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CTEQ-TEA presentations at DIS’2023

Toward a new generation of CT202X PDFs

1.Impact of Drell-Yan data on post-CT18 global fits Keping Xie WG3

2. Constraints from 𝑡𝑡 ̅𝑡𝑡 production at  LHC 13 TeV Marco Guzzi WG1

3. Epistemic uncertainty quantification in PDF fits                                  P. Nadolsky            WG1

4. CT18 NNLO fitted charm PDFs [arXiv:2211.01387] Tim Hobbs            WG1

5. Prospects for using lattice-QCD constraints in the global PDF analysis    T.-J. Hou         Plenary

6. CTEQ-TEA NNLO predictions for high-energy neutrino cross sections Dan  Stump      WG3

7. Simultaneous CTEQ-TEA extraction of PDFs and SMEFT contributions Tim Hobbs      WG3

8. Small-x dynamics in CTEQ-TEA fits and Forward Physics Facility Keping Xie WG2
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CT18 parton distributions
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New CT18 NNLO grids for precision calculations
• Soon to appear in the LHAPDF library
• Contain more 𝑥𝑥 and 𝑄𝑄 points – improved interpolation at the expense of slightly slower evaluation
• Crossing of quark mass thresholds implemented with multiple 𝑄𝑄 grids
• Complement the published (less dense) CT18 grids that remain sufficient for most applications

Four PDF ensembles: CT18 (default), A, X, and Z
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RECOMMENDED ALTERNATIVE

PRD 103 (2021) 014013 



Toward a new generation of CT202X PDFs
1. Identify sensitive, mutually consistent new experimental data sets using 

preliminary fits and fast techniques (𝐿𝐿2 sensitivities and 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒)
2. Implement N3LO QCD and NLO EW contributions as they become available. 

N3LO accuracy is reached only when N3LO terms are fully implemented.
3. Meanwhile, “NNLO+” PDFs: e.g., include theoretical uncertainty due to QCD 

scale dependence for key processes as has been done in CT18/CT18X NNLO 
PDFs

4. Explore quark sea flavor dependence: 𝑠𝑠 − 𝑠̅𝑠 (CT18As), fitted charm 
(CT18FC),… 

5. Include lattice QCD constraints (CT18As_Lat) 
6. Next-generation PDF uncertainty quantification: META PDFs, Bézier curves, 

MC sampling, ML stress-testing, multi-Gaussian approaches, …

2023-03-27 P. Nadolsky, DIS 2023 workshop 4



When statistical correlations not provided data added one at a time on top of the CT18 baseline

Impact of LHC 13 TeV 𝒕𝒕𝒕̅𝒕 production on CT2X PDFs

CT2X = CT18 + new optimal combination of top-quark pair production @LHC13 TeV from:
• ATLAS all hadronic, JHEP 01 (2021) 033, arXiv:2006.09274 
• ATLAS lepton + jets, EPJC 79 (2019) 1028, arXiv:1908.07305
• CMS dilepton, JHEP 1902 (2019) 149, arXiv:1811.06625 
• CMS lepton + jets, PRD 104 092013 (2021), arXiv:2108.02803

Correlated Systematic Uncertainties: ATLAS -> nuisance parameters
CMS -> Covariance matrix representation (converted to nuisance param. )

. 

1D 𝒕𝒕𝒕̅𝒕 absolute distributions, NNLO QCD with different scale choices 
M. Guzzi, WG1
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Scale choices in 𝒕𝒕𝒕̅𝒕 CT2X global analysis
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Theory predictions:
• MATRIX (Catani, Grazzini et al. PRD 2019) 
• FastNNLO (Czakon, et al. 1704.08551)

Blue band: CT18NNLO 90% C.L.
Hatched: CT18 + 𝑡𝑡 ̅𝑡𝑡 data

Green: 𝜇𝜇𝑅𝑅 = 𝜇𝜇𝐹𝐹 = 𝐻𝐻𝑇𝑇/2
Red: 𝜇𝜇𝑅𝑅 = 𝜇𝜇𝐹𝐹 = 𝐻𝐻𝑇𝑇/4

CT2X: impact from 
optimal data combination
from ATLAS and CMS @13TeV

The scales giving the lowest 𝜒𝜒2 depend on the PDF set

Differences related to different scale choices are 
well within the CT18 PDF error band.  
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K. Xie, WG3

Multiple candidate fits to explore 
the impact of 8 and 13 TeV Drell-
Yan data using NNLO and 
resummed N3LL-NNLO cross 
sections
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CT18As: CT18A with 𝑠𝑠− ≡ 𝑠𝑠 − 𝑠̅𝑠 ≠ 0

CT18As_Lat: CT18As with a lattice 
constraint on 𝑠𝑠_(𝑥𝑥) at 0.3 ≤ 𝑥𝑥 ≤ 0.8.

