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> Day-2: Spin structure of nucleon and Transverse spin phenomena
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Before that...

Some more information related to yesterday’s questions
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How to measure decay parameter o ?

Traditional way BES-I way

BESIII, PRL129, 131801(2022)

em +e” = J/p— A+ A

Cronin and Overseth, Phys.Rev.129, 1795 (1962)

™~ +p— A+ K’

_ JP=1-  JP=1/2+ JP=1/2-
A%p_l_ﬂ- L B B L L BB L
BES3 1.3 billion J/y(Z/Z) O
p+C —-p+X
BES3 10 billion J/y(A/A) .-
P.=[vPr+a cosd+Pr(1—~) cos? |/ “ast o T
[1+aP A COSG]; BES3 1.3 billion J/w(A/A) ——
P.=[asinf+Px(1—) sinf cosd |/[[1+aPs cosf ], . .
Py: :HPAsinBJ/[I—l-aPAcosB], L1 .P].)(;’Z.Ol.s. I R R |P].)G.2.02|2. A
0.62 0.64 0.66 0.68 0.7 0.72 0.74 0.76
(A _
a=~40.6240.07 (A > pr)

A\ and Abar spins are correlated in J/Y—=AAbar. Their joint
decay angular distribution allows to determine a.

- Angular momentum and parity conservation constrain the AA\bar
system to S="1
1. Niida, HuaDa QCD school (@CCNU 4

Daughter-proton polarization was measured with
a pC polarimeter, to determine decay parameters



How to measure polarization for 3-body decay like A:?

A Yprod
5 A rest frame

LHCb, JHEPO7(2023)228

N—=p+n—
AT - p+ K +7" (BR~6.37%)

=
-~
~
.
~

~
~
~
-~
~
~
~

~
~
~
~
~
~
~
~
~

. A
Because of 3-body decay, the decay cannot be simply P*ijBigw :

characterized by one parameter like an

A rest frame

Momentum distributions of 3 final-state particles

O dI g carry the information of A spin
x1+P-h,
['d® eof 1 gy tom ] o e
gzz_ Jr | ; 21402: — Total Model élzz: pNe21.7n _
N ~ S

S

2.5 3 3.5 4 4.5
m2(pK~) [GeV?] m2(K~ ) [GeV?]

I': decay rate LHCb, PRL137.091901(2026)

h : polarimeter vector g
® : Lorentz—invariant phase space il i

0" e

The Dalitz plot reveals the resonant substructure of the three-body decay,
which determines how sensitive each phase-space region is to the /Ac polarization
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Day-2
Spin structure of nucleon and Transverse spin phenomena



Where does proton spin come from?

1980s

p(uud)

1. Niida, HuaDa QCD school (@CCNU

Simplitied form with the quark ordering fixed as uud:

1
1y = L ol Mt ek ™ ottt
p") \/6( \ ) — | ) — | )
state 5t 5 (52) = 5(1) + £ (0) + £(0) = -
wluld* 1/2+1/2 = —1/2 A | |
tubd?  1/2-1/2 = 1/2 (87) = =(=1/2) + =(1/2) + =(1/2)
tgt i 1 “/ o 6 6
U U —1/24+1/2 = 1/2 1
2t / (5 + (88 =
4 1
Au=—-, Add=—=, As=0
3 3
AY, = Au+ Ad+ As =1 Au = N(u") — N(u*)

1 1
quark spin contribution: (S%) = §AZ =5

In naive quark model, quark spins account for 100% of proton spin.



Where does proton spin come from?

Simplitied form with the quark ordering fixed as uud:

1
p') = %(Z\UTWU — ulurd’) — [utuld’))
state 5 5 (52) = 5(1) + £ (0) + £(0) = -

wluld* 1/2+1/2 = —1/2 4 1 1 1
o b gt : : : (SH) = Z(=1/2) + =(1/2) + =(1/2) = —=
u¢uT§T 1/2—-1/2=0 1/2 20 = g 6 ; ;

U U —1/24+1/2 = 1/2 1

2 / (S2) +(59) = 3

4 1
1980s Au:g, Ad:—g, As =0
AY, = Au+ Ad+ As =1 Au = N(u") — N(u*)
p(uud)

1
2

1
quark spin contribution: (S%) 5

In naive quark model, quark spins account

‘or 100% of proton spin.

But now we know that quark spins account
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or only ~30% of proton spin: A2~0.3



Deep Inelastic scattering

Deep inelastic scattering of a lepton (l) on a hadron (h)
0(k) + h(P) — 0(K) + X

The lepton exchanges a virtual photon with a quark inside the hadron

02 = —2 = (k- k/)z

h
Ar ~ =

Q

higher Q2 — shorter wavelength — higher spatial resolution

The virtual photon acts as a probe of the internal structure of the hadron
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Deep Inelastic scattering

Deep inelastic scattering of a lepton (l) on a hadron (h)
0(k) + h(P) — 0(K) + X

The muon exchanges a virtual photon with a quark inside the hadron

02 = —2 = (k- k:’)Q

h
Ar ~ =

Q

Suppose the parton carries a fraction & of hadron momentum: pr = £

12 2
p —(p T Q) ~ 0 The struck quark can be approximately treated
2 as massless in high-energy DIS
Q° =2p-q=2{P-q T
QQ p*=Fk" —p°=m,;~0
_ —
< 2P - q

