D
,“

v Nucleon helicity structure

v’ Transverse spin phenomena in pp
v’ Polarized p + A




RHIC Spin

» How do quarks and gluons t}% ‘
build the proton spin %4 4

» What do transverse spin
phenomena teach us

x f1(x, kT, St)

— ! ]| T T T
51 Q= 10 GeV? u quark
Eos [ 0.5
_'g
o6 - s
[0)
9
04 . s
02 | . -0.5
A.Bazilevsky, Diffracti® s i -0.5 0 0.5 -0.5 0 0.5 2
10 ) B B B B

107 107 107 107 107, 1 ky(GeV) ky(GeV)



PHENIX Spin @ RHIC

Absolute Polarimeter

RHIC pC Polarimeters

(H jet)

Spin Running in PHENIX, long./trans.

7

L =2x107 s"'em™

m

70% Polarization

50 </s <510 GeV

BRAHMS & A,DY

Siberian Snakes

2 x 1011 Pol. Protons / Bunch

Partial Siberian Snake
e =20 T mm mrad

LS BOOSTER

Pol. Proton Source
500 pA, 300 us

¥~ AGS Internal Polarimeter

200 MeV Polarimeter v
Rf Dipoles

A.Bazilevsky, Diffraction-2016

Lpb"] | Pol.
Year | Vs [GeV] | (recorded) [%]
2002 200 -/0.15 15
2003 200 0.35/- 27
2004 200 012/ - 40
2005 200 | 34/0.2 49
2006 200 | 7.5/27 57
2006 62.4 | 0.08/0.02 48
2008 200 -/5.2 45
2009 200 16/ - 55
2009 500 14/ - 39
2011 500 18/ - 48
2012 200 -/9.7 56
2012 510 32/ - 50
2013 510 155/ - 51
2015 200 - /50 57
2015 | pAu@200 -/1.3 60
2015 | pAl@200 - /4.0 54




PHENIX Detector

2012 o PHENIX Detector 4

_ ), v, M

Electromagnetic Calorimeter: |n|<0.35
Muon Piston Calorimeter: 3.1<|n|<3.9

s, e, JAp—e*e, W—e: |n|<0.35
Drift, Pad Chambers, VTX (|n|<1)

!
>

weL

i Ring Imaging Cherenkov Counter, ToF
| W Electromagnetic Calorimeter
West Beam View East - M; J/"LP%M'I-M-’ W%M : 1'2< |TI | <2'4
T e o i Muon Id/Muon Tracker
/ l,,/"//_,’l . : . ‘\\\‘:‘\\\0\\ FVTX
z s Relative Luminosity
ZDCSouth |3 % ‘h}N | ZDC Norih Beam Beam Counter (BBC)
TP B Mt Zero Degree Calorimeter (ZDC)
Local Polarimetry - zbc & smb
Spin direction control
Y South Side View North
. 18.5m= 60 >

A.Bazilevsky, Diffraction-2016



AG:mO A,  Falessacs

goof w The most abundant probe in PHENIX
- S (triggering + identification capability)

§ 04

g PRD93, 011501 (2016)

o .
N
LI RN B B

- pp — n%+X [n|<0.35
B 510 GeV: Runi2-13

Solid: {2=200 GeV

- Dottad: {2=500 GeV 0.02 510 GeV: rel. lum. uncertainty )
ol e L | @ 200 GeV: Runé-9 (PRD90,012007)
0 0.05 0-1 0'1,2 (=2p/ S)-2 = 200 GeV: rel. lum. uncertainty )
- 510 GeV /200 GeV pol. scale uncert. 6.5% L e
< 001} —
- PHENIX {. = . g
AgAG Ag Ag - oz
4 G 7 g ol W sl
+ + B 0t . a
Wfﬁ};} & | Theory curves: LSS10p (dashed), DSSV14 (solid) and NNPDF1.1 (fa&d)
- 1 1 I I | 1 1 1 1
0 0.05 0.1
X1 (=2p_/\s)

Non-zero A, associated with non-zero AG !

