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Technology from a Happy Past: Polarization in
RHIC as US-Japanese-Russian Technology Development

Absolute Polarimeter (H jet) RHIC pC Polarimeters

Siberian Snakes

Siberian Snakes

Spin Rotators

Partial Snake Helical Partial
Snake
Polarized Source | \ l
LINAC o STAR in operation, including
—BOOSTER AGS

forward upgrade

— o o sPHENIX being assembled
| Rf Dipole | I

| 200 MeV Polarimeter |

AGS pC Polarimeter
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Example: Siberian Snakes
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Snake like p-trajectories
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RHIC Versatile Polarized p-p and Heavy lon Collider

RHIC Runs 2001 to 2022

Energies — Particle Species and Luminosities
L

WAL
\ |

Polarized Protons:
Integrated Luminosity
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Single Transverse Spin
Asymmetries Ay In
Hadron-Hadron Collisions



Origin of Large SSA - Inspect Factorized
Components of Cross Section

: proton i : ij
: structure : :
; X, P

hard scattering
reaction

d’c’ (ppT —> 7Z'+X)

< fragmentation

process

Can initial and/or final state effects
generate large transverse spin
asymmetries? (Ay ~10 )

ocig] (41,k, 1) G(x,

: :
d’6 (4, q ; _)Qk%)

qkl(Z phT)

dxl dx2 dZ lllllllllllllllllllllllllll dXI dxz
Initial state — Kane, Pumplin, Final state — hadron
proton structure  Repko - a  ~10* fragmentation
7
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A\ for Pions for ZGS to RHIC

RHIC Cold QCD Plan 2017-23 arXiv:1602.03922

B STAR, PRD 103, 092009 (2021
Zz =z T
< | 2GS, Vs = 4.9 GeV <t [ ] A 0'25: A STARS500 GeV, 2.7 < < 4.0, This Paper
0.4 AGS, Vs = 6.6 GeV .- N waf. *  STAR200GeV,27<n <40, This Paper
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JAM fit to A,/

JAM, PHYSICAL REVIEW D 102, 054002 (2020)

i - 0 1(1) L(1) —
Ay pl4+p—(n"7.2) +X hl(x).FFT(x.x):';fl}J(x).HIU(-) 66.5/60 = 1.11
Origin of single transverse-spin asymmetries in high-energy collisions
Justin Cammarota ,1 Leonard Gamberg®, Zhong -Bo Kan ,4'5'("1 Joshua A. Milvlver,z"“ Daniel Pitonyak ,2'”
Alexei Prokudin ,3 Ted C. Rogers,”™"" and Nobuo Sato”""

(Jefferson Lab Angular Momentum (JAM) Collaboration)
Observable Reactions Nonperturbative function(s) X/ Nps.. Refs.
A% e+ (p.d) = e+ (xt.am.2%) + X (k) 150.0/126 = 1.19  [65.66.68]
Aglo[l)ls et (pd)!t we+ (nt. a7 + X hy(x, kz).HL(: :‘pJ_) 111.3/126 = 0.88 [66,68.,71]
ASQA "+e satn (UCUL)+X Hi(z.22p7) 154.5/176 = 0.88 [74-77]
ASy =+ pt =t + X (e k) 5.96/12 = 0.50 73]
ABly Pl p—= (W . W.Z)+X 7 (x, k) 31.8/17 = 1.87 [72]
Al [ pl+p—=(at,m. 2 +X hy(x), Fpr(x, l) fu (x). H-W (2) 66.5/60 = 1.11  [7.9,10.13]

BRAHMS o0k STAR
® < (33,41

—~~ ® =33

50 ® =368

~— 10k ® =37

:11 z

T oF--- e 2]...........,

2 3 Ppr
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AN . inclusive Jets, inclusive 1%, isolated 1%s, Collins 1%
STAR PRD 103, 092009 (2021)

STAR AJ*Y(EM) is small
-> small Sivers contribution

STAR Collins for 1% in jets is small
-> small Collins ?