X: momentum fraction of the hadron carried by the struck parton
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Deep Inelastic scattering

Deep inelastic scattering of a lepton (l) on a hadron (h) Q°=-q¢=—(k—K)}, v=E—-F, z=

t(k)

h(P) — £(k")

1. Niida, HuaDa QCD school (@CCNU

X

Q2
2P .gq

In unpolarized DIS, the cross section can be written as follows:

do b . o0 h(z,Q%) 0
repTorlie 2F (x, Q) sin 5 » cos” 5

Thus the structure functions F1(x), F2(x) can be obtained experimentally

Fia)~ 5 Y e lala) +3@)]  Fy(z) = 203 (o)

q

q(x), q(x) : PDFs of quark and anti-quark
PDF: parton distribution function

F1(x) mainly probes charge-weighted unpolarized quark

and anti-quark distributions
10



Structure function + QCD analysis

w 6
o [ e ” o 78S 9697 ZEUS, EPJC21, 443 (2001)
L xéo;ooo161 staiixe 1 NLO QCD Fit
<
S ' x=‘O‘OOOE532 ] . ] . .
_ <-o0006 - In the naive parton model, F2 is independent of Q2 (Bjorken scaling)
! § x=0.0013 : : : : : : : ;
- (=0.0016 - Partons are considered to be point-like and their distributions don't
[ e02s: change with resolution scale
L S B - The data show clear Q2 dependence, especially at small x
» / (scaling violation)
:AAA / x=0.021
I T - The strong scaling violation at small x provides sensitivity to
ISRt ‘... andconstrains a large gluon distribution
:AA A & c 00 ot oo B 595 3 3 x=0.08
| A A—A—A—AT*%M*&A%%AM . ‘J—.Ti—ii—i x=0.13
T T e
0 Lol ! .......IH;H.H.......Il'. ?......I4 ! .......Izjb
1 10 10 10 0 Q2 (CI;OeVZ)
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Parton distribution function

ZEUS, EPJC21, 443 (2001)

w 6
= _

50 x=6.5£-05 ® ZEUS 96/97 . .
S "ffé’%é%%m A E%glggl‘)geFtit H1 and ZEUS HERA I+1I1 Combined PDF Fit
L Sy s, w

i x=0. - 2 2

- A x=0.0005 Q =10 GeV

x=0.000632
x=0.0008

x=D.00102 —— HERAPDFL.5 (prel.)

0.8 -

=0.00161
X ! B exp. uncert.
x=0.0021

July 2010

x=0.00253 model uncert.

un x=0.0032 L XUy .
parametrization uncert. | 2
x=0.005 3
=)
5
x=0.008 =
=
=
x=0.013 =
x=0.021 g
=
; x=0.032 ®
: =
§  x=0.05 3
- =
s, 3 x=0.08 7
=
L ;Hii?i } x=0.13 , Lﬂ
_ L] S :
—sy 3+ x=0.18 4 3 2 1
SV S 10 10 10 10 < !
M_‘_l x=0.4
i ADAAAAAAAAAAAAAAA AA A A P . ® X:O.65 .
| A S Valence quarks dominate at large x.
] 10 10° 10° 0t (1;05‘/2 :
Q" (GeV) Sea guarks and gluons become important at small x.
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Deep Inelastic scattering

—q2:—(k—k/)2, v=F—-F' x=

L
||

Deep inelastic scattering of a lepton (l) on a hadron (h)
0(k) + h(P) — 0(K) + X

2P - g

In polarized DIS,
spin-dependent structure functions g+1(x) (& ga(x)) is obtained

01(1) = 5 €2 Aq(e) + Aqe)
Ag=q" —q~

g*: quark helicity aligned with hadron helicity

g : quark helicity anti-aligned with hadron helicity

g1(x) mainly probes longitudinal quark helicity PDFs

1. Niida, HuaDa QCD school (@CCNU 13



EMC experiment

Polarized deep-inelastic scattering by EMC (European Muon Collaboration) in 1988

/
uw’+p = u +X EMC, Phys. Lett. B206, 2 (1988)
1,0 r | T T T T - T T
0.38 |- ELLIS-JAFFE sum rule o xg° (x) -
08 s This experimenf % Q/ 0.15 x /g: (x)dx
o SLAC [26] 4
06 |- o SLAC [(27] J‘; 0| - o b | 0.08
S T T TR
Al 0.4 | ; - '_i;-. 0.09 - '
0.2} + % - 0.06 I~
. ' + 0.03
Y A _ |
1 | ' | 1 L 2] ': l |
0.01 0.02 0.05 0.1 0.2 05 07 107 10°! 1
X X
< —— FyAq 1
_ ] == . 91 ~
A = v —— o 2x(1 + R) / gi(x)de = AX~0.14
o o D: depolarization factor 0

Longitudinal double-spin asymmetry

Only ~14% of proton spin carried by quark spins (spin crisis!)
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Where is the rest of proton spin?