A.Bazilevsky, Diffraction-2016 5



DSSV:

AG: DIS+pp global QCD fit D. de Florian

T l T T T I L S A ) I T T T T l L} [ LS '
~~ 4
e
0 5% NEW FIT ]
<2 1 ™ 0% CL. region mi
> ® DSSV=® i
Te) o - 90% C.1.. region
S—8 .
S 73 A DSSV |
05 - —
0 i
05 F Q°=10GeV- N
l L l l L Ll l A il L l L L AL l
0.2  -0.1 -0 0.1 , 02 0.3
_f dx Ag(x)

0.05

R. Sassot
M. Stratmann
W. Vogelsang

pp: PHENIX + STAR

DSSV: Phys Rev Lett, 101, 072001 (2008)
Data from up to 2006

New DSSV: Phys Rev Lett, 113, 012001 (2014)
Data from up to 2009

1
f dxAg(x)=02%70  (90% CL)

0.05

Significant non-zero Ag(x) in the kin. region probed by RHIC
Similar result from another global fit NNPDF

Still huge uncertainty in unmeasured region (x<0.05)

=> Measurements at higher \s and forward rapidity

A.Bazilevsky, Diffraction-2016



AG: Towards lower x  §-lesgaces;

pp — JAW at Vs=510 GeV 1.2<|n|<2.4

gg—oJy+ X sp n+X

Get access Already
to x down constrained
to 2x10-3 by RHIC

A.Bazilevsky, Diffraction-2016

arXiv: 1606.01815

C (a)
- PHENIX p+p 510 GeV

0.1 )
Jhy - u!::

0.08 1 pHENIX 2013 Data

- . PYTHIA+NNPDFpol1.1 2¢ ran
0.067 x0T I

assuming &,

0.04F
0.02F I '
0 +"""'l":::::::::::::::::::

P, [GeVic]

J/p production mechanism uncertainty
Not yet in the global fit



0.003

0.002

0.001

-0.001

0002 |

0003 L—

70 in forward region at Vs=510 GeV:

A.Bazilevsky, Diffraction-2016

AG: Towards lower x

n0: 3.1<n|<3.9

=— DSSV 2014
with 90% C.L. band

. 0
+ proj. incl. w data:
510 GeV, 3.1 <l <3.9

3

4

> pp[GeV]

Based on collected 2013 data
Probes lower x down to ~10-3

Projection

From available
PHENIX+STAR

data from 2011-15

—

1.5

1
on
<
ES o
O £
—

0.5

Aschenauer, Stratmann,Sassot

arXiv: 1509.06489

DIS + SIDIS
90% C.L. constraint

== DSSV 2014
with 90% C.L. band

s RHIC projection |
data < 2015 i

mmm EIC projection
Vs =78 GeV

min

Other channels also being measured
(but with weaker stat. power)
Y, M, £, h£, heavy flavor through
¢ and , h-h, y-h



Ag-bar: W= — e* [ iuijeacei,
n[<0.35

Constrains flavor separated (anti-)quark polarization at high Q~My,
at x>0.05, with no fragmentation involved (as in SIDIS)

PRD93, 051103 (2016)

’ g(a) w+Z°

0.4 pHENIX Run 2011 (500 GeV) +

0.35_' Run 2012 (510 GeV) | |<0.35

0.2F I I
C  PHENIX Run 2013 p+p 510 GeV ] E i b -]

01;_lm<°35 .:.:..: :.: ....... _—"'é

-
-

o

CHE NLO calculations

---- DSSV 14

[ nwPDFpolt.1 £

| | | | | 7
04 -02 0 02 0404 -02 0 02 04

" "

A.Bazilevsky, Diffraction-2016 9



Ag-bar: W= — p*
1.2<n|<2.4

Constrains flavor separated (anti-)quark polarization at high Q~My,
at x>0.05, with no fragmentation involved (as in SIDIS)