~ STAR p'+p->EMjet+X 4 200 GeV 0.02- -
0.04 .
- I TAR -> EM-jet + 1%+ X
003 p’:' -2 GeV/e 4 500 GeV o 0.015 ~ Jet algorithm: antl-kT R=0.7
- ot 4 500 GeV Multiplicity>2 - p*'s 2 GeVie + 500 GeV
- 29<1"<3.8 + ADY 500 GeV T
0.02— 3.0/3.4% beam pol. scale uncertainty not shown i 0.01 - 29< leei <3.8,27< n,< 4.0 77
- ~ 3.0/3.4% beam pol. scale uncertainty not shown 7
0.01— Z
: 0.005—
o— u
-: PR R T S T YT S SN TR (ST s (0 (S T “ __
T 6 [ | Theory 200 Gev ]
® I 4 [ |Theorys00Gev | -0.005— .
O 4 A ~ []Theory 200 Gev i :Theory (Evo.) 200 GeV
—~ A A A « o o ® d N : b
3_" 21 LAl A e« o °® * -0.01 [ Theory 500 GeV i .2 Theory (Evo.) 500 GeV
B I T T N T M T AN SN T T T T N AT T SN T AN S S
[ S T SN NN TN TN N SN (NN TN SN SO SO SN SN Y SN SO NN SO SO SR T N S
o1 02 03 04 05 06 0.3 0.4 0.5 0.;1 0.7 0.8 0.9
em
X¢
Compare different final state topologies to limitations from EM-Jets: resolution of jet-axis
discriminate between different mechanisms fluctuations
leading to SSA = STAR 2022 run + forward upgrades
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A\ for neutrons , #>6.8

PHENIX PRD 105, 032004 (2022)

Compare samples with enhanced UPC (BBC veto) to
events with lower UPC contributions (BBC Tag)

0.2

F ZDC inclusive |- 2015: p+p —> n + X BBCTag | BBC Veto

-[3] A, 0.01 < P/[GeV/c] < 0.06 i p+p - PHENIX

r (a) C s = 200 GeV, n> 6.8 (b) r (C)
0.15- = | A, 0.06 < P_/[GeV/c] < 0.11 C -

[
r [ 3.4 % Polarization scale
[« ]A,0.11<P/[GeVic] <0.16 uncertainty not shown
[

0.1{%] A, 0.16 < P,/[GeV/c] < 0.21 z -

< 0.05- - -
(oo e
L = E [ E=xm EEm B
~0.05—- s v @J |
& Ll = [
-0.1- - -
I | | \ \ | I [N \ | \ | | |
05 06 07 08 09 05 06 07 08 09 05 06 07 08 09
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A\ for neutrons , #>6.8

PHENIX PRD 105, 032004 (2022)

Compare samples with enhanced UPC (BBC veto) to
events with lower UPC contributions (BBC Tag)

02

0.15

0.1

0.05

[ ZDC
F[3] A, 0.01 < P/[GeV/c] < 0.06

= ] A, 0.06 < P/[GeV/c] < 0.11
r[e]A,0.11<P/[GeV/ic] <0.16
H# ] A, 0.16 < P /[GeV/c] < 0.21

inclusive O 2015: p+Al - n+ X BBCTag |- PHENIX BEC Veto
(@) | \Sw=200GeV, 1>68 b) [ ©

:_ 3.4 % Polarization scale
uncertainty not shown
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A\ for neutrons , #>6.8

PHENIX PRD 105, 032004 (2022)

Compare samples with enhanced UPC (BBC veto) to
events with lower UPC contributions (BBC Tag)

0.5+ ZDC inclusive |

[[=]A,0.01 <P/GeV/c] < 0.06
-[= ] A, 0.06 < P,/[GeV/c] < 0.11
[+ ]A,0.11 <P/[GeVic] < 0.16
[#] A, 0.16 < P,/[GeV/c] < 0.21

