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Origin of Nucleon SPin

Jaffe-Manohar spin sum rule for proton

1
5,0 = EJ

Quark Spin
1

0

S (0% = 10GeV?) » [0.15; 0.20]

dx AX(x, %)

The RHIC Spin Collaboration (2015)

S, + L. +Sg+Lg=

1

2

x € 10.001,0.7]

Gluon Spin

1

S-(Q%) =J dx AG(x, 0?)

0

S~(0? = 10GeV?) ~ [0.13, 0.26]

x € [0.05,0.7]

Missing spin of the proton maybe in Quark and Gluon Orbital Angular Momentum Lq and L
and/or smaller values of x
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Longitucliﬂal Doub|e~5pin Asgmmetrg

How to measure quark and gluon intrinsic spin inside a proton?

SY
_I_
> .
- P
Proton .
_ -

dAc do™" —doT

A, = =
Sy do dotT + do—

«— T
4_‘ Proton
——— o

RHIC has measured Ay ; for the productions of
: L g =
jets, dijets, &, w—, direct photons...

RHIC Spin Collaboration, arXiv: 2302.00605




Longitucliﬂal Doub|e~5pin Asgmmetrg

Longitudinal double-spin asymmetry is related to parton helicity distribution.
dAc do™" —do™
do ' dott+dot

’ : : S - Babcock, Monsay and Sivers (1979),
Collinear Factorization (also parlty Invarlance) de Florian, Sassot, Stratmann and Vogelsang (2008)(2014)

dAo = Z dea deb Af (x,, 0?) Af(xy, 0?) dAG . (x,, Xp, Prs aS(QZ), prl Q)

ab

A =

(Anti) quark and gluon helicity distribution  Af(x, 0%) = fF(x, 0°) — f; (x, 0°)

Partonic level double-spin asymmetry NG — Aatt . Jat=

W““ﬂ T T S T Rt e Y A R T T T T T N g iy e T e IR -
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Longituclinal Doubl@-SPin Asgmmetrg at small x

Collinear Factorization (applicable for large transverse momentum)

dAc = ) dea{dxb Af(x,, 02 Afy(x, Q%) dAG (X, X, Py 0 (Q), P/ O)

ab
2
< | PHENIX: pp — %X Inl<0.35
. B 510 GeV: Run13 (Preliminary)
O 02 - 510 GeV: rel. lum. (shift) uncertainty N
. @ 200 GeV: Run6-9 (RRD90,012007)
- 200 GeV: rel. lum, (phift) uncejtainty
. 510 GeV /200 GeV pol. scdle uncert. $.5% / 4.8%
0.01

. Theory curves: LSS10p (dashed), DSSV14 (so

id) and NNPDF1.1 (dotted)

l
0.05

0.1
X7 (=2p_/\S)

Low transverse momentum region,
sensitive to small x gluons, collinear
factorization probably breaks down

T T T I P

TN e ATV~

w—d pig
— — £
< STAR p+p — Jet+X
—m— 2012510 GeV R=0.5 |1|<0.9 Prelim. o
0.04— —e— 2009 200 GeV R=0.6 |1|<1.0 1
B Relative luminosity uncertainty 2 ——
----- LSS10p o /
- —— DSSV'14 i
......... NNPDF1.1 o
- .."_";.
0.02- Lyl
O =B e '}' ---------------------------------------------------------------
— 1 +6.5% polarization scale uncertainty not shown
1 | | | I | | | | | | 1 | | I | |
0 0.1 0.2 0.3
X; (= 2pT/ \'s)

Large transverse momentum region,
collinear factorization successful, but
not sensitive to small x gluons.

RHIC Spin
Collaboration (2015)

Small x gluon saturation regime

pTN Qs

We need transverse
momentum dependent
framework to describe

A;; in low transverse
momentum region
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Double~sl:>in asgmmetrg at small x: gluon Procluction at micl~ral:>iclit9

Treating Projectile Proton and target Proton on equal Footing at small x is cha”enging.

B B AAPEP Lokl By D b SN IS IS PRI St - o bl S g el st o\ 2 gt k)

D i, A S e S

+
O quark/gluon 4+ proton — gluon + X
. Proton
+ — ~ -+ =
i p1 . dhe do do
quark/gluon o— e Ag = =
- d’pdy d’pdy d?’pdy
Goal: AEL for Gluon Procluction at micl~ral:>iclit9

Convention: proton travels along negative-z direction.