< i WHZoptet " P>16GeV P >30GeV
[ Run 13: p+pat ¥s = 510 GeV *] /\;‘lJOISl ] A;(ZOII—ZOIZ):
! [&] A] (2013) ]
0} e ]
L — DSSV
[l NS K ;
0.0 5 D 0
P — \ ﬁ Uncertainties are large due to sizable
0.5} | background (S/B=0.2—1)
. L : — i ..
< p Ve pHTENKX < Working to reduce syst. uncertainties
[ preliminary ]
Publication in preparation
Sampled Luminosity: 277 pb™' per arm (2013) |
1073 I 0 i 2
n

A.Bazilevsky, Diffraction-2016 10



Ay (%)

Transverse Spin Asymmetries

Large Transverse Spin Asymmetries
have been observed in pTp

PRL 36, 929 (1976)
40 + "
20 o’ o
O %
Of--------=--- o --1
-20 | %
w0l ANL Z6S
Vs=4.9 GeV
_60 aaaslasaalasaalanaalansalasnallasaslassalaasalaanasl

A BaZi|g</2$ky0b4if&

06 08
action-2016

F

1

60
PRD 65, 092008 (2002)
40 -
‘shb
20 - °
Of------- !gb """"
O
20} %
40| BNL AGS
| V5=6.6 GeV
002704 08 08 1
Xe

- PLB 261, 201 (1991)
- PLB 264, 462 (1991) +

: Q
FNAL Q

-

02 04 06 08
Xr

1

11



Forward-rapidity 0 A,

PRD90, 012006 (2014)

0.2

p+p—=m?+ X

LI

0.15|— ® PHENIX = 3.1<<3.8, (s=62.4 GeV
A E704 11° 1.0<1)<4.6, {s=19.4 GeV

- % STAR <i>=3.3, (s=200 GeV

[ ¥r STAR T <i;>=3.7, {s=200 GeV

.

J 01— +
0.05 — ** #?

. * %

- *, W

o—% ——————— { -—+-*x—-‘ift- -----------------------------------------

—llll[lIII|IlllllllIllllllllllllllllllll

0 0.1 0.2 0.3 04 05 0.6 0.7 0.8
Xg

Collinear (higher twist) pQCD predicts
Ay~ 1/ps ?

No fall off 1s observed out to pp~5 GeV/c
STAR showed no fall off up to ~7 GeV/c

A.Bazilevsky, Diffraction-2016

Naive collinear pQCD predicts
Ay~oagm,/pr~0

Asymmetries survive at highest Vs

Non-perturbative regime!

Asymmetries of the ~same size at all Vs

Asymmetries scale with x;

Z:Z:é_ p+p — Cluster + X, {s=200GeV
o_oeé— ® x->04
oosf- O X <04 * + +
004 - ' ¢ ¢
<zo.03§— (
0.02;— i
001 -
0 ;— ---------- 9---6;}----0----# ----- [ e
201
Y 7] =T I D PR B T P P P
1




Mid-rapidity 0 A,

PRD90, 012006 (2014)

0.1

0.05

-0.05

-0.1

p+p VYs=200 GeV

IIIIIIIIII

0.004

0.002

0

-0.002
-0.004

—

(a) p+tp—=7n+X

Y

FaN

.
k-
w

0

4 6 8
pT (GeV/c)

A.Bazilevsky, Diffraction-2016
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Consistent with 0
To <103 precision level at low py

Sensitive to gluons

Used to constrain gluon Sivers effect:
Anselmino et al, PRD 74 (2006), 094011
D’Alesio et al, JHEP 1509 (2015), 119

13



Heavy Flavor A

—0.15 -
- p+p — w+X at Vs = 200 GeV . ) .
< © 32 <in|<1.9 ] Dominated by gluon-gluon fusion
01— 1.0<p_<5.0 GeVlc Prgliﬁeirt“eal}
- 2012 data P y Used to constrain tri-gluon correlation in
o i Syst. Uncertainty l the Twist-3 collinear framework
o- | Z .Kang, J.Qiu, W.Vogelsang, F.Yuan,
C PRD78,114013
3 Y.Koike, S.Yoshida, PRD84,014026
) 1: <p>= 2.4,14,1.4,2.4 GeVic
i Scale uncertainty: 3.3% (not shown) Significant reduction in uncertainties
0.155 PR RN BRI S PR SR expected from 2015 data
-0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08

