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Outline
Introduction and Motivation 

Gluon double-spin asymmetry at Small-x in Gluon+Proton Collisions 

Generalization of gluon double-spin asymmetry to Proton+Proton Collisions  

-Factorization and Small-x Helicity EvolutionKT



Origin of Nucleon Spin

Sq + Lq + SG + LG =
1
2

Jaffe-Manohar spin sum rule for proton

Sq(Q2) =
1
2 ∫

1

0
dx ΔΣ(x, Q2) SG(Q2) = ∫

1

0
dx ΔG(x, Q2)

Quark Spin Gluon Spin

Sq(Q2 = 10GeV2) ≈ [0.15, 0.20] SG(Q2 = 10GeV2) ≈ [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  and  
and/or smaller values of 

Lq LG
x

The RHIC Spin Collaboration (2015)
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Longitudinal Double-Spin Asymmetry
How to measure quark and gluon intrinsic spin inside a proton? 

ALL ≡
dΔσ
dσ

≡
dσ++ − dσ+−

dσ++ + dσ+−

RHIC has measured  for the productions of 
jets, dijets, , direct photons…
at mid-rapidity, intermediate rapidity, forward rapidity…
at   and 

ALL
π0, π±

sNN = 200 GeV sNN = 510 GeV

RHIC Spin Collaboration, arXiv: 2302.00605 

4



Longitudinal Double-Spin Asymmetry 

ALL ≡
dΔσ
dσ

≡
dσ++ − dσ+−

dσ++ + dσ+−

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

dΔσ = ∑
ab

∫ dxa ∫ dxb Δfa(xa, Q2) Δfb(xb, Q2) dΔ ̂σab(xa, xb, pT, αs(Q2), pT /Q)

Collinear Factorization (also parity invariance) Babcock, Monsay and Sivers (1979), 
(DSSV) de Florian, Sassot, Stratmann and Vogelsang (2008)(2014)

Δfj(x, Q2) ≡ f +
j (x, Q2) − f −

j (x, Q2)(Anti) quark and gluon helicity distribution 

Partonic level double-spin asymmetry dΔ ̂σ = d ̂σ++ − d ̂σ+−
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Longitudinal Double-Spin Asymmetry at small x
RHIC Spin Collaboration (2015, 2023) 

Low transverse momentum region, 
sensitive to small x gluons, collinear 
factorization probably breaks down. 
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Transverse momentum dependent framework + Small-x helicity evolution 
equations, to describe  in the low transverse momentum region and to 
constrain gluon helicity at smaller values of x.

ALL

 for inclusive neutral pion and inclusive jet productions at mid-rapidityALL

very large uncertainty in constraining the 
small-x region of gluon helicity PDF using the 
collinear factorization formalism.



Gluon Double-Spin Asymmetry at Mid-Rapidity

Gluon + Proton ⟶ Gluon + X Proton + Proton ⟶ Gluon + X

Goal:    at small-x for Gluon production at  mid-rapidityALL

ALL ≡
dΔσ
dσ

≡
dσ++ − dσ+−

dσ++ + dσ+− The leading order unpolarized gluon production 
has already been calculated.

What we calculate

Generaliza,on

Kovchegov and Mueller (1998), Kopeliovich, Tarasov and Schafer(1999), 
 Dumitru and McLerran (2002)



Wilson Lines at Sub-eikonal Order 

Background fields
Eikonal Order:
Subeikonal Order:
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Chromomagnetic Field

Chromoelectric Field
Cougoulic and Kovchegov (2020),  M.Li arXiv:2402.17568

We use the shockwave formalism for small-x physics and extend the analysis to sub-eikonal order for spin physics.