0.4

2015: p+Au - n+ X
(a) L VSTN =200 GeV, 1> 6.8
3.4 % Polarization scale

|

uncertainty not shown

BBC Tag

(b) |

BBC Veto

- PHENIX

Competing mechanisms contributing to A !
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The Sivers Effect
In h-h Collisions



Constraining Sivers Functions

Justin Cammarota®,"*" Leonard Gamberg®,*" Zhong-Bo Kang ;"'5'(":&: Joshua A. Mild‘ld‘er,z'§ Daniel Pitonyak®,>!
Alexei Prokudin®,*” Ted C. Rogers, 8 and Nobuo Sato”"

JAM, PHYSICAL REVIEW D 102, 054002 (2020)

Origin of single transverse-spin asymmetries in high-energy collisions

(Jefferson Lab Angular Momentum (JAM) Collaboration)

Observable Reactions Nonperturbative function(s) X/ Nps.. Refs.
A?i‘bls P e+ (p.d)t = e+ (nt.n7.2%) + X Sir(x, k%) 150.0/126 = 1.19  [65.66.68]
AS e+ (pd)t e+ (nt,a 2%+ X hy(x. k7), H{ (z.2°p7) 111.3/126 = 0.88 [66,68.71]
A ¢ +e - n'a (UC.UL)+X Hi(z.2%p}) [54.5/176 = 088 [74-77]
Ay B pl+p—= (W W.2)+X fir(x, k%) 31.8/17 = 1.87 [72]
A, = pl+p— (o 2)+X I (x). Fer(x.x) = L i (0, By (2) 66.5/60 = LI [7.9,10,13]
__ 0.00 0.04 -
8 N === Echevarria et al ‘14
~—~—
-
NI H—O.OQ 0.02
e
“ iy m— JAM20
_0.04 AN ' : 0.00
0.2 0.4 0.6 X '

1 o
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Sign Change of Sivers-Function
Between SIDIS and Drell-Yan

COMPASS 2015+2018 11-p Drell-Yan STAR W-> Iv
DIS 2022: Bakur Parsamyan PRL, 116, 132301 (2016)
g N 1
% o ;- COMPASS preliminary < E STAR p-p 500 GeV (L = 25 pb')
= 0. Drell-Yan, NH, data 0-8-_0.5<P;" <10 GeV/e
~ | [
0 _ JHEP 02(2021)166
- —— LFCQM
- SPM
T B JAM20
—0.1 -~ Torino
| i I
10_2 10_1 0 6:— KQ (no “sign change”)
XN 9L T Global y2/d.o.f. = 19.6 /6
-0.8 :_3.-1 % beam pol. uncertainty not shown
Sign Change preferred, | S IS B
. . -0.5 0 0.5
also compatible with zero. YW
Data taking complete.
More data to come!!
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Constraining
Transversity



Knowledge of Transversity and Tensor Charge Requires
Measurements in p-p, lepton-p and e*e-

ete

SIDIS

~0q(x) x CFF(z)
~0q(x) x IFF(z)

~ CFF(z,) x CFF(z,)
~IFF(z,) x IFF(z,)

Transversity, 0q(x)
Tensor Charge

pp =2 jets
~ G(x,)xdq(x,) x CFF(z)

pp>h"+h +X
~ G(x,)x0q(x,) x IFF(z)

pp 2> AN+ X
~ G(x,) x 0q(x,) x \FF(z)
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Constraining Transversity & Collins Jam, PHYSICAL REVIEW D 102, 054002 (2020)