The Formalism: Small-x EHfective Hamiltonian

Need to go begoncl the eikonal ap sroximation. The
+ ; , ; .
Shockwave Picture of ngh energu Scattermgs: Proton 1S
<= L/

treatecl as backgrouncl gluon ancl quark ﬁelcls
= Proton
S’ %
. : Bjorken, K

o S-matrix element for highly boosted states """ 7% )“”dSOP o
,_ P1
quark/gluon o— -~ » 400
iwK> . + + —_iok>
Sg = <¢f| e exp s az Vgl ) poe |¢i>
- D A— J —00
r+oo e o
= (| Pexpq —i| dete”CViHe K Lg).
200
S-matrix element of boosted interaction for unboosted states
Light-cone Hamiltonian , | Boosting the background fields, » | Small-x effective Hamiltonian
in the background fields expanding in powers of £ = ¢ ¢ up to linear order in &

e e ey T T T T T g T 1

- T T e P T e P s Wty e T et "Wt - —_— —_—— ——
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The Formalism: Small-x EHfective Hamiltonian

Light-Cone Gauge A™ = 0.

Order 50: Voo =aJ =a; (g‘f’ftb‘{‘ — ig[A’, F""i]b)

T e P
Order §2: Vi, = g¥ar'Ayp + gWpr'A¥g
I L l.. 1
Order 512 Vi = —EAa((QZz@l) Pg;; + 2ig(f;) b>A,‘§ + ﬁ‘PTG(g];iSJ — QZ@’)I‘PG
- g b
+ig [Al-, Aj] (@A), + (DAY~ <—ig [a_AJ,Aj] . \/iglpgtblp(;)
1 ]
+$g‘PgAj;/Jy 9 —Yoh.o
Pty O =0ddigld, ]

Background fields: g |, a' , Wp

Quantum fields: ¥, A’

St Ty oh D N

Expansion in &£ is equivalent to expansion in x: 5 = e_lyP_YTl ~ xe_mN/Q

"O'mlq—

——— (e

ST
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The Formalism: Polarized Wilson Lines

Single gluon scattering amplitude up to sub-eikonal order

/

ME=8 = 2Qm)2k*s(kt — k)5, [5(x — YUy + EAS(x — ) URM(k™) + ¢ Uﬁ,i”z](kﬂ]

"O'U'O"(Pl—rm\

i +00
USH = — %J dw* U (400, w™) fi,(w",x) U (w™, — 00)
2

+

2kt )
+00 w.
U,?[l] T g_" dwz+[ :

y‘ySI“ﬁ
2kt |

1,7 i / n'n
dw;" U (40, Wy )l//%,n,(w; . X) [th V.wS,w )th] [ l//g’n(wl_i_ . X) U,?C(wl+ ,—)+c.c.

— o0

o roo dw T2 w+)[ 50y z) [f@S 551 e
o, G 2k+ y ’ y / ’ X ’ )

1 +00 Wy : =y ap

2 Y W - B nn| Y h

gael — o 2—k+J dw;[ dw; U™ (+ 00, wHws (ws, x) [t Vs, wihe"| [ ; ] i (ol U oo e
—0 — 00

10



AEL at small x: gluon Procluction at mic:l~ral:>ic:litg

Large-x Gluon initiated processes: g o040 o gtp asgi g
Large-x Quark (antiquark) initiated processes: ¢ > ¢+ &, ¢q — g+ 4,

+ g—4918 9838
) S The talk focuses on larg@-x gluon initiated processes.
+  — .
quark/gluon O—> P1 e M M(‘%;)gg —+ §2Mg_)qg —+ CfM(gl;)gg nE
2
— 2 g iie 5gs 888 (M8 88\ *
M = | M55 + 5( MES g a8 | )+

Isolate the part that is proportional to the polarization of incoming gluon.

I






b s\ IS~ g

A Lt - gl amnb Lol

NI iy sl < i PP

. : T =}
A AP APt B P I SAIINS . .o s> SPATAE

D i, A S e S

AEL at small x: gluon Production at mid—-vral:)iclitg
Thechannelsg - g+g, g—>g+g

1 | Vi V9
Sub-eikonal Order &2 M M M3

U o

2 _ | M8—88 |2 8§48 |2 B85S 88 %
M = | M5 +.§(\M@ 4+ MES (M +c.c.)+...

L.

