 pb-!
» Signal extraction via Wilikelihood + unbinned max. likelihood fit
— W cross section agrees within large uncertainty
» Theory parameterizations consistent with data except for some
— tension at backward W* and forward W-
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1. Transverse Spin (A,)

» The persistence of large transverse asymmetries at
RHIC energies, where collinear pQCD describes the

: : m_o.
cross-sections well, was a surprise. A, =
» The transverse structure of the nucleon is largely Pr
unknown

» Very forward neutron asymmetries, which is in soft
region, are also not well understood.

=z 0.2
i p+p—-n+ X

0.15}— @ PHENIX =° 3.1<n<3.8 \s=62.4 GeV
| A E7041° ys=19.4 GeV +

- % STAR n° <n>=3.3, /8=200 GeV

| Y% STAR n® <n>=3.7, =200 GeV +
- Phys.Rev.D. 90, 012006 +

s

0.1




Transverse Spin Asymmetry Sources

() Initial State Effects: “Sivers” (ll) Final State Effects: “Collins”

Correlation between proton-spin and Correlation between proton & quark spin
intrinsic transverse quark momentum + spin dependant fragmentation function

< fir (6, k2)- D} (2) oc &(x) - H,' (2,,k7)
- ~ { N ~

—
Sivers distribution (initial state) Quark transverse c,lins FF (final state)
spin distribution
S, s,

D. Sivers, Phys. Rev. D 41, 83 (1990) J. C. Collins, Nucl. Phys. B396, 161 (1993)
Twist-3 quark-gluon/gluon-gluon Twist-3 quark-gluon fragmentation
correlators in polarized hadron. function.

\|<|l
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Polarized proton runs l—lqm 3 m <m -..m m —
160
= 100 GeV
140 - B 11 e L . i i
- 250 GeV
120 fo \ ...... R A S . — 2006  pp 62.4 0.02  48%
100 \ b 2006  pp 200 2.7 51%
% / 2008  pp 200 52  46%
\ £ 2012 P=59% .
s L e 2012 PP 200 9.2  58%

Integrated polarized proton luminosity L [pb-!]

60 | w [ —

\ \ 2015 PP 200 50 60%
40 S _~ 2006 P=55%

[ 28 Ek\ 2015 pAu 200 1.27  60%
20 | 7 2005 a1 - 2015 pAl 200 3.97 54%

\\‘“\ 2003 _vuu\_.“.\..

S
NS
i
(o)}
oo

10 12 14 16 18 20
Weeks in physics

» PHENIX Ay measurements:
— Central (Jn|<0.35) n% n

— Forward (1.2<n<2.4) u, Jly (3.1<n<3.9) n%, n
— Very forward (n>5.9, 1.2<6<2.4 mrad) neutrons
—

PH-ENIX—==
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Ay: mid-rapidity n° and n (200 GeV)

pHp— 10+ X @ 200 GeV, <0.35

- 3.4% polarization
- 0.00 uncertainty not included
”ANQH.:tV 2 a.**ﬁ
0.05-0.00
© 0 2 4 5
i P_omso_ *
AN o”l..oaa.*““« ......... R CEETCETEEPEPEEY R PP PP EPPEPRETE
005~ ‘
- o PHENIX, PRD 90, 012006 Y
i +  This Result PH N m.z_x
B preliminary
0k N R B N
' 5 10 15 20
P, [GeVic]
0.03
- p+p - n+X, \s=200GeV, n<0.35
0.025— 3.4% polarization uncertainty not included
0.02}-
8 |/<\'
0.015}- PH ENIX e
> i preliminary
< 0.01+
0.005F
ol:.; ............... * ...... + ......... JRosanenrnTsRaRRRRSRSREENE S,
-0.005F +
S [NFURTURTURTUNN (VNN VN T YN [N U U W U N U U W U (NN WAV W WY W W U S U (N YNV WM (N SNVUNVENVEN Y
2 3 4 5 6 7 8 9 10
P, [GeV/c]

» 10 asymmetries consistent with

zero (to within 10+ at low p)
observed over a wide pyrange.