1
EE.::::IESZCSEE)-%_ Zﬁi(:: ‘F‘_l;qr'+‘ JC@]

Quark spin Gluon spin Orbital angular momentum

1980s

Quark spin: Known to be A>~30% by more DIS data with improved QCD analysis
Gluon spin: Can be constrained by polarized pp collisions
Orbital angular momentum: Little known
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Mukherjee and Vogelsang, PRD86, 094009 (2012)
Plot from STAR, PRD97, 032004 (2018)

c 0.6
o [
e
O -
Sos-
- g9 —
@ C Pp+p—jet+ Xat \s =500 GeV
()] =
O 0.4 \
g 04p f<n <1 o
o I et e
S 99 0 e
- B o
»o3— e e
0.2 et T
Cqgq+qq’ T e
0.1 —
- -7 NLO CT10 Anti-k, with R = 0.5
O—I 1 I I I I | I I l | I I I I | | I I |
0 10 20 30 40 50

60
Jet P [GeV/c]
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How to probe gluon helicity?

Jet and high-pT hadron production is dominated by

9

q

uon-gluon (gg) and quark-gluon (gg) hard scattering process

' RHIC energies

Longitudinally polarized proton-proton collisions
p~ 4+ p7 —=jet/m’ + X

99 — 499, 49 — 49

One can study gluon-related spin effects

—+RHIC spin program

16



Relativistic Heavy lon Collider (RHIC) - Polarized proton collider

Absolute Polarimeter (HT jet) RHIC pC Polarimeters

Siberian Snakes

@ <«—— Siberian Snakes \

%) PHENIX A
STAR '
L e smar
1 .Slzli.“ I}Otaltor.s | L O Circumference of 3834 m
(longitudinal polarization) N Spin Rotators
Pol H~ Source Solenoid Partial Siberian Snake (longitudinal polarization)

AV

LINAC

BOOSTER Helical Partial Siberian Snake

R /

o AGS Internal Polarimeter

200 MeV Polarimeter — ,
{ AGS pC Polarimeters

/7

Rf Dipole ) Strong Helical AGS Snake

2z The only polarized high-energy proton-proton collider
2 Polarization: transverse and longitudinal
» Center-of-mass energy for pp collisions: v/s = 62, 200, 500/510 GeV
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Longitudinal double-spin asymmetry

D +p 7 = jet/WO + X

++: beam has the same helicity
+-: beam has the opposite helicity

y gttt — g1T—
LL —
0"|_‘|_ _I_ O""_ ;
Polarized parton distribution function Af —
Za b Afa,Afb dAa'ab Af - f—l_ (ZC) B f_(x) * :>
App ~ — - - | N .._
Za,b faJo dTap "+ parton helicity aligned with proton helicity

(anti-aligned for “-”)
o,p . Cross section of parton-parton hard scattering
(a, b denote quark or gluon)
parton-level double spin asymmetry

e.g. for gg—qgg process

Aqg Ag .
a
q g

ALL Is sensitive to gluon helicity distribution Ag

ALL ™ LL

1. Niida, HuaDa QCD school (@CCNU 18



Jet AL from STAR

STAR, PRL115, 092002 (2015)
STAR, PRD103, LO91103 (2021) and more...

0.06 — STAR, Vs =200 GeV Za,b Af.Afy
- p+p > Jet + X App = arL
| Anti-k, R=0.6, Inl <1 D ap Jalb
0 STAR 2015, This work [= g
0.041= A STAR 2009, PRL 115 (2015) 092002
, | - Dbssvid 1° Jet ALL: Sum over subprocesses gg, g, dq
< ~ < NNPDFpol1.1 1
i | O
0.02 — ol [ N P S - e
. i |
- 4 99 : Ag(x1)Ag(x2) |
i ra e dominant
u X f’ Rel. Lumi. Sys. qqg AQ(CEl)Ag($2)
o2l o 2015 2009 R S AT———
R ——— qq : Aq(z1)Aq(2)
— +6.1% (2015) and £ 6.5% (2009) scale uncertainty from polarization not shown
I I I I | I I I I | I I I I | I I I I | I I I I | I I I I | I I I I

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
Parton Jet x =2p_/Vs

Positive jet ALL at x>0.05 provides evidence for a nonzero and positive Ag,

when interpreted together with known quark helicities and QC

1. Niida, HuaDa QCD school (@CCNU

D calculations
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m AL from PHENIX

PHENIX, PRD90, 012007 (2014)

PHENIX, PRD93, 011501(R) (2016) R L0y
49 —7 49 — T
-
< [ pp— %X Ini<0.35 : —
W 510 GeV: RunI2-13 fragmentation
0.02+ 510 GeV: rel. lum. uncertainty i
_ @ 200 GeV: Run6-9 (PRD90,012007) -
- 200 GeV: rel. lum. uncertainty ~ A
- 510 GeV / 200 GeV pol. scale uncert. 6.5% /| 4.8% - dAo Af a & Af b & dAUab—ﬂiX 5y D c— 9
: A
0.011 "
i ~ 8. -
PHENIX T e Unlike jets,