Observable Reactions Nonperturbative function(s) X2/ N s Refs.
A:ibls e+ (p.d)t - e+ (xt, 7.2+ X fip(x k7) 15().()/126: = 119 [65,66,68]
ASibis m e+ (p.d)! - e+ (nt,n7,2") + X hy(x, k3), Hi(z, 22p%) 111.3/126 = 0.88  [66,68,71]
ASh m et +e - (UC,UL)+ X Hi(z.z°p7) 154.5/176 = 0.88 [74-77]
AB“} a4+ pl s ptu + X fip(x k7) 5.96/ 12 = (').5(') [73]
Ay pl+p—= (W W",Z)+X fir(ekg) | 31.8/17 = 1.87 172]
Al ] pl+p—(zt,n. 2% +X hy(x), Fpp(x,x) =L iV (), 1 (2) 66.5/60 = 1.11  [7.9,10,13]
~~
8
~
™
=
8
1 1 1 1 1 1 1 1
o 0.4 0.6 08 I 0.2 0.4 0.6 0.8 L
~ 0.0 —
N Anselmino et al ‘13 unf
/"':-/ 0.3 Anselmino et al ‘15 //‘
™ ¢ .
—-—= K tal ‘15 7
: 0.2 . ane et S e Radici, Bacchetta ‘18
m‘_' 0.1 (.__._____!___‘” fav —— B(?nel e.t al ‘19
bt T === D"Alesio et al ‘20
N L 1 N

0.6 0.8 s
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Constraining the Tensor Charge JAM, PHYSICAL REVIEW D 102, 054002 (2020)

5d CLOBAL & JAM20 ﬁl E : Pitschmann et al (2015)
’ Goldstein et al (2014) | -® Hasanetal (2018)
SIDIS + SIA # Radici, Bacchetta (2018) | ° B Cuptaetal (2018)
SIDIS # Gupta et al (2018) I %l Alexandrou et al (2019)
0.2F * Alexandrou et al (2019) * | Anselmine et al (2013)
sk Pitschmann et al (2015) : Goldstein et al (2014)
I._ Radici et al (2015)
—.—: . : Kang et al (2015)
—I—i—-._H _._l' ; Radici, Bacchetta (2018)
_02 - P —.—r o | Benel et al (2019)
—t—— | D’ Alesio et al (2020)
| i ® SIDIS
TAM20 <= SIDIS | SIA
—— GLOBAL
—(]6 1 1 1 1 r 1 : |I r

0.4 0.6 0.8 L0 Su 0.5 1.0 1.5 20 gt

FIG. 6. The tensor charges ou, 6d, and gr. Our (JAM?20) results

at 0° = 4 GeV? along with others from phenomenology (black),
lattice QCD (purple), and Dyson-Schwinger (cyan).
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Collins Effect in di-Hadron Correlations
In ete- Annihilation into Quarks!

electron
b, ) 0 N d,
T \ /4
Z3 l A l y 4
92 quark-1 1
quark-2 spln
spin
z, , relative pion ]
momenta positron

Collins effectin e’e’

quark fragmentation

will lead to azimuthal
asymmetries in di-hadron
correlation measurements:

Niryom, (§1192) ~a,,c08(d4+,)

Experimental requirements:

* Small asymmetries =
very large data sample!

» Good particle ID to high
momenta.

= Hermetic detector
= Events with back-to-back jets
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S0 Aerogel Cherenkov cnt.

SC solenoid ’ ];k}ri n=1.015~1.030

1.5T £

Csl(Tl) 16X, ‘,

-.,. ._:: - 7 . - . —— - e
\ : b 4 i ) o Sy e
TOF counter Y e R - l:j

3.5GeV ¢

— Trai:.king;“dﬁ dx
|‘- {all cell + He/C,H;

u/ K, detection
14/15 lyr. RPC+Fe

L5
~ Si \.«'Lg det,

3 lyr. DSSD

Good coverage, tracking and particle identification!
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Super Belle: detector for SuperKEKB

Faster calorimeter with

waveform sampling New particle identifier with
and pure Csl (endcap) precise Cherenkov device:
(i)TOP or fDIRC.

K, /u detection
with scintillator
and next generation
photon sensors

Background tolerant
super small cell
tracking detector

K N

New deac
piperivne dr Si vertex detector with
high high background tolerance

computing s

Good coverage, ¥ tracking and particle identification!