Constrains gluon Sivers
function (JHEP 09, 119 (2015))

n asymmetries are also

consistent with zero (to within
0.005 at low py)

n® / n may provide insight on
effects due to strangeness,
losospin, or mass .

7 process
contribution

(central)
(\s=200 GeV)

- Quark-Gluon
_H_ Gluon-Gluon
_H_ Quark-Quark

K. Barish

-0.35 <n < 0.35, °

11 11 1 1 11 11 11 1 1 11 1 1 111 1 11 1 1 --—-_
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Forward n° Ay (62.4 GeV)

z0.12 0 . .
< p+p — 70 + X, V5=62.4GeV n° process contribution
"1 @ PHENIX 12, 3.5<in/<3.8 ! in PHENIX forward arms
0.08—
: O PHENIX 1°, 3.1<[n|<3.5 Q _ 31<n<39, 10
0.06 ul Phys.Rev.D. 90, 012006 | ..m.. -o_a;.o___g
0.04[— % 8
- + w E Gluon-Gluon
0.02|—
- C _H_o_.m}.o:m;
0 Hlﬁ .................................................................. 0.4
: ] (Vs=200 GeV)
!O.OA'I— 1 1 1 — 1 1 — 1 1 — 1 1 L _ 1 1 1 .— 1 1 1 — °.-A_....N_____“__.._b_____m____W____ﬂ_____m___
06 0.4 0.2 0 0.2 0.4 0.6 p, (GeVic)
Xp =2pp \/\m

» Significant asymmetries for x>0 (~ linear for x> 0.2)
» Ay consistent with zero for xg<0

» Quark-gluon is the dominant partonic component.

N\
PH-ENIX—=
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Forward n° Ay \s dependence

=z 0.2
< T p+p — n° + X
| Phys.Rev.D. 90, 012006
0.15}~ @ PHENIX =° 3.1<n<3.8 {s=62.4 GeV A
A E7041° {s=19.4 GeV
- % STAR n° <n>=3.3, /=200 GeV +
0.1 ll ¥r STAR 1% <n>=3.7, \s=200 GeV + +
0.05/— r H* %
i *x Y
ol +%}$%.>w¢ﬁ ............................................
.|_ L1 1 _ L1 1 1 _ Lt 1 1 _ 11 1 1 _ 1 L1 1 _ L1 L1 _ L1 1 1 _ 11 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
: : X
» Sizable forward non-zero asymmetries "
> No dependence on\s apparent from 19.6 GeV to 200GeV
> Note: slight differences in pseudorapidity and/or p+
» Updated Run 12 data coming soon.
—
PH-ENIX—= K. Barish




A\ Forward single muon
Single muon A, from D meson decay > An consistent with

. . . zero within
» Production dominated by gg fusion uncertainties. but also

» Probes trigluon correlation functions  yith twist 3 models.

A-—J_“_mx_ m.—..wwwv—._a Phys R D84 (2011) 014026 V mcs\_m <<__U—J @.m .—n_gmm
- Kolke and Yoshida, Phys Rev. D84 (2011) | higher statistics

» Related to gluon Sivers distribution under analysis.
Phys.Rev.D. 95, 112001 (2017)

0.15

(@) ptp—p +X at /s =200 GeV —— Twist-3 model 1 (D—p) J| [ (b) p+p— ut+X at s=200 GeV __ Twist-3 model 1 (D—p) =
0.1 PHENIX 1.25<p <5.0 GeV/c - Twist-3 model 2 (D—pn) 5 I PHENIX 1.25<p <5.0 GeVlc - Twist-3 model 2 (D—y) 7
0.05 |- 1 F -
- [y 1t =
< Of % — .
S — - B el m
-0.05 |- _ ’ pu By =
0.1 <p>=2.1,1.5,1.5,2.1 GeV/c —4 F <p,>=2.1,1.5,1.5,2.1 GeVlc —
- (3.4% polarization scale uncertainty not shown) 1 F (3.4% polarization scale uncertainty not shown) .
UO.,_WI_______________________________________I l_______________________________________I
-0.1 -0.08 -0.06 -0.04 -0.02 O 0.02 0.04 0.06 0.08 0.1.1 -0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08 0.