Xg

A.Bazilevsky, Diffraction-2016 14



I/ A, -

<ZO 1"_ * Run6+Run8 PRD86,099904(E),2012)
- * Runi2 (preliminary)
i Run15 p+p projection
. 05— Run15 p+Au projection (p’going)

Lo ]
[ I l\ I

IllllllllllllllllllIllillllll[lllllllll
02 0.15 0.1 -0.05 0 0.05 0.1 0.15 0.2

Xg

-0.05

IITITIIIITI

0.1

A.Bazilevsky, Diffraction-2016

Jiy

oo 0o

S g

h s 0R0195 T.1

A, sensitive to J/P production mechanism

F.Yuan, PRD78, 014024

For non-zero gluon Sivers, Ay vanishes in
color octet model, but survives in color
singlet model

Considerable improvements expected
from 2015 data

Also pA data from 2015!

15



First p' + A data !l

Run1b (2015) ,+ 1OOGeV/nucleon

/,/ S <

. e X
o 4 i ¢

_ - - \\\\\ . Au' AI
Polarized Proton SN

Many results expected soon
In the following: first results on very forward neutron Ay

A.Bazilevsky, Diffraction-2016 16



pp: forward neutron A,
pp—nX, |8|<2.5mrad

z 0.1 N 7.4% systematic scale uncertainty not shown

- 6.2% (x.>0) and 5.9% (x <0)

B polarization scale uncertainties not shown
0.05

: PRD 88 (2013), 032006
0.05:—

: CFX)
-0_1;.lll.ll1.lll.lll.lll.lllllllllll.ll“l

-1 -08-06-04-02 0 02040608 1

x>

One pion Exchange model in Regge

framework model
(interference between pion and al-
reggeon exchange)

A.Bazilevsky, Diffraction-2016

| Ay vs. p_for leading neutron |

Discovered at RHIC in
2002: PLB 650, 325

—— \'s = 62 GeV

z

< 0.4 Scaling uncertainties, 9.6, 11 and 22% | —e— \'s = 200 GeV
C for 62, 200 and 500 GeV, not included ‘
- 04 <x —=— \s =500 GeV
| a8 <
0.05 - F —y_
- PH:<ENIX
0 T preliminary |
-0.05 :&:‘
- AN Neutron

01 I A e
: PN ol
015 L
- —— o

02— Estimated p=T variation (2 RMS) in each t=)in
IS ST S SN SN ST SR AT TR SN TR ST SO ST S SO ST S '

P I

0 0.1 0.2

0.3 0.4 0.5
pT(GeV/c)
B.Kopeliovich et al
PRD 84, 114012 A s=82 GeV
of ® s=200 GeV -
X ® s=500 GeV
-0.05 %¥¥§K :
< | R
0.1} + X * -
-0.15[ ¥ Theory y |
0.2, 01 02 03 o4 17

ar (GeV)



raw,
= P
=
o

0.05F

-0.05}

p+p vs p+Al vs p+Au

A= A(p)=Ayesin(p)

0.1

0.1

-0.15}

p'+p — n+X

" p+Al - n+X
[ Vs= 200 GeV
x>0.5

0.3<6<2.2 mrad

- pT+AU — n+X

n f— ;
_ . PH:-ENIX
- preliminary
- i T T | ] i T B B N A - | " |
-1 0 1 1 1 0 1
¢ (rad) ¢ (rad) ¢ (rad)
A\<O0 A\<O0 A\>0



A, Vs nucleus mass zcns6s

BBC: 3.0<|n|<3.9

B ——
- @ ZDCinclusive PH: <ENIX
0_3; preliminary
0.251-
- p'+A — n+X
0.2 VS= 200 GeV
B x>0.5 ®
| 0.3<6<2.2 mrad
0.15  22% scale uncertainty not shown =
- p | ——>3d—>| 7DC
0.1
0.051
E p+p p+Al p+Au
Q[ e
B o
-0.05-¢
_0.1:|\\\\‘\\\\‘\\\\‘\\\\|\\\
0 50 100 150 200