CT18As_Lat NNLO: Strangeness asymmetry with a 
lattice QCD constraint

T.-J. Hou et al., arXiv: 2211.11064
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Sensitivity of experiments to the strangeness asymmetry

Preference for 𝑠𝑠 − 𝑠̅𝑠 ≠ 0 at 𝑥𝑥 > 0.1 emerges from competing 𝜒𝜒2 pulls of NuTeV dimuon, LHCb 𝑊𝑊/𝑍𝑍, BCDMS and 
E866 fixed-target cross sections. We estimated it using the 𝐿𝐿2 sensitivity fast technique [T. Hobbs et al., 
arXiv:1904.00022]. The lattice prediction by R. Zhang et al., 2005.01124 is consistent with 𝑠𝑠 − 𝑠̅𝑠 = 0 at 𝑥𝑥 > 0.3.



New CT18 Fitted Charm analysis
T. Hobbs, WG1





Small−𝑥𝑥 dynamics in CTEQ-TEA PDFs

• Both the BFKL resummation (CT18sx) and 
saturation (CT18X) models  improve the description 
of HERA DIS data, which enhances gluon PDF at small 
x and low 𝑄𝑄2.
• 𝐹𝐹𝐿𝐿 at 𝑥𝑥 → 0 is enhanced (stays ≈ constant) with 
resummation (saturation) models. 
• Forward charm production at CERN FPF gets large 
uncertainty from small-𝑥𝑥 dynamics.
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K. Xie, WG2



CT18 NNLO high-energy neutrino DIS cross sections from 102 to 107 GeV
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D. Stump, WG3
K. Xie et al., arXiv:2303.13607

https://arxiv.org/abs/2303.13607
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In search for new physics at hadron colliders, one key problem is of the degeneracy of PDF variations and the new physics contributions. 

Described in the framework of SMEFT Joint fits of PDFs and BSM parameters

We focus on several operators relevant for top-quark pair (𝑶𝑶𝒕𝒕𝒕𝒕
𝟏𝟏 , 𝑶𝑶𝒕𝒕𝒕𝒕

𝟏𝟏 , 𝑶𝑶𝒕𝒕𝒕𝒕, 𝑶𝑶𝒕𝒕𝒕𝒕
𝟖𝟖 ) and jet production (𝑶𝑶𝟏𝟏)

at hadron colliders.
𝑶𝑶𝟏𝟏 = 𝟐𝟐𝝅𝝅�∑𝒊𝒊=𝟏𝟏𝟑𝟑  𝒒𝒒‾𝑳𝑳𝑳𝑳𝜸𝜸𝝁𝝁𝒒𝒒𝑳𝑳𝑳𝑳��∑𝒋𝒋=𝟏𝟏𝟑𝟑  𝒒𝒒‾𝑳𝑳𝑳𝑳𝜸𝜸𝝁𝝁𝒒𝒒𝑳𝑳𝑳𝑳� 𝑶𝑶𝒕𝒕𝒕𝒕

𝟏𝟏  = � 
𝟐𝟐

𝒊𝒊=𝟏𝟏

 �𝒕𝒕‾𝜸𝜸𝝁𝝁𝒕𝒕�(𝒖𝒖‾ 𝒊𝒊𝜸𝜸𝝁𝝁𝒖𝒖𝒊𝒊), 𝑶𝑶𝒕𝒕𝒕𝒕
𝟏𝟏 = � 

𝟑𝟑

𝒊𝒊=𝟏𝟏

 (𝒕𝒕‾𝝁𝝁𝒕𝒕)�𝒅𝒅‾ 𝒊𝒊𝜸𝜸𝝁𝝁𝒅𝒅𝒊𝒊�,

𝑶𝑶𝒕𝒕𝒕𝒕  = 𝒊𝒊𝒈𝒈𝒔𝒔�𝑸𝑸‾ 𝑳𝑳,𝟑𝟑𝝉𝝉𝝁𝝁𝝁𝝁𝑻𝑻𝑨𝑨𝒕𝒕�𝝋̃𝝋𝑮𝑮𝝁𝝁𝝁𝝁𝑨𝑨 +  h.c. , 𝑶𝑶𝒕𝒕𝒕𝒕
𝟖𝟖 = � 

𝟐𝟐

𝒊𝒊=𝟏𝟏

 �𝑸𝑸‾ 𝒊𝒊𝜸𝜸𝝁𝝁𝑻𝑻𝑨𝑨𝑸𝑸𝒊𝒊��𝒕𝒕‾𝜸𝜸𝝁𝝁𝑻𝑻𝑨𝑨𝒕𝒕�

 

We obtain self-consistent constraints on SMEFT with Lagrange Multiplier scans based on a Neural Network approach.