—~—
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Nuclear Dependence on
Transverse Spin (A,)

|<|’
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An: mid- -.m_o_c__.c\ 70

A o_m_cm:o_m:ow

p+p— 7° + X @ 200 GeV, l<0.35

> Central rapidity Ay(n°) L I I
sensitive to Gluon _ - %Mso_ % # %
. . <C O —-=o--wo = hniniet“Siniet Siuiel Sieils (s i Iuniieieieiieiielieieileieininle ittty
Sivers Twist-3 counter- : . _
part L ¢ emacowen o PHYENIX
> Ay p*p results N oAU~ 0 +X © 200 GV, hi<0 35 *
consistent with zero 3 A ey o mtwed
Factor 3 increase B i i
precision from S B
Phys.Rev.D. 90, 012006 ok |
Higher p; reach B | | preiminary
> No m:-.ﬁlmmm inA oc _ow>_|v 2+ X @ 200 GeV, _;_Aoqw,m _. ?
QQUQ:QQ:OQ oomwmmm ..... i ----m----m----w---.ﬁ ..... % unceftainty not included
Asymmetry is consistent |~ o Q*
with zero within the < P [
uncertainties 005~ _ —
- relimintry
TN 01— [ B I
x—UIva%mZ_X - ’ ° p, Hm_mso_ " 20



An: mid-rapidity n° A dependence

p+p— 7° + X @ 200 GeV, l<0.35

0.1 3.4% polarization
O O.— U+>¢u.ﬂ°+*u E—Aonwm m o.momw w :.:33252 not included
ot 3.4% polarization o.omu-pgww 5 2 y H
| uncertainty not included - b, [GeVic]
\ﬁ'/b’ o oomll < OH| |||||| B hu:.m|||w:|w:lw ||||||||||||||||||||||||||||||||||||||||||
> i -
D B ~005 o PHENIX, PRD 90, 012006 ; Y = n
G = - . ThisResut Wﬂu_ﬂq:_wﬂ_ww
< O.I ..................................................... m -ouo W d_o A_m 20
N - * p+Au— =° + X @ 200 GeV, hi<0.35
- i 01 3.4% polarization
/m H C o.No e w::m ..... uncertainty not included
Z-0.005F o — 005 C 1
< "~ PH “ENIX e
. _u—.m__—.j_DmQ < O BN S ﬁ ...................................
-0 OA_I..:_ PR | T B
. ~0.05— ‘
1 - 10 10° - PHENIX
Atomic Number [A] of | | preliminary
: 5 10 15 20
V zo m:—ov—t_mmm n > o p+Al— o+ X @ 200 GeV, hi<0.35 -
- E ”ﬂm\m ﬂwﬁ.ﬂm “.o_ uded
dependence o ’
- Asymmetry is consistent _ L Pr GVl |
. e o < Ot R T i S aaET I
with zero within the - m _
uncertainties 005 ~—
- PHTENDX
— prelimina
Y -0 S T 5T T

PHENIX—

p, [GeV/c]



Ay Forward Charged Hadrons (200GeV)

arXiv:1903.07422 (2019), accepted for publication in PRL

20 oal @ %o (©)
L 004 ml_._.muﬁ% oo ﬂ_._w_,ﬁ_x_,vmz » Clear decrease
NN
0.03- Té h*, 0.1<x <0.2 0.03- *, h*, 0.1<x <0.2 of asymmetry as
002 T B Lo A4 a function of A
- - 50-84% . ]
0.01 0.01pHAl > Fit as a function
. prAll T 40727 +>_ 1/3
0 U+>:*W 0 %&oo} —u+> o.ﬂ >
i i 20-50% 0
0,01 . 0,01 zs+ » Suggests that the
- A - e o .
o= R o0 _Azw__ | suppression of
;_N_ﬁ\%_m_m_ 12 3 _n,_é_ T8 Ay is related to
A Neoi the density of
R 20} b) S 25 (d)
™ 16 oot amen | 20 =119 4 Soem) -0re nuclear matter
10 Oty o N traversed by the
S - o
0f | hemmseebo— | B emmeer7 | proton
0 1 o 2 3 0 1 m 2 3