A (atomic mass number)



A, Vs nucleus mass zcns6s

BBC: 3.0<|n|<3.9

zZ T —
< 0 3: e 232 :t:;j:iv;dir&asc A-dir [I;r':lilanlr']‘gjlé
0.251-
C p'+A = n+X
O-Zf V8= 200 GeV
B X>0.5 ®
| 0.3<6<2.2 mrad
0.15  22% scale uncertainty not shown
- 1O[ n
B p | ——>3d—>| 7DC
0.1~
0.05; BBC_S BBC_N
C p+p p+Al p+Au N
o == 1 ]|
-0.05-¢
_0.1:|\\\\‘\\\\‘\\\\‘\\\\|\\\

0 50 100 150 200
A (atomic mass number)

A.Bazilevsky, Diffraction-2016 20



0.3

0.25

0.2

0.15

0.1

0.05

Ay Vs nucleus mass

ZDC: n>6.5
BBC: 3.0<|n|<3.9

BBC_N

PT‘D% D_n) ZDC

PT——>§$A}- s ZDC

PTM% ZDC

- . i v

| @ ZDC inclusive PH:-<ENIX
o ZDC & BBC p-dir & BBC A-dir pre“'minary
j @ 2ZDC & veto BBC p-dir & veto BBC A-dir

B { ]

C p'+A — n+X

L VS= 200 GeV

- x>0.5 ®

B 0.3<0<2.2 mrad

— 22% scale uncertainty not shown

B ]

L p+p p+Al p+Au
- @ ®

—®
7|\\\\‘\\\\‘\\\\‘\\\\l\\\

A (atomic mass number)

A.Bazilevsky, Diffraction-2016
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A, Vs nucleus mass zcns6s

BBC: 3.0<|n|<3.9

Z ,
< | @ zDCinclusive . . PR?E‘NIX
0.3 — P zzz z ?:: ::g::?: :::BBC A-dir preliminary BBC_ S BBC_N
5 ° n
0.25\ p! : ZDC
- p'+A — n+X
O-Zf V8= 200 GeV
B x>0.5 ®
| 0.3<6<2.2 mrad
0.15 —  22%scale uncertainty not shown n
- p | ——>3d—>| 7DC
0.1
B ®
0.05 - BBC_S BBC_N
L p+p p+Al p+Au n
- . 'y
-0.05-¢
_0.1: | I I ‘ I I ‘ I T ‘ I T | | [ | | . . . .
0 50 100 150 200 Likely multiple mechanisms contribute

A (atomic mass number)
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Forward neutrons: One Pion Exchange

P X

PHENIX: PRD 88 (2013), 032006 :
1 70
s 0.9 /]\
E E | | Vs=200 GeV : PHENIX exponential prorm p _H n
:: 085 ® Vs=200 GeV : PHENIX gaussian P, form
O C
L 0.7 Vs=30.6 GeV : ISR
0.6F =~ {5=44.9 GeV : ISR 8\
0.5f Vs=52.8 GeV : ISR '_':,,:""{ ‘
i {s=62.7 GeV : ISR ‘i‘
0.4 /
- /7
0.3:— I_L/
0.2 T
- e
0.1;— > -
0:..,.|‘...|....|....\....|....|....|...‘|....|.‘.
0 0102030405060.70809 1

Xg

p+p: One Pion Exchange (OPE) model successful for x-section
Does it work for p+A ?

Other mechanisms definitely exist, at least in p+A



Forward neutrons: Ultra Peripheral Collisions

LHCF Preliminary

LHC p-Pb, /s, =5.02TeV
- DATA

\ MC(UPC)

N\ “JMC(QCD)

8 O 0 0 \\§§§§§§ NN

14000

-
N
o
o
o

777/ R

10000

dN/dS[events/mm?]

