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Proton Spin Puzzle and Small-x

• Proton Spin ≡ ½, Experimental Measurement of spin coming from partons ≠ ½ 

• Jaffe-Manohar sum rule [1]: 𝑆𝑞 + 𝐿𝑞 + 𝑆𝐺 + 𝐿𝐺 =
1
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𝑑𝑥 ΔΣ 𝑥, 𝑄2 ,  𝑆𝐺 𝑄2 = න
0

1

𝑑𝑥 ΔG 𝑥, 𝑄2

•  Experimental data only exists for a range of values 𝑥 ∈ [𝑥𝑚𝑖𝑛, 1]

“Knockout” DIS at Large-𝑥 “Dipole” DIS at Small-𝑥

At small-𝑥 and with large Ioffe time our degrees of freedom change from quarks 
and gluons to eikonal Wilson Lines, and the proton appears very dense and frozen.
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Sub-Eikonal Corrections and Double Logs

Radiative Corrections

𝑉0 = 𝒫 exp 𝑖𝑔 න
−∞

+∞

𝑑𝑥−𝐴+ 𝑥+ = 0, 𝑥−, 𝑥0  

Unpolarized Wilson Line Polarized Wilson Line
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Small-𝑥 Evolution

Unpolarized evolution: 𝛼𝑠 ln
1

𝑥
∼ 1

Polarized evolution: 𝜶𝒔 𝐥𝐧𝟐 𝟏

𝒙
∼ 𝟏

.  .  .



KPS-CTT Evolution and Helicity Distribution

. . .

Polarized dipole amplitudes are various combinations 
of polarized and unpolarized Wilson lines [2-4].

𝚫𝑮 ∝ 𝐺2

𝚫𝚺 ∝ −∫ ∫ 𝑄𝑓 + 2𝐺2

𝚫𝒒𝒇
𝑵𝑺 ∝ ∫ ∫ 𝐺𝑓

𝑁𝑆
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𝒑
∝ −∫ ∫ [𝑄𝑓 + 2𝐺2]

(Large-𝑵𝒄&𝑵𝒇)

𝑸𝒇
(0)

, ෩𝑮 𝟎 , 𝑮𝟐
𝟎

, 𝑮𝒇
𝑵𝑺 (𝟎)

(𝑥 ≈ 0.1)
KPS-CTT [5]

𝚫𝑮, 𝚫𝚺, 𝚫𝒒𝒇
𝑵𝑺, 𝒈𝟏

(𝑥 ≪ 0.1)
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KPS-CTT = Kovchegov-Pitonyak-Sievert-Cougoulic-Tarasov-Tawabutr



Global Analysis: Bayesian-MC Analysis

𝑮 𝟎 ≈ 𝒂𝜼 + 𝒃𝒔𝟏𝟎 + 𝒄

• Compute Full Evolution from any parameter.
• Chi-squared optimization for DIS and SIDIS data.

~
𝑥

Δ
Σ

𝑥 ∈ [10−5, 1]
𝝌𝟐

𝑵𝐩𝐭𝐬
≈ 𝟏. 𝟎𝟑

𝑄𝑢
0

→ “Quark Dipole”

𝑄𝑑
0

→ “Quark Dipole”

𝑄𝑠
0

→ “Quark Dipole”

෨𝐺 0 → “Gluon Dipole”

𝐺2
0

→ “Gluon Dipole”
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Global Analysis: Success and Setback with SIDIS

SIDIS data improves the first analysis [6] and allows 
us to separate quark flavor hPDFs, 𝚫𝒒𝒇, from 𝚫𝚺.

Asymptotic bimodality is caused by the insensitivity of DIS 
and SIDIS data to gluon dominated dipole amplitudes [7].

lim
𝑥→0

𝑔1
𝑝

∼ lim
𝑥→0

ΔΣ ∼ lim
𝑥→0

Δ𝐺 ∼
1

𝑥

𝛼ℎ
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Global Analysis with 𝒑𝒑 Data

Polarized proton-proton collisions allow for leading order gluon-gluon interactions and thus 
can be more sensitive to the gluon dominated polarized dipole amplitudes.

(Picture from CERN)

The polarized 𝑝𝑝 data available is 𝑨𝑳𝑳
𝐣𝐞𝐭

, with jet cross-section [8]:

DLA Accuracy: Only the leading order term in the jet function 𝒥𝑔 

preserves the resummation parameter 𝛼𝑠 ln2(
1

𝑥
):    𝓙𝒈 ≡ 𝜹 𝟏 − 𝒛𝒈

The small-𝑥 cross-section in the pure-gluon limit:

𝑥𝑇,𝑃 ≈
𝑝𝑇

𝑠
𝑒±𝑦 < 0.1
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Influence of 𝒑𝒑 Data

73% Reduction!

𝝌𝟐

𝑵𝐩𝐭𝐬
≈ 𝟎. 𝟗𝟖
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Constrained at “larger” 𝒙!

DIS+SIDIS:

DIS+SIDIS+𝑝𝑝:

Centered at zero!

Uncertainty spans zero → Bimodality persists



EIC Pseudo data: Create data points with EIC-consistent 
uncertainties/kinematics [10] using small-x theory input.
• 10−4 < 𝑥 < 10−1, 1.69 GeV2 < 𝑄2 < 50 GeV2

• Proton DIS: 𝑠 = 29, 45 , 63, 141  GeV, L = 100 fb−1

• Deuteron/3He DIS: 𝑠 = 29, 66, 89  GeV, L = 10 fb−1 
• 2% point-to-point systematic uncertainty

EIC Impact Study

93% Reduction!
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Final Thoughts
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• Small-𝑥 helicity global analysis is successful and not degraded with the inclusion of 

polarized 𝑝𝑝 data.

• 𝑝𝑝 data drastically reduces uncertainty, especially for larger-𝑥 gluon hPDFs.

• Asymptotic bimodality persists → Can be broken with smaller-𝑥 data (𝑥 ≈ 10−4).

• Net quark and gluon spin now consistent with zero:

• How will this be affected by re-introducing quarks?

• Quark and gluon OAM contributions?

Interested? Check arXiv soon!
(also I’m available for a postdoc position!) 
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Extras
Cuts on Data

• We fit to all available DIS and SIDIS data within the 
kinematic ranges 5 × 10−3 < 𝑥 < 0.1 and 1.69 GeV2 <
𝑄2 < 10.4 GeV2

• This leaves a total of 240 data points in the JAM database.



Extras

EIC impact: DGLAP extrapolation vs KPS-CTT prediction

• EIC pseudodata can break the bimodality, 
predicting a specific sign as 𝑥 → 0.

• Uncertainties in the extrapolation region are 
much smaller using small-𝑥 helicity than 
those using DGLAP evolution.
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