K. Barisv
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Ay Forward J/y (200GeV)

0.25¢ 0.25¢
- = b
02F o P+ PRD98, 012006 (2018) 02F  ©p+p ®)
045E.  © PrA 0.15F  © p+Al
~E = p+Au 0.1 ™ P+Au
01 -
- 0.05F
0.055 * , 2z of @+ a+___
2 - | _Av &F L,* -OOmmI
< T T N t
0.05F + + -0.1 3 Forward >._€
= -0 Amml PHENIX p+p, v+>lv._>__+x
e PHENIX p+p, p+A — Jiy + X 02 e ety s s
-0.15 ISy = 200 GeV, |y | [1.2,2.2] 025b b b b b b s b b b b
- . 0 05 115 2 25 3 35 4 45 5
-o.mnl 3% scale uncertainty not shown o (GeV/c)
O 15 o1 005 0 005 01 015 02 0.25¢
Xe oof © PP (a)
° ° ml ® U+>_
> p +pandp + Al are consistent with om m prAu
zero, but p + Au favors negative Ay 0.05F L__
. o goo 2 - ¢,
(2 o significance) <o ! |
—Nonzero effect only visible at the lowest :
. T Backward >._“€
available Pt 015F  PHENXpup.peA Ty X
o o o 3 Syn =200 GeV, y<e[-2.2,-1.2
> One of the possible contributions by S Sl uncortanty notshoun
H 005 115 2 25 335 4 45 5
could come from electromagnetic GVl
)

interactions. e ———— K. Borish



Very Forward Neutron Ay (py<0.1GeV/c)

0.4

L X>05,0.3<6<22mrad

PHENIX
p'+A - n+X at |'s,,=200 GeV

® 7DC inclusive
B ZDC®BBC-tag

A 7ZDC®BBC-veto

3% scale uncertainty not shown

(atomic mass number

Unexpectedly large A
dependence in neutron

asymmetries
Sigh change seen

Possibility of ultra-
peripheral collisions(UPC)
effect, enhanced by Z2 for
nucleii

(anti-)Correlations with
main Collision detector
system enhancel/reduce
UPC contribution

P —

@ Bl t3mrad

D, magnet




IV. Evolution of PHENIX

Interaction Region

Original PHENIX

SPHENIX (+fsPHENIX?)

An EIC detector

» 16y+ operation
100+MS investment

» Broad spectrum of physics
(QGP, Hadron Physics, DM)

» 189+ published physics
papers with 25K citations

» 1.4M channel streaming

4

Comprehensive central upgrade
based on BaBar magnet

Rich jet and HF physics program
- nature of QGP

fsPHENIX : forward tracking, HCal
and muon ID - Spin, CNM

SPHENIX upgrade path leads
to a capable EIC detector

Large coverage of tracking,
calorimetry, and PID

Full streaming DAQ based
on sSPHENIX

h

209'[AtcC

~2000

2017 -> 2022, sPHENIX CD-1/3A Approval

> 2025

N\
PHENIX—

RHIC: A+A, spin-polarized p+p, spin-polarized p+A v

EIC: e+p, e+A v

K. Barisv



Summary

» Gluon polarization

- DSSV14 [, dx AG(x) = 0.20 *39¢ at 90 % C.L. (RHIC Run 6-9)

— Gluon spin contribution confirmed at higher collision energies.
— New measurements pushing to lower x

» Flavor decomposed quark distribution via W

— Polarized light sea seems to be asymmetric and disfavors pion
cloud models

» Transverse spin measurements

— TSSA measurements related to Collins and Sivers through twist
3 quark and gluon correlators.

— New information towards understanding transverse

asymmetries in hadron collisions, but also new puzzles (such as
A dependence)

N\
PHENIX—=

K. Barisv
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ch.:.m_ _o_o: asymmetry

arXiv:1702.05077

> Final _u_._mz_x ao double s, T

published in 2016 (incluc ..

