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Reviews of recent results in 2408.04020 (accepted by EPJP)
and  2408.11131

https://arxiv.org/abs/2408.04020
https://arxiv.org/abs/2408.11131


• CTEQ-TEA publications from INSPIRE

• LHAPDF grids for parton distributions
– CT18 (N)NLO, CT18 QED, CT18 FC, …

– Subtracted heavy-quark PDFs  in the S-ACOT-MPS scheme

• Public codes
– ePump (Hessian updating for PDFs with tolerance > 1) 

– LHAexplorer (fast surveys of data using L2 sensitivities)

– Fantômas (Bezier parametrizations)

– mp4lhc/mcgen (MC PDFs, combination of PDFs)

– …
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https://cteq-tea.gitlab.io/



CT18up enhanced precision LHAPDF grids (2023)

• CT18, A, X, Z NNLO PDFs (2019 edition) presented as LHAPDF grids with a 1.9x higher number of x and 
Q nodes; recommended for high-mass, precision calculations, estimates of the interpolation error

• Same PDFs as in the LHAPDF library, with even more precise interpolation at 10−4 ≤ 𝑥𝑥 ≤ 1
• 2019 grids ok in other cases

3

On https://cteq-tea.gitlab.io/project/00pdfs/

Numbers of x, Q nodes
in LHAPDF grids
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Toward a new generation of CT202X PDFs
1. Multiple preliminary NNLO fits with LHC Run-2 (di)jet, vector boson, 𝑡𝑡 ̅𝑡𝑡 data
 based on the selections of experiments recommended in 2305.10733, 2307.11153, 2412.xxxxx

2. Next-generation PDF uncertainty quantification: Bézier curves, META combination, 
ML stress-testing, multi-Gaussian approaches (Mohan), …

3. Physics applications
a. QCD+QED PDFs for a neutron (K. Xie et al., 2305.10497, talk by Hobbs)

b. PDF dependence of forward-backward asymmetry (Y. Fu et al., 2307.07839)

c. An L2 sensitivity study using xFitter (L. Kotz, 2401.11350)

d. Fantômas Pion PDFs (L. Kotz et al., 2311.08447; talk by Courtoy)

e. AI/ML models for PDF generation (Kriesten and Hobbs, 2312.02278, 2407.03411, talk by Hobbs)

f. Residual heavy-quark PDFs for SACOT-MPS flavor at (N)NLO (2410.03876, talk by Guzzi)

4. Work on implementation of N3LO contributions
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nDYTTIncJet

5

NNLO fits with new data at 8 and 13 TeV

nDY

nTT

nIncJet

𝜒𝜒2/𝑁𝑁𝑝𝑝𝑝𝑝

𝜒𝜒2/𝑁𝑁𝑝𝑝𝑝𝑝 for CT18+new data (CT18 in parentheses) NNLO fits; 68% CL

Fits with 1 type of new data A fit with all 3 types

Example
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The most precise new experiments tend to have an elevated 𝜒𝜒2/𝑁𝑁𝑝𝑝𝑝𝑝, in the same pattern as observed for CT18

𝜒𝜒2/𝑁𝑁𝑝𝑝𝑝𝑝 increases for experiments 124 and 125 (NuTeV), 126 and 127 (CCFR) and 203 (E866 DY), 266  and 
267 (CMS 7TeV Ach), 268 (ATLAS 7TeV W, Ach).  

𝜒𝜒2/𝑁𝑁𝑝𝑝𝑝𝑝 decreases for experiments  249 (CMS 8 TeV 𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐), 250  (LHCb 8 TeV 𝑊𝑊/𝑍𝑍)

Tevatron

A 3-data-type fit (CT18+nDYTTIncJet)

Expt ID (𝑁𝑁𝑝𝑝𝑝𝑝)

𝜒𝜒2
/𝑁𝑁

𝑝𝑝𝑝𝑝

𝑆𝑆𝑛𝑛 ≈ (𝜒𝜒2 − 𝑁𝑁𝑝𝑝𝑝𝑝)/ 2𝑁𝑁𝑝𝑝𝑝𝑝

PRELIMINARY



Pulls on the gluon PDF by the new data type 
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After including DY, 𝑡𝑡 ̅𝑡𝑡, and inc. jet data 
simultaneously, we get a softer gluon. 
Note that new DY and 𝑡𝑡 ̅𝑡𝑡 data favor a 
softer gluon, new inc. jet data prefer a 
harder gluon.