Various cancellations and combinations between these two channels

> T T T e T T o T S T T T oy e T - o i T AR AN Sate et s o T e e 5




Review: Eikonal Order Gluon Production

Eikonal order gluon production at mid-rapidity

do aly | 1

X10 * X170

i e_ipl'xll'
dzpldy 71'2

Gluon Dipole Correlator:

9 2 2
I X0, X1,X] (27) | X107 | X170

[D(XO, X)) — D(Xg,X;) — D(X0, X}) + D(X,., Xi)]

1
o ¥
D(Xg, X)) = N1 <Tr [UXOUX1]>

Related to the dipole gluon TMD in small x limit

D(x, k?) =

g2 Gl k)

4Nz — )

k2

14

M, M>




Polarized Wilson Line Correlators

Background gluon field polarized Wilson line correlators. .
1

|
ADﬂ(er; X0, X1) = N2 ] <T1‘ [U;OUg[l](P+)]> E/M

. 1 . . X
ADﬁg’](p'F; X, Xl) — Z(ch = 1) <Tr [UioUg(,lG[2](p+) ir Ug{,OG[Z]T(p+)UX1] > 0 . ” zs zs zs zs is zs zs 6| 6 6 6 6 6 \

. r+00
Magnetically Polarized _ - 2ig
Wilson Line Uy o) = I+ dw* Uy(+00, w™) fio(w™, X) Uy(w™, — 00), ]
e e f-
lg »+00
Electrically Polarized f.G2](,,+) — dwtTwt U (+00. wHf7wt.x) U.(wt. — 0o
Wilson Line A P™) 2p ‘ X( W)W, X) X( : ) f12
—eee |

No contributions from transverse magnetic field %/ and longitudinal electric field f*~.

? ?

High order in eikonality Longitudinal momentum exchange

V-,lj



In the small x limit:

Gluon Helicity TMDs at Small x

Cougoulic, Kovchegov, Tarasov, and Tawabutr (2022)

2
8
AD3(x, k?) = 8 (x, k2
T T ALY
| 2 :
N I
AD]ﬁI(x, K — A 1)xAH3L(x, k)

Gluon correlation functions:

Gluon Helicity TMD

Twist-3 Gluon TMD

Mulders and Rodrigues (2001)

J ek P8 = Jd‘*x eik°X<P, S| Tr |[F*(0)% 0,0 FPo ()% (x,0)] | P, S>

gy o O k)PP S GAHCGL K 1T (K PS)

contribute to gluon helicity PDF

J xAH 3J_L (x, k2) — () Twist-3 gluon TMD does not
k

‘--16



Polarized Wilson Line Correlators and Quark Helicit9 TMD at small x

Background quark field polarized Wilson line correlators.

S Gk 1 e A ~y
Definition of Quark Helicity TMD ¢/ (x.k*) = 0 2 SLsz+dzzdy+d2ye’xp @ ek @N(P S | W)Uy, z]%‘f’(z) [BS:)
S

g2

AN~ 1)

In the small x limit: AD[qz](k+§ kz) = [g lq L(Xa kz) + 2 ?L(xa kz)]

. + C T gC + I [+] T ] i
Gauge link: %Xovxl = VXO(W s T OO)t VX()Vxlt VX1(+ oo, W ) — 5% tr[VX()Vxl] e _%

X, X X, X
0s*1 2NC it

- e DI L e SR
“ e T T R A et T P o oy N T R T S T s e, 7 o T TR M TR iy —~ <3 5

e e e T e T P e WA et ™S .

N + cC.c. + C.C.
Y Y

1 oo T P B
1 AD[qz](p“L;xO, X = = 1) 257 J_oo dwtdw™ UXO(+oo,w+) wr(w ™, Xg)
APl (pX, X)) — At [UT U‘][l](p+)] v s
[1] ol ch — 1 A X [teVXO(wu“, ~ oo)V;(w”L, — oo)td] [%} wywt, x,) U§1d(+oo,w+) +c.c.
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A8 atsmall x: Results

Il
In Momentum Space
do aCifl2 epip b -
Sub-Eikonal order: 7 L = 2A J' = b = 2
d’pidy = b |pi pip-kI°  |p-k]*
gC il ope(pi-k) 0
] st[ 2_ P (pl 2)+_2
e W[ B1=%° pilp; — k] P1
HaSCA[ 2p,xk’  (p -k -k
7> i [ (- K&pT  |p, —Kk[°k2
Eikonal order: doy . aCy [ i . 2p; - (p; — k) - 1
d’pidy = b [Pt pipi -kl |pi—-KkIP
doy—4 do)—_
d?p.d d*p.d
Longitudinal double-spin asymmetry AEL e P1ay
for gluon production at mid-rapidity: o’ doy
d*p,dy

18

o
(ADf/I(er,k )+ AD

d gl |
AD.,(p™ k%)

+. 1,2
ADS(p*; K?).