. . w,\mumoo GeV [n|<0.35

» Favor positive gluon polé oo1 ; |

> Sensitive down to x~ 10~ 0.005 | g

. .. . NNPDFpol1.1 [

> Additional constraining °. ! NNPDFpol 1 (W) =
DSSV14 ©0.005¢ T PHENIX (run6-9) —=—

0.02 ao _u_._mz_x (runi2- va_ ]-l_ .

PhysRevD.93.011501 (2016)

- pp — n%+X |n|<0.35

| W 510 GeV: Runl2-13 0.01 £
0.02 510 GeV: rel. lum. uncertainty |
| ® 200 GeV: Run6-9 (PRD90,012007) 0.005 E
o 200 GeV: rel. lum. uncertainty

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

Au 0.01 [~
- PHENIX

0.015 |

0
T
Pt [GeV]
| Theory curves: LSS10p (dashed), DSSV14 (solid) and NNPDF1.1 4%«& _y ! 7
L L L L — 1 1 1 L 1 1 L 1 — 1 1 1 1 — 1 L 1 1 — 1 1 1
0 0.05 0.1 0 5 10 15
N X (=2p_/\s) p, (GeV/c)
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Forward EM clusters (3.1 <|n| < 3.8)

o.oow | T T I _ 1 Ll Ll T _ T T T T _ T
- PHENIX Prelimina . F 0 .
0.008 |- Run-2009 pp \s=200 GeV _ 0002 | >mr arXiv: 1501.01220 E
0.00s- 8-8% Vertical Scale Uncertainty - ]
E 31<[n[<3.9 ooor b ]
0.004 — _ X ]
= ®
£ 0.002 H * e T S—
5F |
< oL h ....... L. | N SRS SR X ]
e ! ﬂ 0001 7
-0.002— ? === DSSV 2014 !
- | C with 90% CL. band ]
— 0002 j. incl. 2 data: -
e S (Lertecton |
-O.OOQII -0.003 [ R R R TR 1 T "
B T e N T— 3 4 5 o [GeV
Cluster p_(GeVic) P [GeV]

EM clusters A, at very forward rapidity

» Run9 200 GeV preliminary (left) / Run11 500 GeV
preparing publication /
Run13 510 GeV analysis is underway (right)

» 19 rich (> 70 %) EM clusters
» Reaches Brorken x down to ~ 0.001

N\
PH-ENIX——=

K. Barisv



Forward J/ asymmetries

we'ol

10.1103/PhysRevD.94.112008 (2016)

— &
-
I
U 9¢
»

. 012 10.1103/PhysRevLett.113.012001 (2014)
< 0.1~ PHENIX w% 510 GeV @] . _
CJAp — utu xAg gg > Jhy + X o>+ X
o.om||_| PHENIX 2013 Data o1
0.0 goouming 40 nt _ |
0.04} |
0.02/- afp = ]
OMI ....... >* * " _.ucmm_,\\_h.---cm% o _U<._.._J_m
T T T e o e
GeV/ opg e . .
"% 5 Sensitive to gluon polarization
22 0% . down to x~10-3
0.04- » Production dominated by gg fusion
002 . > Interpretation difficult due to
of uncertainty in J/y production
P A mechanism
1.2 1.4 1.6 1.8 2 2.2
lyl
—

K. Barish
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Forward J/ asymmetries

10.1103/PhysRevD.94.112008 (2016)