-
)
-
-
-
-
-‘

i no production involves parton fragmentation

 Theory curves: LSS10p (dashed), DSSV1 { (solid) and NNPDF 1.1 (fotted)

|
0 0.05 0.1
X7 (=2p_/ \s)

Positive 0 AL provides complementary evidence for a positive gluon helicity distribution Ag

1. Niida, HuaDa QCD school (@CCNU
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A cleaner probe: Direct photon ALL

PHENIX, PRL130, 251901 (2023)

A Za b AfaAfb 4
LL = LL
- p+p o Y+ X, Vs=510 GeV, | < 0.25 Za,b fufs
004 e
I __ __ e Jet/mO A cases, gg contribution is
002_ ........................................................................................................................... : Insen8|tlve -to the Slgn Of Ag

2)_} Direct-photon AL case,

< 0 __ ) ¢+9—q+7 is dominant
I A7~ AgA
.2 PHENIXData - . o Y
—0.02 | —— DSSV14 with DSSV,,. uncertainty B
- oo JAM22 Ag > 0 with JAM  _ uncertainty : : g
B JAM22 Ag < O with JAM . uncertainty Deslpl|te the relatively large uncertalntlgg,
-ooape e ) positive direct-photon Al favors a positive Ag (2.80 level).
S 10 15 20
p_ [GeV/c] A clean and independent probe to determine the sign of Ag
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Constrain AG by global QCD analysis

Global QCD analysis: Simultaneous analysis of various experimental data within the QCD
ramework to extract (helicity) PDFs

QCD framework: factorization + pQCD + Q2 evolution of PDFs

0,25 -- _I 1 I I T 1 1 I I T 1 1 I I T 1 1 I I T 1 1 I rm 1 1 1 I 1 I—
: e DSSVO08 ]
0.20 ] e DSSV14 ]
} | - DSSV14+RHIC _,,, —
1 - (90% C.L. limit contours) | —
0.15 - DSSV Preliminary -
0.10 i - _
; t100.5 — | .
: < i g
0.05 i o . 5
| 5 | AG = | drAg(x
] = - g 0
0.00 _ ]
—0.05 I :
DSSV Preliminary : . g i
1 05+ —
—— DSSV14 + RHIC (<002 | - | | | | o
—015 T T 02 -01 0 01 02 03
x [ dx Ag

Plots from RHIC ColdQCD white paper, arXiv:2302.00605

Significant improvements on AG using RHIC AL data
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Recent update on AG using NNLO

Borsa et al., PRL133, 151901 (2024)

NNLO global QCD analysis 1
e AG:/ drAg(x)
0

O.4*I B Q2=10GeV2_-
t_.eé():%NLO i §:—AZ—|—AG+L _I_L
ol L | |
- | ~034 ~03
0.4; , ,
3 F 047
o
O, .

The central values suggest that quark and gluon helicities
together may account for most of the proton spin.

['dx sAS+Ag
| ////' /

10° 10° 10" 1 However, the small-x region remains poorly constrained,
leaving uncertainty in the total quark and gluon helicity contributions.
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What about sea-quark helicities?

AY = /(Au + Ad + As +[Aﬂ—|— Ad H AS)dx

SRR

Total quark helicr

Semi-inclusive

D

'y contribution is well constrained by

DIS (AS ~0.3).

S provides some flavor separation but
sea-guark helicities remain less well constra

ined.

Sea-quark helicities accessible via W production at RHIC: Aw, Ad

1. Niida, HuaDa QCD school (@CCNU

p~ +p— W

:_I_X
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Probing sea-quark helicities via W production

p+p—-o>WT+X

p+ ()
Why W= production®? Bourrely and Soffer, NPB423, 329-348 (1994)
v W= couple directly to specific quark flavors
u—+d— WT v
d+u— W~

v V-A interaction acts as a helicity selector
Only left-chiral quarks and right-chiral anti-quarks couple to W

1. Niida, HuaDa QCD school (@CCNU 29



Longitudinal single-spin asymmetry of W bosons

AW —Au(ml)_d(xg) —|—_ACZ(CE1)U($2)
o —o~ - u(z1)d(z2) + d(z1)u(z2)
AL="3= e —Ad@)ules) + Au(z1)d(z)
L d(xl)ﬂ(CEQ) -+ _($1)d 5132)

- Large parity-violating single-spin asymmetries are observed

- Opposite sign for W+ AL and W- AL

- N dependence
anti-quark helic

orovides sensitivity to different quark and

ities

1. Niida, HuaDa QCD school (@CCNU
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-0.5

STAR, PRD99, 051102 (2019)
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(- I LSEEIEIENH )= o
= gl e e T o O
LRI RIS = o
s sl e
S e s L
Sl
Soanh i
| @b
........................................... Rel lumi
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e T ownnme
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.......
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Longitudinal single-spin asymmetry of W bosons

AW —Au(ml)_d(xg) —|—_ACZ(CE1)U($2)
o —o~ - u(z1)d(z2) + d(z1)u(z2)
AL="3= e —Ad@)ules) + Au(z1)d(z)
L d(xl)ﬁ(wg) -+ _($1)d 5132)