Kovchegov, Chirilli, Altinoluk, Beuf….

https://arxiv.org/abs/2402.17568


Polarized Wilson Line Correlators

Averaging under Two-Gluon-Exchange Approximation
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Unpolarized gluon dipole correlator Chromo-electromagnetically polarized gluon dipole correlators 
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Relating to Gluon TMDs at Small-x
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Dipole Gluon helicity TMD

Cougoulic, Kovchegov, Tarasov and Tawabutr (2022)

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



Gluon + Proton ⟶ Gluon + X

<latexit sha1_base64="UOezjqnI7hKQMMCPUh5W8bv17BY="></latexit>

d�(�)

d2kT dy
=�

↵sNc

⇡4

1

s

Z
d2x d2y d2be�ik·(x�y)

(
x� b

|x� b|2 ·
y � b

|y � b|2
h ⇣

Gadj
x,y(�s)�Gadj

x,b(�s)
⌘

� 1

4

⇣
Gadj

b,y (�s) +Gadj
b,x(�s)

⌘ i
� 2i ki

x� b

|x� b|2 ⇥
y � b

|y � b|2 Gi adj
x,b (�s)

)

Black dot: Subeikonal order  
gluon spliJng wavefuncMon

<latexit sha1_base64="guidQGt+h/yfcCtaYK7M4npTuNM=">AAACJHicbVDJSgNBEO2JW4xb1KOXxiAIapgJbiBC0IvHCGaBTAw1PT1Jk57F7h4hDPkYL/6KFw8uePDit9iT5BATC5p6vPeK6npOxJlUpvltZObmFxaXssu5ldW19Y385lZNhrEgtEpCHoqGA5JyFtCqYorTRiQo+A6ndad3ner1RyokC4M71Y9oy4dOwDxGQGmqnb+wHaoAX2LbE0CS3v3RIInaJd0Osf0Qg4tt4FF30nGQOizd2vmCWTSHhWeBNQYFNK5KO/9huyGJfRoowkHKpmVGqpWAUIxwOsjZsaQRkB50aFPDAHwqW8nwyAHe04yLvVDoFyg8ZCcnEvCl7PuOdvqgunJaS8n/tGasvPNWwoIoVjQgo0VezLEKcZoYdpmgRPG+BkAE03/FpAs6C6VzzekQrOmTZ0GtVLROiye3x4Xy1TiOLNpBu2gfWegMldENqqAqIugJvaA39G48G6/Gp/E1smaM8cw2+lPGzy+g5qOZ</latexit>

� =
k�

p�2
, ↵ =

k+

p+1

<latexit sha1_base64="8UjZJSPMTllO2udksWhSkKzNljw=">AAACCnicbZDLSgMxFIYz9VbrbdSlm2gRKtYyU7xthKIblxXsBXojk8m0oZnMkGSEMnTtxldx40IRtz6BO9/GTDsLbf0h8PGfc5Kc3wkZlcqyvo3MwuLS8kp2Nbe2vrG5ZW7v1GUQCUxqOGCBaDpIEkY5qSmqGGmGgiDfYaThDG+SeuOBCEkDfq9GIen4qM+pRzFS2uqZ+2GvDK9gweoeF6Hm7kkRtiPuEpHcGFvjo56Zt0rWRHAe7BTyIFW1Z3613QBHPuEKMyRly7ZC1YmRUBQzMs61I0lChIeoT1oaOfKJ7MSTVcbwUDsu9AKhD1dw4v6eiJEv5ch3dKeP1EDO1hLzv1orUt5lJ6Y8jBThePqQFzGoApjkAl0qCFZspAFhQfVfIR4ggbDS6eV0CPbsyvNQL5fs89LZ3Wm+cp3GkQV74AAUgA0uQAXcgiqoAQwewTN4BW/Gk/FivBsf09aMkc7sgj8yPn8A9sqX9Q==</latexit>