= w60l

I
U 9¢
—
4
I
|
1

012 10.1103/PhysRevLett.113.012001 (2014)
= .
S u H Amv AAAAAAA S S ..._.” South ide View North
< o4 PHENIX p+p 510 GeV vy Q*=10Gev* 1 _ ATae T
C e—\.e - u _L.. XAg | o B i gg = Jy+ X sp' w+X
0.08 - pHENIX 2013 Data 0.1
- — PYTHIA+NNPDFpol1.1 20 range DT [ cerret s
0.06[~ assuming a’° " =1 —
- 0 e
o.OA.II IRHIC x rangel
0.02) ot p T S NEWEIT
m F DSS 1475
O I 0.2 el
- 10~ 107 0 x 1 ,
lo.omc —t ._‘ M - W —t A_. BE— m_ S _W - _ﬂ 10* 107 10% ‘_o,“so:..m:EB ﬂ_,mnn_oqw_
P, [GeV/c]
= 0.6 ~
[=>) .
s, 0.086f E
< E (b)
O.OA.I
0.02}- .
O
IO.ONI L L L 1 L 1 L 1 L n L 1 L " L 1 L " L
1.2 1.4 1.6 1.8 2 2.2
Iy o.al" 7 ----- NNPDFpoli.1
+ PHENIX 2013 A"Y assuming a’0 """ = 1
IO-m 1 1 _______ 1 L .-...— 1 1 § I S N N |
1073 1072 107" 1
X
TN
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Impact on Ag(x)

> Published Include in Global

DSSV14: 10.1103/PhysRevLett.113.012001

fittings 1.5 e
- 2006 200GeV and 62.4GeV 1° A, i DIS + SIDIS s RHIC projection.
B NOO@ NOOOQ/\ ﬁ‘.o \b_l_u I 90% C.L. constraint amSmNo._u. )
- —— DSSV 2014 mmm EIC projection
- 2012,2013 510GeV 1° 4, 9 1 with 90% C.L. band VS=78GeV  —
> Published, Not yetincludein T ¢
Global fittings =

- 2013 510GeV Central * A,
- 2013 510GeV Forward /Iy A,
> Ongoing

- 2013 510GeV Central direct .
photon A4, Q=10 GeV? |

- 2013 Jet A, at central rapidity P T R I AN

- 2009, 2011 di-n® A, 10> 10" 107 107 10" 1

- 2011, 2013 500, 510GeV Forward X min

ﬁ.o \b_l_u

\|<|’

PH-ENIX—= K. Barish




Polarized light sea-quark constraints

0.04

o“.“.w x(au-ad) NNPDFpol1.1: lm o._“M Sea mm<330:_v_z_u_”.u_uvo_‘_ A lm
omw m..x_< Kom 7122: z.o arXiv:1406.7122:

0.02

-0.02—
.o..xul Q°=10 GeV? -==-MC (z-p) ---- PB (ansatz)
006 || NNPDFpolt.1 —MC(p) ---CQSM
-0.08F- [ ] DSSV08 ay?<1 -~'MC (z-0) --ST
' Lo vl Lol L L i
10° 102 107 1
X

:::::
fffff
::::::
ffffffff
:::::::::
::::::::::

\\\\\

..............

| NNPDF2.3

Lol

xd-o

Lol

| I

102

10"

X

» STAR 2012 data at boundary of DSSV uncertainty bands
» Reweighted NNPDFpol1.1 shows substantial polarized light sea

asymmetry

» Opposite sign to most cloud models

» All PHENIX data (central and forward) published

TN
PH-<ENIX—==

)
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Forward A\ for EM Clusters

MPC Vs =200 GeV
tower size 2.25%2cm? 0412
220 cm from vertex < F p+p — Cluster + X, /s=200GeV
PRI 0.1
o.omwl ® 3.5<|n|<3.8 m.v
o.omml O 3.1<|n|<3.5 ﬂ
n% Phys.Rev.D. 90, 012006
0.04f— ®
- 5 O
0.02 ul w..
, Of—}---- +..o-®G® .....................................................
Decay photon impact positions 02 WQ
for low and high energy n%’s. 0.04F-
. ) 05 o4 oz 0 oz od 0.6
EM Cluster contribution X

dAecayphpen_ Magnitude of forward
ﬁo - asymmetries similar to
N E704 (19.4 GeV/c?) and
direct photon STAR at (200GeV/c?)