Observation of the Collins Effect in et*e-
Annihilation with Belle

R. Seidl, Belle, Phys.Rev.Lett. 96 (2006) 232002

57>} SE—— L Do Collins Asymmetries in e*e"
0.2 - '_ annihilation into hadrons
1t - PRELIMINARY
Wis I § ette 2w +m+ X

R r i
0.05 - A - " A

~ Collins(z,) x Collins (z,)

A, COS(,+65)
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JAM fit to e+e-  Jam, PHYSICAL REVIEW D 102, 054002 (2020)

AGIA e"+e - (UCUL)+X H:(z.22p?) 154.5/176 = 0.88

4F BABAR (‘14
L UC

) 10k BABAR (14

UL

) BABAR ('15)

0 uc £

BABAR (‘15)

ot

DO
T
(G2
T T T 111

21 €[02,08 1 2 €[02,08 2 € [0.2,0] 1 21 €[0.2,0.6

02 04 06 2z 02 04 06 22 02 04 22 02 04 =z

~ [ Belle i [ Belle [ BESIII _[ BESII +
| UC UL g uc O UL
E 3 o _= 10E 2r % i
N f : 3r
\S\ of 1 . -
S U ! ; 1
q C L | 2 IE [U.Z,EJ.S] 1 21 6 (0.2, (J 8] B | | (zl}I:<22) C | | (zl) (20}
0.2 04 0.6 zZ2 0. 2 O 4 D 6 zZ2 0.3 0.5 z2 0.3 0.5 zZ2
LS—5aBar (‘14) BABAR (‘14) BESIII BESIII
UcC UL 4k ucC 10F UL
1 2

C 1 1 1 0' 1 1 1 1 0— 1 1 1 1
02 04 06 Ppr 02 04 06 Ppr 02 04 06 Ppr 02 04 06  Pur
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IFF measurement at BELLE

A. Vossen, Belle, Phys. Rev. Lett. 107(2011)

0.04
002

002
-0.04
-0.06]
-0.08
-0.1

P + th

o
[
o

< z, <0.28

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

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

002

002
-0.04
-0.06]
-0.08
-0.1
-0.12
-0.14f

042<z <0.50

_\|||||||||||I'|'|'|'|T||||||||||| |\||||||| _||||||m|ur|'rrr|'n||m|m ||||||||\

A

£ N E
N
L L e e L e e

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

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

0.04F
0.028
ook

@ CE
-0.02F
-0.04F
-0.06]
-0.08
-0.1
0.12 0.65<

-0.14

thrust
axis

<0.72

-.._____

02 03 04 05 06 0? IJB 09 02 03 04 05 06 07 08 09 02 03 04 05 06 0.7 08 09

ee > ('), (n' )

jet2

Aoc H (z,,m)H, (z,,m,)cos(4 +¢,)

cancel radiative and

Artru and Collins, Z. Phys. C69, 277 (1996)
Boer, Jakob, and Radici, PRD67, 094003 (2003)

acceptance effects!

No double ratios needed to
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Observation of Lambda Polarization in efe-
Annihilation with Belle

Y. Guan, Belle PRL 122, 042001 (2019)
0.2

A+ 7
c (a) wA+ T
O 9T 02<z <03 [ 0.3<z,<0.4 0.4<z,<0.5 | 0.5<z,<0.9
= , A ,
N et —_—
= Offieemcmmeannaas REmAp A= sm=am= s :ﬂ:---’ﬁ%m --------------------
(qv] Lo e e
0.t T - -
| | | | | | ] ] ]

2 PR I N T ' L L L 1 L 1 1 L L 1 L L
04 0.6 0.8 04 06 08 04 06 038 04 06 038

Ly () Ly () Lo () Zyv(m)
0.2
A+T
cC A+ T
O 0% 9o<z <03 [ 0.3<z<04 | 04<z<0.5 | 0.5<z.<0.9
e A A A A
m L
N
) -
©
o)
al
_02 PN IR N T ' L | L | L | 1 L | 1 | 1 | L L | 1 | L | L
040608 04 06 08 04 06 08 04 06 08
Ly () Ly () Lo () Ly ()
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STAR: Collins in jets — 500 GeV

P dot (05, 0H) — dot (05, o1 )

~ dAaogsin (05 )Sivers

Collins + dAoy sin(og — o) + (I’Acﬂl— sin (¢s + ¢m)
+ dAoy sin (¢s — 20H) + (!AJ;F sin (¢g + 20m) .

