Gluon Double~5pin Asymmetry at Small-x and k~Factorization

Ming Li

The Ohio State University

Y. Kovchegov and M. Li, JHEP 05 (2024) 177.




el iy i AP s il iy i e

Outline

Introduction and Motivation

Gluon clouble—-spin asgmmetry at Small-x in Gluon+Proton Collisions

Generalization of gluon cloubl&spin asgmmetrg to Proton+Proton Collisions

K,~Factorization and Small-x Helicitg Evolution




Origin of Nucleon SPin

Jaffe-Manohar spin sum rule for proton The RHIC Spin Collaboration (2015)
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Sq+Lq+SG+LG=5
Quark Spin Gluon Spin
1 rl I
S (0% = EJ dx AZ(x, Q%) S0 = J dx AG(x, Q%)
0 0
(0% = 10GeV?) ~ [0.15, 0.20] Sc(0Q* = 10GeV?) = [0.13, 0.26]
x € [0.001,0.7] 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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Longituclinal Doub|e~5pin Asgmmetrg

How to measure quark and gluon intrinsic spin inside a proton?
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RHIC has measured A; ; for the productions of

jets, dijets, 7°, 7T, direct photons. ..

at mid-rapidity, intermediate rapidity, forward rapidity...
at | /syy =200GevV and , /syy = 510GeV

RHIC Spin Collaboration, arXiv: 2302.00605




Longituclinal Doub|e~5pin Asgmmetrg

Longitudinal double-spin asymmetry is related to parton helicity distribution.

dAc  do"T —do"T
App = = =
do dott + dot

; : - : . : Babcock, Monsay and Sivers (1979),
Collinear Factorization (also parlty Invarlance) (DSSV) 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)
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(Anti) quark and gluon helicity distribution  Af(x, Q%) = f(x, Q%) — f7 (x, 0*)

Partonic level double-spin asymmetry AAG = d67T — d6T
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Longituclinal DOUbIC~5PiI‘I Asgmmetrg at small x

RHIC Spin Collaboration (2015, 2023)
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Low transverse momentum region,
sensitive to small x gluons, collinear very large uncertainty in constraining the
factorization probably breaks down. small-x region of gluon helicity PDF using the

collinear factorization formalism.
Transverse momentum dependent framework + Small-x helicity evolution

equations, to describe A, ; in the low transverse momentum region and to
constrain gluon helicity at smaller values of x.
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Gluon Double—-«SPin Asgmmetrg at Micl~Ral:>iclitg

Goal: A;; atsmall-x for Gluon production at mid-rapidity
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proton/nucleus
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Gluon + Proton — Gluon + X

dAc do™" —do™

A = =
- do do™ + dot—

Generalization
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proton/nucleus }'.»
Proton + Proton — Gluon + X
What we calculate
The leading order unpolarized gluon production :
has already been calculated. :

Kovchegov and Mueller (1998), Kopeliovich, Tarasov and Schafer(1999),
Dumitru and McLerran (2002)
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Wilson Lines at Sub-eikonal Order

We use the shockwave formalism for small-x physics and extend the analysis to sub-eikonal order for spin physics.
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Kovchegov, Chirilli, Altinoluk, Beuf....
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https://arxiv.org/abs/2402.17568

Polarized Wilson Line Correlators

Unpolarized gluon dipole correlator Chromo-electromagnetically polarized gluon dipole correlators
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Relating to Gluon TMDs at Small-x

Polarized Wilson line correlators are related to the small-x limit of various gluon helicity TMDs.
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Dipole Gluon helicity TMD

Cougoulic, Kovchegov, Tarasov and Tawabutr (2022)
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Twist-3 gluon helicity-tlip TMD
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Gluon + Proton — Gluon + X

The calculation is performed in transverse coordinate space.
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Black dot: Subeikonal order
gluon splitting wavefunction

Gluon momentum p, = (01, p5,0)

Proton momentum p; = (p;,07,0)
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Integrating over impact parameter
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Sanitg Check: Leacling Perturbative Result

We calculated A, ; for gluon production in Gluon+Proton collisions:

k

do () 20 N, | e 1 g4 T
= die & 2l = —
Phr dy 3 s/ re [ n (:EJ_A) Gz Bs) 0

How to obtain A;; for gluon production in Gluon+Gluon collisions?