Mild changes in the gluon uncertainty

2307.111532305.10733

Drell-Yan 𝒕𝒕𝒕̅𝒕

Inclusive jets

DY+𝒕𝒕𝒕̅𝒕+inc.jets

DY+𝒕𝒕𝒕̅𝒕+inc.jets

2412.xxxxx



Inclusive jet vs. dijet data sets: impact on the gluon for various QCD scales
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The impact of the Inc. jet data on 
𝑔𝑔(𝑥𝑥,𝑄𝑄) is relatively independent 
of the scale choice. The final fit 
uses 𝜇𝜇𝑅𝑅,𝐹𝐹 = 𝑝𝑝𝑇𝑇

𝑗𝑗 , giving better 𝜒𝜒2.

The impact of dijet data 
substantially depends on scale 
choices, especially in the case of  
CMS8 TeV dijet. 

𝑝𝑝𝑇𝑇∗ ≡ 𝑝𝑝T
𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 exp(0.3𝑦𝑦∗) 

+ inclusive 
jets: small 
scale 
dependence, 
a harder 
𝒈𝒈(𝒙𝒙,𝑸𝑸)

+ dijets: significant scale, 
dependence, varied pulls 
on 𝒈𝒈(𝒙𝒙,𝑸𝑸)

Ablat et al.,2412.xxxxx
(submitted)
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PDFs from fits with inclusive jet and dijet data  
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Dijet data sets tend to have larger uncertainties 
than inc. jets, facilitating better 𝜒𝜒2 for similar 
constraints on PDFs 

P. Nadolsky, PDF4LHC meeting
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Ablat et al.,2412.xxxxx
(submitted)
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𝝌𝝌𝟐𝟐/𝑵𝑵𝒑𝒑𝒑𝒑 for fits that add one inclusive jet or dijet data set 
to the CT18 (without LHC jets) baseline at a time

Dijet data sets tend to have larger uncertainties 
than inc. jets, facilitating better 𝜒𝜒2 for similar 
constraints on PDFs 

Dijet data are dominated by the CMS 8 TeV dataset

Inclusive jets 𝝌𝝌𝟐𝟐/𝑵𝑵𝒑𝒑𝒑𝒑 using 𝜇𝜇𝑅𝑅,𝐹𝐹 ∝ 𝐻𝐻𝐻𝐻 or 𝑝𝑝𝑇𝑇
𝑗𝑗

Experiment 𝑵𝑵𝒑𝒑𝒑𝒑 𝑯𝑯𝑯𝑯/𝟐𝟐 𝑯𝑯𝑯𝑯 𝟐𝟐𝑯𝑯𝑯𝑯 𝒑𝒑𝑻𝑻
𝒋𝒋 /𝟐𝟐 𝒑𝒑𝑻𝑻

𝒋𝒋 𝟐𝟐𝒑𝒑𝑻𝑻
𝒋𝒋              

ATL8IncJet 171 1.7 1.74 1.87 1.75 1.66 1.7

ATL13IncJet 177 1.42 1.36 1.4 1.52 1.31 1.28

CMS13IncJet 78 1.2 1.16 1.2 1.08 1.09 1.1

Dijets 𝝌𝝌𝟐𝟐/𝑵𝑵𝒑𝒑𝒑𝒑 using 𝜇𝜇𝑅𝑅,𝐹𝐹 ∝ 𝐻𝐻𝐻𝐻 or 𝑝𝑝𝑇𝑇∗ = 𝑝𝑝𝑇𝑇
𝑗𝑗exp(0.3𝑦𝑦∗)