We find mild correlations between the SMEFT Wilson coefficients, PDFs (e.g. the high-x gluon), and other QCD parameters.

[J. Gao, MS Gao, T. Hobbs, DY Liu, XM Shen,  2211.01094]
CTEQ-TEA global analysis of SMEFT T. Hobbs, WG3



2023-03-27 P. Nadolsky, DIS 2023 workshop 16

Epistemic
PDF 

uncertainty
Bias-variance 

separation

Smoothness

Curse of 
dimensionality

Big-data 
paradox

Likelihood 
ratios

Post-fit PDF 
validations

Precision PDF applications

Acceptable functions

Representative sampling

Tests of PDFs

P. Nadolsky, WG1



Epistemic PDF uncertainty is important in 𝑊𝑊 boson mass 
and 𝛼𝛼𝑠𝑠 measurements

ATLAS-CONF-2023-004 ATLAS-CONF-2023-015
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profiling of CT and MSHT PDFs requires to include 
a tolerance factor 𝑇𝑇2 > 10 as in the ePump code

[T.J. Hou et al., 1912.10053, Appendix F]

https://arxiv.org/abs/1912.10053


Collaborations with other groups



Snowmass’21 whitepaper: 
Proton structrure at the precision frontier

1. Status of modern NNLO PDFs and their applications
2. Future experiments to constrain PDFs
3. Theory of PDF analysis at N2LO and N3LO
4. New methodological advancements

• Experimental systematic uncertainties in PDF fits
• Theoretical uncertainties in PDF fits
• Machine learning/AI connections 

5. Delivery of PDFs; PDF ensemble correlations in critical applications
6. PDFs and QCD coupling strength on the lattice
7. Nuclear, meson, transverse-momentum dependent PDFs
8. Public PDF fitting codes
9. Fast (N)NLO interfaces
10. PDF4LHC21 recommendation and PDF4LHC21 PDFs for the LHC analyses
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A summary of recent trends in the global analysis of proton PDFs  
S. Amoroso et al., Acta Physica Polonica B 53 (2022) 12, A1 
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The current status

an optimistic post-
LHeC uncertainty,

requiring all 
advancements in the 

PDF fitting 
methodology    

Late 2030’s

…and future prospects
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Progress in PDF analysis
2022

Snowmass 2021 whitepaper: Proton structure at the 
precision frontier

S. Amoroso et al., Acta Physica Polonica B 53 (2022) 12, A1 



An ATLAS, CTEQ-TEA, and MSHT 
comparative study of NNLO PDF sensitivities

• Comparisons of strengths of constraints from individual data sets in 8 PDF 
analyses using the common 𝐿𝐿2 sensitivity metric

• An interactive website to plot such comparisons [2070 figures in total]
2023-03-27 P. Nadolsky, DIS 2023 workshop 21

Preview



CTEQ-TEA presentations at DIS’2023

Toward a new generation of CT202X PDFs

1.Impact of Drell-Yan data on post-CT18 global fits Keping Xie WG3

2. Constraints from 𝑡𝑡 ̅𝑡𝑡 production at  LHC 13 TeV Marco Guzzi WG1

3. Epistemic uncertainty quantification in PDF fits                                  P. Nadolsky            WG1

4. CT18 NNLO fitted charm PDFs [arXiv:2211.01387] Tim Hobbs            WG1

5. Prospects for using lattice-QCD constraints in the global PDF analysis    T.-J. Hou         Plenary

6. CTEQ-TEA NNLO predictions for high-energy neutrino cross sections Dan  Stump      WG3

7. Simultaneous CTEQ-TEA extraction of PDFs and SMEFT contributions Tim Hobbs      WG3

8. Small-x dynamics in CTEQ-TEA fits and Forward Physics Facility Keping Xie WG2
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Thank you for your attention!
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