D(?) .

q
[1]

(r*:1)

™ —— A
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Aot Small x in the Limit p; = +

Large transverse momentum limit

5 LA 1 g ) aSCF 1 g o) 1 . :
= A————ADp(x, 07) + A———AD/.(x, 07) + O(—) Reproducing collinear factorization. ;
ap1ay lp oo iz 2 P Pi z
P1 Babcock, Monsay and Sivers (1979), f
do, a.Cy 1 1
- - = = 2A - J k’D(k?) + @(—6) |
d-p,dy P =400 = PiJk Pi ) ) ;
< | STARp+p — Jet+X ,
- e 004 mmmermne e L LB
28 ig L(X, Q ) -+ F[g f] L(X, Q ) -+ o i]L(Xa Q )] R L;::';pummosny neeriainy p ',"""' / ;
Aé e # p%_|_ @(lpllo) ~ —— DSSV'14 A .
LL 2 ......... NNPDF1.1 , ’ "_.-' ’
pl_)+oo XG(.X, Q ) B . 1 '_".'-‘;' ‘
0.02— ey 72
Parabolic behavior in the large transverse momentum limit with the R il «}— _______________________________________________________________
coefficient determined by the ratio of gluon and quark helicity PDFs . | <6.5% potaization scele uncertnty not shown
over gluon PDF. 0 o1 " oa YR
X; (= 2pT/ V's)

O e OO S , —rt -




Conclusion

We developed an effective Hamiltonian approach to study small-x physics beyond
Eikonal approximation with a focus on spin-related processes.

For the first time, we calculated AﬁL at small x for gluon production at mid-rapidity in

a transverse momentum dependent framework. We found four polarized Wilson line
correlators which are related to the small x limit of quark and gluon helicity TMDs.

At the large momentum limit, the transverse momentum dependence is parabolic with

the coefficient determined by quark and gluon helicity PDFs and unpolarized gluon
PDF.

At the low momentum limit, all four polarized dipole correlators contribute
comparably and transverse momentum dependent framework beyond the collinear
factorization formalism has to be used to extract gluon helicity distribution at small x.
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Backup Ag at small x

In Coordinate Space

2ADE (p™3 X0, Xg) — 2ADEL (p™; X0, X)) — 2ADE (P X0, X))

do, P a,Cy B,y 1 Xoo Xip
- M[1] M[1]
X0,X1,X]

Sub-Eikonal order: d2p,dy ) Q222 %02 |10 |

—ADEL (p™ X1, %) — ADEH (p™; X1, Xg) + 2ADE, (p™; %1, X)) + 2ADEL (p™; X, Xi)]

‘A s 1 Xloz. X170 - [
s 2
o Jxox,.x, (27~ x40 [ X0

kg kle,l
a.C ) . I X
2 44
4 P1 X0,X]

2]

AD! (p™; x|, X,) — AD? (p*; %o, X)) — ADZ (p™; %o, X)) + 2AD7 (p™; X, Xo)]

[4ADg’j(p+; X, xl)] .
27 x> L B

Eikonal order: =

dGO aSCA [ e_ipl'Xll' 1 XIO . XI/O
X0,X1,X]

2P Jx10[ %1017 Dt %) = Dl ) = Dlto X)) + Dl X))

2]
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Quantum- chromodynamic predictions for inclusive spin-spin asymmetries at large transverse
| momentum

| John Babcock,* Evelyn Monsay, and Dennis Sivers
Argonne National Laboratory, High Energy Physics Division, Argonne, Illinois 60439
(Received 20 October 1978)

We discuss predictions for the asymmetry A4,; in the inclusive production at large p, of charged and
neutral pions by longitudinally polarized protons. We work in the framework of a hard-scattering model
based on perturbative quantum chromodynamics, Various assumptions for the distribution of the proton’s spin
among its constituents—quarks, ocean antiquarks, and gluons—and the effects of scaling violations on the
parton distributions are considered. : o

F. The process VV = VV

The diagrams for gluon-gluon scattering are

(four -point)



C. The process gV —¢q V'

The diagrams for gV - gV are

# o v
€ € e

v |
4, € | BT

q')

(¢t channel) (u channel) (s channel)