S

244

6000

NN
4 0 0 O B NN
k\\\\\\\\\\\\\\\

2000}

V' 99-9-0-0-
AR RRR R R R R R R R RN 3 . S e e
MRRRRERAR R R RN AN

0 50 100 150 200 250 300 350 400
Scattering Angle jurad]

Photon flux similar at LHC and RHIC

UPC — the dominant source of forward
neutron production in p+A

A.Bazilevsky, Diffraction-2016

Hiroaki Menjo
HESZ-2015

ZZ

dN./dE, vs E,

S ——
: ; ; —— LHC p-Pb@5TeV

—— RHIC p-Au@200GeV

—— LHC pp@7TeV

F ' 3 P '
1 HllJ lllu] LI LALLl lll | lIlAl | llILl‘ 1 IllllPl 1 .Ll Il Ll

1 10 10> 10° 10* 10° 10°




Forward neutrons: QCD scattering

From Manabu Togawa’s thesis

PYTHIA+GEANT simulation, E,- > 5 GeV

Physics process

Neutron (ub)

qq — qq 35
qq — qq <1
qq — g9 <1
qq — qq 268
g9 — qq 9
qg — qq 352

A.Bazilevsky, Diffraction-2016

PYTHIA: 30% of neutron
production in pp in ZDC
acceptance

Mainly from gluon scattering

A° A*, A~, N0 —>n

25



Ay | 1

Requires interference between helicity flip and 1/2 -1/2

helicity non-flip amplitudes

+>+i—>)
(1+)=l-)

—
~
I
—

Ay < Im(B,,,_ B i)

—>
\/
[

HAD EM
¢n0n—ﬂip = ¢n0n—ﬂip + ¢n0n—ﬂip ¢ﬂ1p ¢ﬂlp ﬂlp

A & Im(¢n0n ﬂzp¢ﬂzp ¢n0n ﬂlp¢ﬂlp ¢"0" ﬂlP¢ﬂlP ¢”"” E ¢ﬂlp )

Which pair(s) of interfering amplitudes would produce forward neutron Ay ?

Need input from theorists



A~Im(HAD*HAD)

An

0.05 .
P+p — N+X 4 Vs=62Gev |
of ® s=200 GeV - PHENIX data:
L X " u =500 GeV ] interference between
005 *%gK ‘; :: pion and al-reggeon
ol + * " ; exchange
015 % Th '
i “*" B.Kopeliovich et al ANNIm(EM*HAD)
wpboo ... PRDS4 11401
0 0.1 0.2 0.3 z 008 p+p - p+p S <z ol p+C — p+C I
dr (GeV) 0_05; [ l[ L1 B » E;=31 GeV
AtanL ) C = E;=100 GeV
Fon F 1] X 0.015F "o
RHIC CNI data: A z L
. . . 0.02 o .T 0.01—
Elastic scattering in * ES24Gov -
L _ o 0.005 — "
Coulomb NUCICaI' 0’31; : E:;;gg gex (Preliminary) | 15% syst. uncertainties not shown A NIITI(EM*EM)
9 T e ‘ o%bos o1 oeis ooz 002 N

Interference region

-t (GeVic)®

Fermilab, PRL64, 357 (1990):
185 GeV polarized protons

t}<0.001 (GeV/c)?

=

Nuclear Coulomb coherent production

ptPb — A/N*+Pb — nt’+p+Pb

1500 — t t —
' F 4
T P A=—0.57+0.12 ]
> J
= + 4
2 1000 L + t —
s 0 # ]
K r +
~ b t 1
K - + 4 1
§ 500 — ﬂ* -
E i * *ﬁ*”“”ﬂ*“
° +
o N';I——)"—-n—ﬂ o,
= [ ol | Lo
ol v v b e b T e
1 1.2 1.4 16 1.8 2

pn® Mass (GeV/c?)

FIG. 2. The invariant-mass spectrum of the z%p system in
p+Pb— z°+p+Pb for |1'| <1x1073 (GeV/c)2. Peaks due
to the A*(1232) and N*(1520) resonances are shown. Re-
gions I and II are defined in the text.



Summary

» How do gluon contribute to the proton Spin
Non-zero (in the limitted x-range) and comparable to (or larger than) quark contribution
Data at lower x coming
» What is the flavor structure of polarized sea in the proton
A, (W) will contribute to Az and Ad
» What are the origins of transverse spin phenomena in QCD
A (@), central and forward; A\ (Heavy Flavor, J/y) => gluon Sivers

> First pT A data !