Experiment 𝑵𝑵𝒑𝒑𝒑𝒑 𝑴𝑴𝒋𝒋𝒋𝒋/𝟐𝟐 𝑴𝑴𝒋𝒋𝒋𝒋 𝟐𝟐𝟐𝟐𝒋𝒋𝒋𝒋 𝒑𝒑𝑻𝑻∗/𝟐𝟐 𝒑𝒑𝑻𝑻∗ 𝟐𝟐𝒑𝒑𝑻𝑻∗

ATL7DiJet 90 0.81 0.79 0.87

CMS7DiJet 54 1.55 1.55 1.63

CMS8DiJet 122 0.95 1.2 1.9 1.25 1 1.01

ATL13DiJet 136 0.9 0.87 0.93



𝜒𝜒2/𝑁𝑁𝑝𝑝𝑝𝑝 for various treatments of NNLO/NLO 𝐾𝐾 factors
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More than one plausible treatment of theo. and expt. 
syst. errors (decorrelations, K-fac smoothing, …) 
sizeably changes  𝜒𝜒2/𝑁𝑁𝑝𝑝𝑝𝑝, with less effect on the 
resulting PDFs



An ATLAS, CTEQ-TEA, and MSHT 
comparative study of NNLO and aN3LO PDF sensitivities

• Comparisons of constraints from individual data sets using the common 𝐿𝐿2 
sensitivity metric. [Here, pulls on the gluon in NNLO and aN3LO analyses.]

• An interactive website (https://metapdf.hepforge.org/L2/) to plot such comparisons 
    [2070 figures in total; a code L2LHAexplorer to plot L2 sensitivities for LHAPDF grids]
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X.Jing et al.,arXiv:2306.03918

https://metapdf.hepforge.org/L2/
https://metapdf.hepforge.org/L2/


xFitter+L2LHAexplorerL. Kotz, 2401.11350

L2 sensitivities were computed using xFitter

• PDF sets (NNLO, 𝛼𝛼𝑠𝑠 𝑀𝑀𝑍𝑍 = 0.118, 
𝑄𝑄 = 2 GeV, 𝑇𝑇2 = 10):
– CT18
– CT18As
– MSHT20

• Data sets (included in xFitter):
– ATLAS Drell-Yan ( 𝑠𝑠 = 7 TeV) 
– ATLAS jet production ( 𝑠𝑠 = 2.76 TeV)
– CMS W+c production ( 𝑠𝑠 = 7 TeV)
– H1+ZEUS combined c and b production
– H1 jet production
– HERA I+II DIS
– LHCb c and b production ( 𝑠𝑠 = 7 TeV)
– ZEUS jet production
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MSHT code
 mod. TR’ scheme

xFitter, mod. TR’ scheme

MSHT20 NNLO, 𝑇𝑇2 = 10

Lower row: 
From L. Kotz, 2401.11350

HERA I+II combined inclusive DIS [in CT18 and MSHT20]

CTEQ-TEA code
 S-ACOT-MPS scheme

xFitter, mod. TR’ scheme

CT18 NNLO, 𝑇𝑇2 = 10

Upper row: 
From Jing et 
al.,2306.03918

Left column: differences in 𝜒𝜒2 definition and 
heavy-quark scheme. Same PDFs and 𝑚𝑚𝑄𝑄.

Right column: differences in 𝜒𝜒2 definition 
only. Same PDFs and 𝑚𝑚𝑄𝑄. 14



Correlations with PDFs in PVDIS at JLab 22 GeV
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arXiv:2306.09360 
arXiv:2408.04020

Observe a large 
correlation of PVDIS with 
strangeness; how large is 
the actual data sensitivity?

https://arxiv.org/abs/2306.09360
https://arxiv.org/abs/2408.04020


Sensitivities to PDFs in PVDIS at JLab 22 GeV
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arXiv:2408.04020

A NEW TECHNIQUE;
shows that PVDIS 
determination of strangeness 
requires tight external 
constraints on gluon and dbar 
PDFs

https://arxiv.org/abs/2408.04020


Second-order corrections to the Hessian formalism
W. Zhan et al., arXiv: 2411.11645; T-J. Hou et al., arXiv:1607.06066

For an observable 𝑋𝑋 , use the Taylor series to estimate non-
linear corrections to the Hessian PDF uncertainty:

The second-order correction requires 
𝑁𝑁𝑝𝑝𝑝𝑝𝑝𝑝 𝑁𝑁𝑝𝑝𝑝𝑝𝑝𝑝−1

2
  Hessian PDFs evaluated at off-

diagonal points (blue squares)

The new study investigates such corrections 
with pseudodata. The 2nd order correction can 
be sizeable with moderately precise data.
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THANK YOU FOR YOUR ATTENTION!
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