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Origin of Nucleon SPin

Jaffe-Manohar spin sum rule for proton The RHIC Spin Collaboration (2015)
1
Sq+Lq+SG+LG—5
Quark Spin Gluon Spin
11l 1
S (0% = EJ dx AX(x, Q%) Sa(0%) = J dx AG(x, Q%)
0 0
(0% = 10GeV?) ~ [0.15, 0.20] Sc(0Q* = 10GeV?) = [0.13, 0.26]
x e [0.001,0.7] x € [0.03,0.7]

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 contribution inside proton?
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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

; : - : . 3 Babcock, Monday 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=
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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
j
< - PHENIX: pp — n%+X Inl<0.35
. N 510 GeV: Runi3 (Preliminary)
O 02 - 510 GeV: rel. lum. (shift) uncertainty N
. @ 200 GeV: Run6-9 (Pf090.012007)
- 200 GeV: rel. lum. (ghift) uncejtainty
. 510 GeV /200 GeV pol. st le uncert. $.5% / 4.8%
1
0.01F
—
0
- Q
. Theory curves: LSS10p (dashed), DSSV14 (solid) and NNPDF1.1 (dotted)
1 1 1 1 I 1 1 1 1
0 0.05 01

Xt (:2pT/ \'S)

Low transverse momentum region,
sensitive to small x gluons, collinear
factorization probably breaks down
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Large transverse momentum region,
collinear factorization successful, but
not sensitive to small x gluons.
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Doub|e~spin asgmmetrg at small x: Soft gluon Procluction

4
— quark/gluon + proton — gluon + X
S_') Proton
+o— : .
quark/gluon O P1 ] 5 = dAG — dd dG
‘L d’pdy  d’pdy  d’pdy

Goal: AEL for Gluon Procluction at miclrapiclity




The Formalism: Small-x EHfective Hamiltonian
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quark/gluon O
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Light-cone Hamiltonian
in the background fields

= (| Pexp § —i

S-matrix element of

Boosting the background fields,

The Shockwave Picture of High energy Scatterings:

+
D Proton s treated as background gluon and quark fields
Proton
S-matrix element for highly boosted states 7" [205% )a"d s
. 3 s . B3
S = (Pl e Pexp{ —i| dztVi(zh) p e K | @)
r+00

dz+eia)K3VI(Z+)e—ia)K3 | ¢1> .
— 0

boosted interaction for unboosted states

> | Small-x effective Hamiltonian

expanding in powers of £ = ¢™ %
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up to linear order in &
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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
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Background fields: g |, a' , Wp

Quantum fields: ¥, A’
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Expansion in &£ is equivalent to expansion in x: 5 = e_lyP_YTl ~ xe_mN/Q
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Polarized Wilson Line Correlators

Final result depends on two polarized Wilson line correlators.

Magnetically Polarized
Wilson Line

Electrically Polarized
Wilson Line

(Tt [le st 4 g UG[”] )

X0 X

T 777,Gl2] Gl
((Tr [UXOU§1 ko L (k+)UX1]>>

fr2

G117+ dig I 7 . - .
U (k) = S dw U (+00,w™) f1,(w",x) U (W™, — 00),
L o {7 .
0Oty = =i dwtwt U(+o00, wH) f7(wt, x) Uw", — ).

No contributions from transverse magnetic field f+j and longitudinal electric field /.

High order in eikonality

? ?

Longitudinal momentum exchange
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Two Gluon TMDs

In tl’l@ Sma” X llmlt Cougoulic, Kovchegov, Tarasov, and Tawabutr (2022)

s | |
Gluon Helicity TMD AG;(x, k%) = ?6 K’ ¢ 0 e e 1y [U;()UQG[Z](W) : Us]{OG[z]T(kWL)le] ))
“ X1,X

. 4 . 1
Twist-3 Gluon TMD A H?le(x’ k2) = ? e~ K(X—Xp) 5((Tr [UXIUS)“H -+ U;OU,E [1]] ))
“ X1,X0

Gluon correlation functions:

Mulders and Rodrigues (2001)

[#Po(k, P, S) = Jd“x eik'x<P, S| Tr |[F*(0)%(0.x)Fro) %' \(x,0)| | P, S>

el AG. k)l TR P S, AH G KTV (LE S

contribute to gluon helicity PDF

J A Hle (x,k?) = 0 Twist-3 gluon TMD does not
k




g :
ALL at small x : Results

dy, a1 |=6p-p-® 4 | ., | 4pxk?  (k-p-k| 2
s [ : = > | AHG R + | = = —| AG,(x.K)
BLL Flk | prlp — K| D ki Pilpi —k[k [k —pi k"
do a 1 D Reproducing collinear
Large transv.e rs.e : ~ | — AGL(X, Qz) facI:Otorizatioﬂ
momentum limit: d*pidy; |, o 2 Cr p?
2 n
Low transverse do a1 1 Collinear factorization
o, - ~ )— = [4AH3J'L(X, kz) T 3AGL(Xa kz)] breaks down
momentum limit:  72p 4y, i 27 Cp ), K2
177 -

At low transverse momentum, both the Twist-3 gluon TMD and the gluon helicity TMD
contribute comparably to double-spin asymmetry
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Conclusion and Outlook

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

For a pure glue system, the AEL for soft gluon production depends on a new twist-3 gluon
TMD 1n addition to the gluon helicity TMD.

The twist-3 gluon TMD does not contribute to gluon helicity PDEF, it contributes comparably
to the A”, in the low transverse momentum regime,

Suggesting that using double-spin asymmetry to extract gluon helicity distribution at small x
within the collinear factorization formalism might overestimate the contribution.

Future works: including quarks for a full calculation, examine double-spin asymmetry at

small x for other observables 1n pp collisions and ep/eA collisions, including small-x helicity
evolution.
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