=

< g o el  PHTENX A of forward neutron production: from pp to pA
OB A X > Strong dependence on nucleus mass (or Z?) and particle
e | production in other rapidity regions
0.15  22% scale uncertainty not shown
ot » Likely multiple mechanisms contribute
0.05- » Correlations with particle production in other rapidities
e will help to isolate different channels
-0.05[-%
Y N T Need theoretical input ! => B.Kopeliovich talk next
0 50 100 150 200

A (atomic mass number)

A.Bazilevsky, Diffraction-2016 28



Backup



PHENIX: longer term plans

SPHENIX + fsPHENIX

= _

Evolve sPHENIX (pp and HI detector) to
EIC Detector (ep and eA detector)

» To utilize e and p (A) beams at eRHIC
with e-energy up to 15 GeV and p(A)-
energy up to 250 GeV (100 GeV/n)

» e, p, He3d polarized

» Stage-1 luminosity ~1033 cm=?s'
(~1fb-' /month)

A.Bazilevsky, Diffraction-2016
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fsPHENIX = “forward” sPHENIX

e A RARREE T ‘
006 Pythia Antik, R=0.7 p, > 4 GeVic, 1= 1.7-3.3, P=60%, 97 pb”" -
T e Agalljets
0.04— * Al jets wi z> 0.5 leading h*
o Ay jets wil z> 0.5 leading h'
0.02 ¢
s L . t
H
Ez .
< 0 - -
-0.02]
Sivers-like
0.0 |, conlini by AT N AT
0 01 02 03 04 05 06 07 08
xF-pz,pmm

A (%)

» Explore the source of large A in hadronic collisions

SPHENIX +

~2022-23

PHENIX reconfigured: forward Si tracker and Muon ID
EIC Detector forward systems: GEMs and HCal
90% of the cost common with EIC detector

Jet + h ™" Collins Asymmetry: A o Vs 74 ‘

8_

6—

C 10 GeV < Jet E < 100 GeV

a4 +

C T

2

:. . L) . .

o

Fe . %*\ .

C T

[ SIDIS1

C SIDIS2 .

- Collins

gl bl b b Lo s o o Lo

0 01 02 03 04 05 06 07 08 09 1
z

» Critical TMD test with polarized DY — uu

» Cold nuclear matter studies in pA

A.Bazilevsky, Diffraction-2016

o

o

o

°

o ™
IIIIIII
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W: Central vs Forward region

| P; projection -1.0 < 1< 1.0 |
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Clear Jacobian peak
at central rapidities
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| P; projection 1.2< 1<3.0 |
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W: Projection
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RHIC W-data will give a significant
constraint on anti-quark polarization
in the proton
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Symmetry breaking in polarized sea?

Unpolarized sea is not symmetric

| I I T TTTI1 II I | III I 1T TTTTT
0.2 —
iy Sea asymmetry .
0.08- =
ﬂm:_ |||||| LY 7 --'-F-_ L\\" __
L [ _.J‘J.' Lk l"'.. m
004 AR N i Lh ek —
~ i H:M ﬂ_ﬁ:-;.:y'_‘ \" T
B N i3 .ﬁi:“‘\.mr‘fﬁs;}} 4" T
0.02 | sttt nng b, —
ey T, prither e .
e R R R SRR, .

| ELEECT e
: A\
-0.02f —
oosf Q=10 GeV* =
-0.08f [77] NNPDFpol1.1 x(AT - AT) =
o.0eE- EEEINNPDFz.z  x@-1) E
’ [ 1 Lol 1 Ll 1 L1 o1l
10 102 10 1

X

Polarized sea symmetric may be broken too!
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U J/y Ay 1s sensitive to the production mechanisms

* Assuming a non-zero gluon Sivers function, in pp scattering,
J/w Ay vanishes 1f the pair are produced in a color-octet model
but survives in the color-singlet model