- Large parity-violating single-spin asymmetries are observed

- Opposite sign for W+ AL and W- AL

- N dependence
anti-quark helic

\/g pol unpol)

pgv — 7(% Lo
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orovides sensitivity to different quark and
ties

0.5

-0.5

STAR, PRD99, 051102 (2019)

D+po>W+ X s5et+ X

e
\s =510 GeV 25 < E; <50 GeV
AXRX
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- KL LIESPEEEIEL S o e”
RSB, -
ALK S e O
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Longitudinal single-spin asymmetry of W bosons

AW —Au(ml)_J(xg) —|—_ACZ(CE1)U($2)
o —o~ - u(z1)d(z2) + d(z1)u(z2)
AL="3= e —Ad@)ules) + Au(z1)d(z)
L d(xl)ﬁ(wg) -+ _($1)d 5132)

- Large parity-violating single-spin asymmetries are observed

- Opposite sign for W+ AL and W- AL

- N dependence
anti-quark helic

W+ case
—orward n
Backward

orovides sensitivity to different quark and

ities

\/g pol _unpol

11,7
P :7@1 Lo )

to Au
to Ad

Ve
Ve

— (X1Pol - xounprol) >0 (large x1) — sensit
N — (X1Pol - xounpol) <O (small x1) = sensit
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Longitudinal single-spin asymmetry of W bosons

AW —Au(ml)_J(xg) —|—_Ad_($1)U($2)
o —o~ - u(z1)d(z2) + d(z1)u(z2)
AL="3= e —Ad@)ules) + Au(z1)d(z)
L d($1)ﬂ(3§‘2) -+ _(Zbl)d 5132)

- Large parity-violating single-spin asymmetries are observed

- Opposite sign for W+ AL and W- AL

- N dependence provides sensitivity to different quark and
anti-quark helicities

Opposite signs of backward W+ and W- asymmetries
reflect signs of Ad and Au
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STAR, PRD99, 051102 (2019)
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Flavor asymmetry in the polarized sea

STAR, PRD99, 051102 (2019)
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STAR W data significantly constrain sea-quark
helicities

At(x) > Ad(z) (0.05 < x < 0.25)

Flavor asymmetry in the polarized light-quark sea
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Beyond longitudinal spin structure

| ongitudinally polarized protons p~ +p~ — jet/7° + X

Aq(z) = q"(x) —q (2), Ag(z)=g"(z)—g (z)
« DIS — quark helicity
AL — gluon helicity
« W AL — flavor-separated quark/antiquark helicity
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Beyond longitudinal spin structure

| ongitudinally polarized protons p~ +p~ — jet/7° + X

Aq(x) =q"(z) —q (x), Aglz) =g (z) —g (x)

« DIS — quark helicity
AL — gluon helicity

« W AL — flavor-separated quark/antiquark helicity S Jo
A kT P
Iransversely polarized protons p'+p—h+X quark X%/

. roton
e Protons have transverse motion: Kkt P

» Spin can be correlated with kr Sivers effect:

L . Correlation between nucleon spin (S) and
— Transverse-momentum-dependent distributions (TMDs) parton transverse momentum ('iT) (5)
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Beyond longitudinal spin structure

| ongitudinally polarized protons p~ +p~ — jet/7° + X

Aq(z) = q"(x) —q (2), Ag(z)=g"(z)—g (z)
« DIS — quark helicity
AL — gluon helicity
« W AL — flavor-separated quark/antiquark helicity

Transversely polarized protons p'+p—h+X

e Protons have transverse motion: kr

» Spin can be correlated with kr Sivers effect:

L . Correlation between nucleon spin (S) and
— Transverse-momentum-dependent distributions (TMDs) parton transverse momentum (iT) (5)

{mmmm

Spin structure is not only about helicity. |
Spin can also correlate with transverse parton motion|

| S
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Transverse single-spin asymmetry

pT _|_ D — h _|_ X LEFT‘; 100GeV
O-T o O-i/ 1 e oproton
AN ~ O’T —+ O’i :
100GeV
~ DPbeam X Ph . = ‘
~ |Pbeam X Ph — RIGHT

In pQCD, transverse spin effect was naively expected to be small at high energies...

T
. " A Y &S_q
In naive pQCD: 4N oy

Kane, Pumplin, and Repko, PRL41, 1689 (1978)
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Transverse single-spin as

pl+p—=h+X
B ol — gV
o O’T—|—O'¢

AN

100GeV

_—

-~

Proton RIGHT

ASYMMETRY
O .