p2 = (0+, p�2 , 0)Gluon momentum

Proton momentum
<latexit sha1_base64="aTU9XVTBO2sXajZiWCMUQT5vo74=">AAACCXicbVC7TsMwFHXKq5RXgJHFokIqolQJ4rUgVbAwFok+pDaNHMdtrTpOZDtIVdSVhV9hYQAhVv6Ajb/BaTNAy5FsHZ1z77Xv8SJGpbKsbyO3sLi0vJJfLaytb2xumds7DRnGApM6DlkoWh6ShFFO6ooqRlqRICjwGGl6w5vUbz4QIWnI79UoIk6A+pz2KEZKS64JI9e+giV9d4/K0Ooel2En5j4R6cDEGh+6ZtGqWBPAeWJnpAgy1Fzzq+OHOA4IV5ghKdu2FSknQUJRzMi40IkliRAeoj5pa8pRQKSTTDYZwwOt+LAXCn24ghP1d0eCAilHgacrA6QGctZLxf+8dqx6l05CeRQrwvH0oV7MoAphGgv0qSBYsZEmCAuq/wrxAAmElQ6voEOwZ1eeJ42Tin1eObs7LVavszjyYA/sgxKwwQWogltQA3WAwSN4Bq/gzXgyXox342NamjOynl3wB8bnD5s3l8k=</latexit>

p1 = (p+1 , 0
�, 0)

<latexit sha1_base64="2AbXAHEMgGH6Woh01yVzQqQ4S0E="></latexit>Z
d2bGadj

b,b�x(�s) = Gadj(x2
?,�s),

Z
d2bGi,adj

b,b�x(�s) = xi Gadj
1 (x2

?,�s) + ✏ij xj Gadj
2 (x2

?,�s).

IntegraMng over impact parameter

<latexit sha1_base64="eN6wMb2Y55oaZnuvy2FNtF2OECE="></latexit>

d�(�)

d2kT dy
= �

2↵sNc

⇡3

1

s

Z
d2xe�ik·x


ln

✓
1

x? ⇤

◆
Gadj(x2

?,�s)� i
x

|x|2 · k

|k|2

✓
3

2
Gadj(x2

?,�s) + 2Gadj
2 (x2

?,�s)

◆�

The calculation is performed in transverse coordinate space.



We calculated  for gluon production in Gluon+Proton collisions:ALL

How to obtain  for gluon production in Gluon+Gluon collisions?ALL

Sanity Check: Leading Perturbative Result
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Use the Born level expressions:
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Proton + Proton ⟶ Gluon + X
We calculated  for gluon production in Gluon+Proton collisions:ALL

How to obtain  for gluon production  
in Proton+Proton collisions?

ALL

The final expression should be projectile and target symmetric ( ).T ↔ P
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For unpolarized gluon production,  
Kovchegov and Tuchin(2002)

Born level expressions for 
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Step 0: Integration by parts.

It is projectile-target asymmetric!!!
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The  for gluon production in Proton+Proton collisions:ALL

In momentum space: 
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This equation is only applicable in the small-x regime.

In terms of dipole gluon helicity TMD and twist-3 helicity-flip TMD:
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The  for gluon production in Proton+Proton collisions:ALL

1.  is a pure TMD effect that doesn’t contribute to gluon helicity PDF.ΔH⊥
3,L(k2

T, s)

-Factorization kT

2. Similar to the usual -factorization approach?kT
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3. Solving  and  from the small-x helicity evolution equations.ΔH⊥
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Including Small-x Helicity Evolutions
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In the double-logarithmic approximaMon: 
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When , including  
small-x helicity evolution on  
the projectile side.

αs(YP − y)2 ∼ 1

When , including  
small-x helicity evolution on  
the target side.

αs(y − YT)2 ∼ 1

single-logarithmic terms can be discarded.

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

, have been derived. Nc

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



Including Small-x Helicity Evolutions
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Gadj = 4G, Gadj
2 = 2G2 .

 and  have the same operator  
definition as  and , respectively.  
But they have with different life time  
ordering constraints.
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Including Quarks (work in progress)
ScaTering amplitudes depend on background (anM) quark fields.
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We also need the subeikonal order quark Wilson lines:
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Quark initiated channels: Quark + Proton ⟶ Gluon + X

See talks by Altinoluk, Mulani, Beuf, Agostini, Chirilli.



Including Quarks (work in progress)

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

Borden, Kovchegov and Li, work in progress.
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The new operator is related to the small-x limit 
 of quark helicity TMD.

New types of diagrams contributing to gluon production.

See similar calculations in Giovanni’s talk!

Altinoluk, Armesto and Beuf (2023)



Conclusions

We derived the small-  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-flip TMDs from both the projectile and the target in a projectile-target 
symmetric form.  

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