Charged pion Collins-modulations in jets

_ p'+p —ojet+m+ X Vs =500GeV
0< Mt = 1 <p1—’jet> =31.0 GeVic

® STAR2011n*

O|STAR 20111 g
! \\a\\%

f . . : ANN

0 - -

- LA s
Dyavey 4 AR A KA XERNE AN AKX
ol ok ok el o v LR R s \‘. \\_.\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\_
= 3

(
\

First measurement of ot st i
Collins effect in jets! p TTRNRRRIZICRYSRIGRANL ) ==
0.1 0.2 0.3 04 0.5 0.6

STAR, Phys.Rev. D97 (2018) no.3, 032004
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STAR: Collins in Jets — 200 GeV

Runs 2012+2015, 200 GeV
Collins in Jets

Ting Lin, STAR, DIS 2022

Charged pion Collins-modulations in jets

0.04= STAR
650_03;p7+p—>jet+ o+ X +
0.02F- Vs =200 GeV
" F x>0 + ¥ + ,=L.
0.01= °F *

- . = 2 |
~0.02= AR, > 0.05 LA +
-0.03 0.1<2<08 , 1+ mpMP+2013: 1* +
_0.04E- I < Jrmax = T £ DMP+2013:

: E 1 L L L l 1 1 1 1 1

I 1 J 1 1 1 1 ] 1 1 1 1 l 1

10 15 20 25 30 y4
Particle jet P, [GeV/c]
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STAR: First IFF — 200 GeV

STAR PRL 115, 242501 (2015)

IFF — pion pairs vs invariant mass

0.08 pl+p —» m+ ™, Vs= 200 Ge
- m)=+05 \1
006~ o0 (n)=-05
0.04 .
0.02- i + % .
< 0; i : %
-0.02—
. 06r °(@) 0
First measurement of 0sf *+(x) . °
IFF at 200 GeV/! v S .
02 c . ¢
0 02 04 06 08 1 12 14
M (GeV/c?)
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STAR: High Statistics IFF — 200 GeV

Navagyan Ghimire, STAR DIS 2022

IFF — pion pairs vs invariant mass

3 ~ STAR Preliminary 2015 [ Radici et. al.
g | pl+p — a*mw +Xat Vs=200GeV —— Run 15, Cone < 0.7
7 7 0.08— (p, )=525GeVic
B —e— Run 06, Cone < 0.3
- (p; )=6GeV/c
0.06 _— [ | Syst.Error
L >0
0.04— ®
Significantly improved 002 '}@ JE i .
statistics from run 2015! - + . o .
0 O |
- | l: 3% scale uncertainty fll'om beam pollarization (not shown) | |
04 0.6 0.8 1 1.2 14 1.6 ) 18
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STAR: High Statistics IFF, p; dependence of Aj; vs M.,
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STAR: High Statistics IFF, p; dependence of A vs M., .
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Summary:

®Large TMD-dependent observables in e+e- and hadron-hadron.

® Consistent description also including SIDIS, eg JAM,
resulting in extraction of tensor charge

® TMDs continue to be measured in jets with improving
statistics and sytematics: STAR, sPHENIX

® Increasingly precise measurements using di-hadron
interference fragmentation functions!

® More data & results to come from RHIC before EIC
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Collins Effect in Quark Fragmentation

J.C. Collins, Nucl. Phys. B396, 161(1993)

S _
9 T ha ph el ¢
@ ——= ~ —
q k P
k : quark momentum Collins Effect:
5 : quark spin Fragmentation of a
k transversely polarized
D, : hadron momentum quark g into spin-less
DL : transverse hadron momentum hadron h carries an
azimuthal dependence:
Zh:Eh/Eq (Ig _p) _
oc |k x .3
= 2 E, /s : relative hadron momentum . Pril %
oc Sin ¢
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