* Feng Yuan, Phys. Rev D78, 014024(2008)

d d

Q™ QL

One color-singlet diagram -

— no cancellation, asymmetry Two color-octet diagrams

generated by the initial state — cancellation between 1nitial and final
interaction, A,#0 state interactions, no asymmetry 4,=0

NM 6 ENERGY oMeeo” 6716 RHIC/AGS User's Meeting 17



To measure at RHIC

Initial State: Final State:

Sivers/Twist3 mechanism Collins mechanism

» A, for jets, direct photons » Hadron azimuthal asymmetry in jet

» A, for heavy flavor =» gluon » Hadron pair azimuthal asymmetry

> A, for W, Z, DY (Interference fragmentation function)
Sensitive to correlations Sensitive to
proton spin — parton transverse motion transversity x spin-dependent FF
Not universal between SIDIS & pp Universal between SIDIS & pp & e+e-

Other mechanisms
> Diffraction

A.Bazilevsky, Diffraction-2016 36



Fundamental Role of Sivers

Brodsy, Hwang, Schmidt (Phys.Let.B530,99):
Sivers function in DIS can arise from interference with diagrams with soft
gluon exchange between outgoing quark and target spectator

Collins (Phys.Let.B536,43):

Sivers asymmetry is revered in sign in Drell-Yan process

|DIS: attractive | Drell-Yan: repulsive
- Nk
Sivers|prg = —Sivers|py Or W/Z production

Critical test for our understanding of TMD’s and TMD factorization

A.Bazilevsky, Diffraction-2016 37



n0 Ay In pA

pp
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3.5 4 45

P, (GeV/c)

Probing gluon saturated matter, Color Glass
Condensate (CGC) with polarized protons

Kang, Yuan: PRD&4, 034019
Kovchegov, Sievert: PRD86, 034028

> Unique RHIC possibility pTA

» Synergy between CGC based theory and
transverse spin physics

» Suppression of A, in pTA provides
sensitivity to Q

» Data already collected in Run-2015!
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Forward Neutron Measurements

~1800cm ZDC
e - * @ [ ]10cm
blue beam yellow beam D, magnet  +3 mrad

Hadron sampling calorimeter made of Tungsten plate and fibers
Detects neutrons and measure their energy
5.1A; 149X, (3 ZDCs), Energy resolution ~ 20% @ 100GeV

f
r\ 2-62€Y 1INd

Tungsten
(5*100*150mm)




dN/dE (GeV™)

Neutron ID

ZDC energy response
from PYTHIA+GEANT
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40 < E,p- < 120 GeV

Minimizes background contribution

Charged veto
Rejects charged background

No/little energy in ZDC-2

Suppresses photon background

>1 SMD strip fired

Suppresses photon background

PN TN N Y T T N T T N T WO T NN N T N TN T WO N OO O T

QT

ZDC energy (GeV)

A.Bazilevsky, Diffraction-2016
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v

Neutron purity >97%

Residual background: protons, K°
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Ay Measurements
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e Detector Left-Right asymmetries or
Spin Up-Down asymmetry

_doj-do} 1N, -R

det

Y do!+do!, PN'+R

det

1
Ny &L

det =

A )
Ny £x

_dol-do} 1 N!-R,N; L

“do'+dol, PN'+R_N. " L

lum

AN

e Square root formula: cancels acceptance and
luminosity effects

4 _ LN Ny =yN; N,
PN -NL+ NN
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ZDC: n>6.5
BBC: 3.0<|n|<3.9
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22% scale uncertainty not shown
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New CNI measurements from Runl5

Run15 Hjet results: Oleg Eyser (PSTP-2015 workshop)
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Coulomb—Nuclear Interference in
Forward Neutron Production

Same Final State

A § > A A >A
P *

______ Tt Y s

| ’ﬂ:

P —>N P =->N
A

A, ~ had* had + had * EM + EM * had + EM * EM
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Q2 dependence

AG is dynamic value — Q2 dependent

AG can be large at large Q? (and can be >>1/2) no

matter how small it is at some low Q?

Large AG at large Q? is compensated by L,
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