Use the Born level expressions: P

|2

E|?

(3 6a25) + 2659389 )|

Cougoulic and Kovchegov (2020)
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Quadratically dependent on k.
at large external transverse momentum
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Proton + Proton — Gluon + X

We calculated A;; for gluon production in Gluon+Proton collisions:

do(\)

QCVSN 1 2 ik-x 1 adi, 92 . L E 3 ad] adj /2
d?kr dy — 3 s/daje lln <$J_A> GTJ(xbﬁS)_Z@\Q | E|? 5GTJ($L’6S)+2G 7 (21, 8s)

It is projectile-target asymmetric!!!
For unpolarized gluon production,
Kovchegov and Tuchin(2002)

How to obtain A, ; for gluon production
adj(0)

° o o L 7 e} )
in Proton+Proton collisions? I (%) v REO (2 ) — ~ 1 0°Gp 4O (12 a5) + ¢y D G2UO (42 )
T 1

Born level expressions for

rojectile proton: :
proj P #Step 0: Integratlon by partS. /dQ:zje_iE'£ [ln( 1A> D ‘58‘2 : |:’2] Gad‘](xbﬁs)
IEa L
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o —/dZLE e—zk.z In ( ) ; VZ GadJ (ZUJ_,ﬁs)
o e 1 ; T | ok
2P (%7@3) = aSWC’—F o xi oL

R GadJ (0) i Gadj Gg%] (0) L GadJ

The final expression should be projectile and target symmetric (1" < P).




k~Factorization

The A, ; for gluon production in Proton+Proton collisions:

do (o | £ | 15 . B2 & o G3 (a7, Bs)
e d 1K GadJ 373_7 o adJ QZJ_, o 24 S g ks 19 ol
Phrdy  opmt k2 / 28 dGE Gl GG ey (% v ¥ 0 222 Bs)

In momentum space:

ad]
do Cp 1l d0 oy - 10 (k-a) ¢ k\ (GP((k-g)? Bs)
d?kr dy - Q. T Sk (2 )= (G (a1, @s)  Gyp(ar O‘S)) .

In terms of dipole gluon helicity TMD and twist-3 helicity-tlip TMD:
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This equation is only applicable in the small-x regime.
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k~Factorization

The A;; for gluon production in Proton+Proton collisions:

do 327 o | / d?q
(

e b e &GP
Ak dy N, skZ | (2n)? (AH =)

2
37, \d175 55 9gir, (QTa

2 ><g-<&g> g-&) AHET (6~ 9% 3
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= k-(k—gq) 0

LT o
glL ((E—Q) 3 13_,1;

1. AH;L(kz, s) is a pure TMD effect that doesn’t contribute to gluon helicity PDF.

1/0?
J d*kAH: (k7. 5) = 0.
0

2. Similar to the usual k,-factorization approach? Collins and Ellis (1991)

1 1 . _
ofs) — / dxq / dzs / Bl d2ks Fla1, ky, 1) F(@2, ko, 1) Io(z1298, 1, ks). I, : Impact factor (Off-shell,
0 0

gauge-invariant partonic cross-
section)

3. Solving AHjL(kz, x) and gﬁ(kz, x) from the small-x helicity evolution equations.
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lncluding Small-x Helicitg Evolutions

do o CF 1
dekrdy oa.mtsk2
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Projectile  py
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When a (Y — y)* ~ 1, including
small-x helicity evolution on
the projectile side.

When a,(y — Y;)* ~ 1, including
small-x helicity evolution on
the target side.
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In the double-logarithmic approximation:

1
o, < |, asln — < 1,
1 * :131
ln;>> L g2 [
X

single-logarithmic terms can be discarded.