R
}

Klem et al. (ZGS), PRL36, 929 (1976)

o + + +
+ R =75 GeV/c,x=67
®

ymmetry

l i S l ] l i i L
“"‘. 111111111
O.Q
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1
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Adams et al. (FNAL E704),
PLB264, 929 (1991)

I I I I
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@ ;i
0.2 - ¢ —
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0 .‘.....l....
d
o
¢
-0.2 —~
17+=D @
n0=x %
—0.4 m =0 ¢ _J)
| | | |4

O 020406 0.8
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Surprisingly large Anwas observed at forward rapidity
at Argonne National Lab. ZGS experiment, and later at FNAL E704!
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Transverse single-spin a

pl+p—=h+X

gl — gV

AN

]

o1

LEFT

100GeV

_—

-

Proton
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symmetry

RHIC ColdQCD WhitePaper (2016), arXiv1602.03922

Large A
— Spin-

+ > -
2GS, \s = 4.9 GeV i JC l < [ . i i l
AGS, Vs = 6.6 GeV . 0 Py A
" m E704, \s =22 GeV i ]
| BRAHMS, s =62.4 GeV ° o§‘ I 5
- ®© BRAHMS, Vs =200 GeV $1
It ~0.1F . i
| 1
] g
il '
: 1
1 ¥ i ]
g 03[ 2GS, Vs =4.9 GeV T
o 9, | A AGS, Vs = 6.6 GeV
'T L - m E704, {s =22 GeV
e 0.4l ® BRAHMS, Vs = 62.4 GeV
- ® BRAHMS, \s =200 GeV
I | I | | | I | I | I | I | | I | | | I | | | I ? I 1
0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8
XF

0.2

0.15

0.1

0.05

O » e nm

E704, \s = 22 GeV

PHENIX, \s = 62.4 GeV

STAR, \s =200 GeV

STAR, Vs = 200 GeV, <n>=1.5 |
PHENIX, Vs =200 GeV, <n>=0.2
STAR, s =500 GeV

l
|

1

¢

&)

o

0

0.2 0.4 0.6

0.8
XF

\was also observed at forward rapidity at RHIC
momentum correlation

Initial state: quark-gluon correlations (related to Sivers effect)
Final state: fragmentation correlations (related to Collins effect)

The origin of the large An is not yet fully understood
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Transverse single-spin asymmetry

PHENIX, PRD113, 072006 (2026)

pl+p—=h+X

0.6 - ~— Twist-3 Sivers-like contribution (a)
0 l L PHENIX # 1 (<n> =3.51, \s = 200 GeV)
A O — 0 - STAR4 1 (<n> =3.68, |s = 200 GeV)
N — _ E7040 n(1.0<n <46, Vs =19.4 GeV A
O'T O'¢ 0.41 N ( | _ ) | =
F :
42 0.2 + |
0.0
LEFT 100GeV i
1

o
b
-
B
=
N

1 - - —0.2
1 1 1 1 1 1 1 L 1
\ \ Lo - Proton . . XF . 0.8

Initial-state correlations alone cannot explain the data

Proton

RIGHT Sp ' (pp X kT,q)

1. Niida, HuaDa QCD school (@CCNU



Can polarization be produced without a polarized beam?

> lransverse single-spin asymmetry

pl+p—h+X AN # 0

Initial-state proton Is polarized — spin asymmetry

> Can a polarized particle be produced from unpolarized collisions?

1. Niida, HuaDa QCD school (@CCNU
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Can polarization be produced without a polarized beam?

> lransverse single-spin asymmetry

pl+p—h+X AN # 0

Initial-state proton Is polarized — spin asymmetry

> (Can a polarized particle be produced from unpolarized collisions??

Yes. Large transverse /A polarization was observed!

p+p— AT+ X

1. Niida, HuaDa QCD school (@CCNU
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The first measurement in 1976

> Bunce et al., Phys. Rev. Lett. 36, 1113 (1976)

> 300 GeV unpolarized proton beam at unpolarized Be target
p+Be— A"+ X

> Experimental apparatus below

Mo= collimator/sweeping
magnet M 3 +

= ronoar Sy v 7/ -

— 1 . .
T= Be target

V= Vacuum decay region MWPC1-6 + M3 magnet

1. Niida, HuaDa QCD school (@CCNU
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The first observation of transverse A polarization

Bunce et al., Phys. Rev. Lett. 36, 1113 (1976)

p+Be > A+ X

L (a) ¢ J
> Large polarization normal to production plane voaf 9Pz gt Lo
was observed! g
Production plane S o A=
. . ~ pp X pA %< Pic X P e R BRI AR e Ru S aa
2 H pA L — ‘_ 9] ' @ $—¢&

Pp X DA : = -
-0.1 F aPX | } { -
> D b (P, P,) f " P
u‘e O stpm ptrecezsmtn vy magnet, (Px, Py) originate from T rwvLC

olarization at production e
P P aP| = \/(apx)Q + (aP,)? +0.05F aP, (c) ; -

O ot s ] : s ¢ } *

| | | -0.05 |- . >

> |PA| iIncreases with pr, reaching ~30% (0.3<x<0.7) e S ST
+0.2 |- (d) N
- { + —
Final-state /A is transversely polarized even from unpolarized initial state  +o.t - ; ¢ 1 -
B . 3 ® pl i
OO_ll Ol4 | 018 J 1f2 | 116 GIeV/c
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The first observation of transverse A polarization

Bunce et al., Phys. Rev. Lett. 36, 1113 (1976)

p+Be > A+ X

g (a) ‘ .
> Large transverse polarization relative to production plane  +o1f @z N -
was observed! - v )
oLa L2 | N S — - |
O In a simple perturbative picture, transverse polarization was exp: |s & , 4
nigh p_T, roughly suppressed by mq/pT - i -
m -04 aPX | } { i
P~ a,—% ~ 0(107%) : (b) -
pT Y S SO TS T e SR W
0 0.4 0.8 {.2 1.6 GeV/c
> S0 it was unexpectedly large! +0.05F aP, (c) .
O #——8—5——}% } {
-0.095 I B
+0.2 ; (d) { ; :
P 1
soul s ¢ -
- 3 ® P -
plE: ®i i 4 0 i wal DO
O 0.4 0.8 1.2 1.6 GeV/c
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How about polarization of anti-A?