K. Barish



Forward Ay(n) x dependence

L pip —1+X (V5=200GeV) :
Vertical scale uncert. 4.8%

02+ © Xp <0 _
. ® x>0

Phys.Rev.D. 90, 0728008
IO.N I I | 1 1 I 1 | 1 1 1 1

_
-0.5 0 0.5

» Rising Ay ranging from 2% to 20% for positive (forward) x¢
» Consistent with flat & zero (1.7c) at negative (backward) xg

\|<I’
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Forward Ay(n) py dependence

03l p+p —N+X (V5=200GeV) Phys.Rev.D. 90, 0728008 -
"L Vertical scale uncert. 4.8% i

[ 0 x:<0 KK Twist-3n (x_>0.2.3.1<n<3.7) — |

- @ x>0 i

0.2 -

z L ]
< i .
0.1F -

Ol .............. —

| 2 3 4
Transverse momentum, P, [GeV/c]|

» Xg> 0.2: Non-zero asymmetry is seen <Ay>=0.061+£0.012.
» Xg<-0.2: Consistent with zero within 1.7c

\|<|’
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Di-hadron and h-y correlations

Phys.Rev. D95 (2017) 072002

> Look at angular N pepatiesioGer R,

R i, 10" 21 ppAn A - ww MM%W
correlation between T 0E Sreaoceve A v T sey
nearly back-to-back S g e e e LR
particles m_w“w .

Z 10 T
» Widths of Gaussian WE
oogﬁo:m:.ﬁm QmOWmmmm “MHW”“B_ e | ...,“\_____.\._\_ TR TR A /, L I M.
with trigger particle T P T
momentum => evolution [ oprenxmn " PHENIX 17 Linear Fit
. -qumu__wwm D PHENIX y-h* Linear Fit _
—_ erugia0 n%-h* — _h* Li i
30._n Qq._<®3 U< ._..—..—m Omm an 07 ™ PYTHIA _um..cmmmo«-_._» wﬁn“» ﬂ:@rr:..ﬂﬂw..mﬂ:l
soft factor (incontrast § hoss
. = - +p at {s=510 Ge -
with DY and SIDIS). £ | mem . creMcioGee
: s = ©
» Pythia qualitatively §
describes this effect 3 0s
@ 4B $ O
PR !

PH--ENIX- 7" - ==
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1
\I<I’ \

» Look at angular
correlation between
nearly back-to-back
particles

» Widths of Gaussian
components decrease
with trigger particle

momentum => evolution

not driven by the CSS

soft factor (in contrast
with DY and SIDIS).

» Pythia qualitatively
describes this effec

kL + ai pr
(b) R

///\\\ “. trig
\\\///mz—u direct photon p.

Di-hadron and h-y correlations

Phys.Rev. D95 (2017) 072002

y-h -t pr? [GeVic]
% 45

10 p+p at Vs=510 GeV

=

I phoss 5 e
_ -1 (X
- Sm. WAEX@ A 7-8 (x1 %v
— 10° a s s VvV 89 (xi
m o 0.7<p™<10 oms,.m . M w-mwaw
> g &+ & 12415 (x10%)
S o PHENIX A\
m D.wdoa <
1_A.um 107 .
Z 107 T, L N AR
10°% : s f.\ mm Y v
10° e N =
S.aﬂ..n..‘o Ma% AN VR e e -..m,
BT o S S L1/ R L AR VS PO 5
8 -6 4 2 0 2 4 6 8
P, [GeV/c]
0.8—
O PHENIX n%-h* —— PHENIX n°%-h* Linear Fit
| ® PHENIX y-h" -—---- PHENIX y-h* Linear Fit _
— OPYTHIA Perugia0 n®-h* —— PYTHIA n®-h* Linear Fit
an 0.7 W PYTHIA Perugia0 y-h* ——--- PYTHIA y-h" Linear Fit _|
% Inl<0.35
= p+p at Vs=510 GeV 7
B Rem 0.7<p; <10 GeV/c
M 0.6 .
c
e
2]
% -
s 0.5
)




Very forward Ay (p<0.1GeVi/c)

Very forward :m:?o: production in pp collision

__K v ; ® Bl [3mrad
D, magnet

PQCD not applicable (p+ < 0.1 GeVi/c)

Mechanism, Regge theory?
» Pion exchange?
» Pomeron exchange & decay?
» Other reggeons?

Asymmetries
» Initial surprise, used for polarimetry
at RHIC
» Can arise from interference between
a spin flip and non-flip with different
phases, e.g. n-a;
» A dependence?

\|<|’
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