The small-x helicity evolution
equations under double-logarithmic
approximation, which close at large-

N_, have been derived.

Kovchegov, Pitonyak and Sievert (2015-2019)
Cougoulic, Kovchegov, Tarasov and Tawabutr (2022)




lncluding Small-x Helicitg Evolutions

do o CF 1
dekrdy oa.mtsk2

adj 2
ks - - e G2 o e CGaialag = )
/dee ZEQ(GaﬁdJ(‘”i’YP—W Gg%](mi»YP—?J))( 24+J%L _%J_ - 2 5
b : ,

Kovchegov, Pitonyak and Sievert (2015-2019)

In the double-logarithmic approximation and large-/V,. limit: Cougoulic, Kovchegov, Tarasov and Tawabutr (2022)

2
Z X10

a N d7' [ dx?
G(xlzo, 728 = G(O)(xlzo, z8) + ; - J J = [F(xlzo, x221, 7's) + 3G(x221,z’s) + 2G2(x221,z’s) + 2F2(x120, xzzl,z’s) :
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e max[xlo,?s] e :
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Zx_ . [i”x 7_] . . o .
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lncluding Quarks (work in Progress)

Scattering amplitudes depend on background (anti) quark fields.

ba ba
(Uz,gw,/\)ba = (Ux)ba5(2)(£ = g)(k,/v L >\5/\,,\' (Ufm 5 Ug[l] 5(2)(2 = g) o 5/\,/\f (USLZ] i U£[2]5(2)(£ e y))

q[1]\ba g2pi—l|_ . = [ & —1\bb' T — b e /7/—'_75 a’ e o a’a
Uity — 22 [ do [ do; (Uylo0, 31 iz, 2) Vel 2715t (a7, 2)(Ualor, —oo])¥ + e
voooodd ppooooS WW T o
Uq[2] ba __ _'ngii_ dr= dr= (U —1\bb T.— b/V i ﬂ a’ - U S a'a
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We also need the subeikonal order quark Wilson lines:

o]

0 2 ]
(Vg,g;a’,a)w - (Vx)w 5(2) (z - g)éU,U’ 0 0_5070, (VQGD] = Vé][ﬂ) 5(2) (g i y) il 5070/ (ngp] oL V£[2]5(2) (@ oo y))

Quark initiated channels: Quark + Proton — Gluon + X

See talks by Altinoluk, Mulani, Beuf, Agostini, Chirilli.
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lncluding Quarks (work in Progress)

New types of diagrams contributing to gluon production.

Altinoluk, Armesto and Beuf (2023)

The new operator 1s related to the small-x limit

of quark helicity TMD.

) A
\ \
2 82P+ e S - - g\ bk 2 d v
O(x,y) = . J dx J dy U_yce[+oo,y 1y (y ,_y)(teV_y[y ,—oo]V;[x ,— oolt > ——lwee gl jtoesri|teie
———{0POO0O0 = | ’
| . | - % |
— rfopooooo —< —
— 00 * +0Q * *

We have extended the small-x helicity evolution equations
to include the quark-gluon (gluon-quark) transition operators in the large N, & Ny limit.

Borden, Kovchegov and Li, work in progress.

See similar calculations in Giovanni s talk!




Conclusions

* We derived the small-x expression for double-spin asymmetry of gluon production at
mid-rapidity in longitudinally polarized proton-proton collisions.

* In the pure glue case, the expression contains dipole gluon helicity TMDs and twist-3
helicity-tlip TMDs from both the projectile and the target in a projectile-target
symmetric form.

* The expression exhibits k;~ factorization. Together with the small-x helicity evolution
equations under double-logarithmic approximation, it can be used to constrain gluon
helicity distribution at small-x using experimental data from RHIC on A;; for
inclusive jet and neutral pion productions. (ongoing work by Baldonado and Sievert)
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