> Since then, a series of experimental studies have been conducted

Phys. Rev. Lett. 41, 607 (1978)

t He”er et a‘ (‘]978) o N I L B B L B T T |. 7 1. T )
0 400 GeV proton beam on a Be target § b gt e
=L < o - _
N o |
: : = 10 e} | T
O /\ transverse polarization ~24% (0.1<x<0.7) < L B Aixoo o | -
o - : | o ,
_ . . = _'20: p+Be >N+ X.... a | ' é c} % :
O A was found to have zero polarization ol
0 02 04 06 0.8 1.0 |.2 .4 1.6 .8 20 22
| | P IN GeV/c | |
g a5 y - S}A
p u N SSJ p ,3@6“<f’
5 gs : u (J\ S
u - X u >u >X
P d | P d ' |
¥: IR =]
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How about other hyperon

s?

> Since then, a series of experimental studies have been conducted
Ho et al., Phys. Rev. Lett. 65, 1713 (1990)

> Ho et al. (1990) 0.0 {
J 800 GeV proton beam on a Be target g ol % ﬁé %@g I
J p+Be—=" (EJF) + X E -0.25- ® =" 800 GeV/c
O Both = and anti-= show positive/comparable polarization | a5 400 GV
V04 06 08 10 12 14
P; (GeV/c)
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How about other hyperons?

> Since then, a series of experimental studies have been conducted
Ho et al. Phys Rev. Lett. 65, 1713 (1990)

> Ho et al. (1990)

J 800 GeV proton beam on a Be target

O p+Be—Z (EN)+ X

J Both = and anti-= show positive/comparable polarization

> Morelos et al. (1993)
O 800 GeV proton beam on a Cu target

O p+rCu—X N+ X

O Both 2 and anti-2 show non-zero positive polarization

Hyperon transverse polarization has non-trivial flavor dependence!

1. Niida, HuaDa QCD school (@CCNU

0.0

Polarization
-

=
)

N
O

2 x84
b
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Morelos et al., Phys. Rev. Lett. 71, 2172 (1993)
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How about other hyperon

s?

Luk et al., Phys. Rev. Lett. 70, 900 (1993)

» Luk et al. (1993) Tloa T o

o a
0 800 GeV proton beam on a Be target 0’055 E _ Jo <><> ‘ .
O p+Be—Q +X g OOOOE | @l ‘Jf}' :
O (O polarization is consistent with zero (0.3<x<0.7) ; -0.055 % %

2 A\, 2t, = share at least one valence quark with % ’ A} s b ]
the incident proton while (O does not B

Transverse Momentum (GeV/c)

Hyperon quark content P

1. Niida, HuaDa QCD school (@CCNU



How about other hyperon

s?

Luk et al., Phys. Rev. Lett. 70, 900 (1993)

» Luk et al. (1993) e T [
@ A
] 800 GeV proton beam on a Be target lac S S S L Y
O p+Be—Q +X R | @l ‘H' :
O (O polarization is consistent with zero (0.3<x<0.7) ; | § % % %
B | 0.10 | A
& /\, 2+, = share at least one valence quark with | 5o s b )
the incident proton while QO does not B |
But anti-hyperon polarization cannot be simply Toeeser w012
understood In terms of shared valence quarks Transverse Momentum (GeVi/c)

Hyperon quark content P Hyperon quark content
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How about other hyperons?

Luk et al., Phys. Rev. Lett. 70, 900 (1993)

2 Luk et al. (1993) S """"""""" C 5
1 800 GeV proton beam on a Be target |
0 p+Be—Q 4+ X

O (O polarization is consistent with zero (0.3<x<0.7)

0.05 i

: = (g ; O ®
! O .
0.00 | ¢ i 1 q

-0.05 i %
_ i
0.10 [ % % A

> » @ O

il >0
b 9 —

Polarization

2 /\, 2*, =~ share at least one valence quark with | shos 2 i
the incident proton while QO does not B |
But anti-hyperon polarization cannot be simply oa e e 0 1z 14
understood In terms of shared valence quarks Transverse Momentum (GeV/c)

Hyperon quark content P Hyperon quark content

Longstanding hyperon polarization puzzle for nearly 50 years
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The study continues...

LHCb, PRD112, 112022 (2025)
0

: ] & Little or no polarization at small x
0.1 1 (midrapidity)

o-l-,L#_gﬁ#ﬁ- ....... 1 & The polarization becomes increasingly
E | ‘}'@m ]  negative toward large xr

< 01k ~®- LHCb pPb forward \sy, = 5.02 TeV |+ * h _ _
A VLD e LHCb pPb backward {ig = 5.02 TeV - 11; * 1  (beam-fragmentation region)
- -8~ LHCb-SMOG pNe sy = 68.4 GeV | * -
—02F = ATLASpp Vs=7TeV 1 b Qi :
L HERABAC (= 42.Gev ++ | & Similar trend over a wide range of v/snn
I - E799 pBe sy =39 GeV T 4:
_03 B —#— NA48 pBe @:29 GeV O(.A:O.746 H
I —— M2 pBe |5 =27 GeV
B —
10~ 107 1072 10"
| Xp |
o 2P
F NE
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Act polarization from LHC

LHCb, PRL137, 091901 (20206)

- — 1 + r rt Tt [ T ‘1 T T T 1T
¢ Data E
~ 140 - — Total fit I LHCb » ] — 100
e - Af ~ ot 21.7nb"" pNe > -
= Background VSxn = 68.6 GeV 1 3 g
f 100 - f
£ 1 ¢
z . =
- 60 3 =
S 5 40
5 40F |- =
© } \ 'l' O 5oL
20 otor T-1iel iy L1 Y b1t 5 I ry i ¢
B¢ ¢ ¢ bt r
oH- ! : . I 1 1 1 1 l L 1 1 1 ] 1 oL
2.25 2.3 2.35

m(pK 1) [GeV]

> First separate measuremen

transverse polarization in p+Ne

at v/snn = 68.6 GeV

e~ A LHCb-SMOG pNe {5y = 68.6 GeV P y

-~ A, LHCb-SMOG pNe sy = 68.6 GeV
~8- A LHCb pPb forward \sy, =5.02 TeV
-0~ A LHCb pPb backward sy, =5.02 TeV
-- A LHCb-SMOG pNe \/% =68.4 GeV

= A ATLAS pp Vs=7TeV — T
— A HERA-B pC |5y = 42 GeV
—— A E799 pBe \syy =39 GeV
~ A NA48 pBe {5y =29 GeV
—— A M2 pBe {5y =27 GeV

E ¢ Data LHCb
— — Total fit ]
i - — ot e 21.7nb' pN
- biband - 686Gy
] | E —0.2
[ | 'l' 1 H r 'l' | | _.l ii Q-*
”h .. h , . L ..'}. .+| ,
2.25 2.3 2.35 B
m(@PK*n) [GeV] _04
—0.6 |
: Of /\C+ aﬂd /\C_ i
—0.8
107

Pye = (244£942)%, Py = (-8 + 12 4 3)%

J Polarization extracted from 5

1073 1072 107!
‘ Xg ‘

D amplitude analysis of Act—=pK-Tr+

> First study of xF dependence of charmed-baryon polarization
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Possible explanation

> Many models have been proposed but no single model can explain all the

data

O e.g. parton recombination model DeGrand, Markkanen, and Miettinen (1985)

> Ihe large po

Spin-momen

arization cannot be explair

ed by a simp

'um correlations may arise

rom Initial- ar

e perturbative picture.
d/or final-state effects

- Polarization originates from the initial hadronic state”

- Or can it be generated at the fi
An unpolarized parton fragments into a polarized hadron
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Polarization is not unique to hadron-induced reactions

HERMES, PRD90, 072007 (2014)

T I ' I
0.15
> HERMES (2007, 2014) S 4 by
He
: : 0.10 ' —
[ Positron beam on a gas target ('H, 2H, and heavier gas). b 1
Positron emits a quasi-real photon, which interacts with 0.05| % + . ' Xe
the nucleon r I
0
+ + * 2 I
e N = e"AX (W*N — AN, Q° ~0)
-0.05
[ Polarization was also observed in photoproduction, with T ENET.r e
a positive sign and an indication of decreasing polarization atomic-mass number A
with increasing A Selle, PRL122, 042001 (2019)
o= | (@ A+X
. : . oo . S 004} 0.2<2,<0.3 | 0.3<z,<04 | 0.4<z,<05 | 0.5<z,<0.9
> Atransverse polarization was found even in e+e- annihilation  § e+ "700 00 | T N
i § ooz T T
by Belle Collaboration (2019)  +_- _, gi — AT+ X g j +++ I
O Polarization can be generated during fragmentation or hadronizaton =~ " ° * pwGevey "
— polarizing fragmentation function —
s gigigo.2<zx<o.3§ 0.3<2.<0.4 0.4<2.<0.5 o.5<zx-<|-o.9
This supports the idea that transverse /A polarization N T | st s
can be generated in the fragmentation process g o T+ tf | .
—0-08§-| IIIII - - é-lllllll N

05 1 15 0.5 1 1.5 0.5 1 1.5 0.5 1 1.5 45
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Summary of day-2

> Spin structure of nucleon
O Quark helicity constrained by polarized DIS: A2 ~0.3
1 Gluon helicity probed by ALL in polarized pp collisions: Ag(x)>0 in the x region probed by RHIC
O Sea-quark flavor asymmetry probed by W= A_: AU > Ad

> lransverse spin phenomena
O Large transverse spin asymmetries (An) were unexpected in a simple pertubative picture

O Large A\ transverse polarization is olbserved even with unpolarized beams

O Spin—-momentum correlations in the initial and/or fragmentation provide possible explanations but the
origin of large transverse spin effects is not yet fully understood
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