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N3LO PDF fits to DIS data in xFitter



Ø The xFitter project (former HERAFitter) is a unique open-source QCD fit 
framework

Ø GitLab repository (open access)

Ø This code allows users to:
Ø extract PDFs from a large variety of data
Ø assess the impact of new data on PDFs
Ø check the consistency of experimental data
Ø test different theoretical assumptions

Ø Several active developers between experimentalists and theorists

Ø More than 100 publications obtained using xFitter since the beginning of the 
project

Ø List of recent analyses by the xFitter Developers’ Team:
Ø SMEFT analysis of Z boson couplings using forward-backward DY 

production at LHC - EPJC 84 (2024) 1277

The xFitter Project

MORE IN PREPARATION!
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https://www.xfitter.org/xFitter/xFitter
https://gitlab.cern.ch/fitters/xfitter
https://gitlab.cern.ch/fitters/xfitter
https://www.xfitter.org/xFitter/xFitter/results
https://link.springer.com/article/10.1140/epjc/s10052-024-13480-4


Ø xFitter is UNIQUE and so VERSATILE

Ø PDF parametrization at the starting                                                                           
scale à enough to type your                                                                                  
favourite formulas

Ø PDF decomposition: construct gluon,                                                                     
valence and sea, apply sum rules                                                                             
(automatic numerical integration)

Ø PDF evolution: interfaced with various codes i.e. QCDNUM, APFEL(++), 
LHAPDF etc. - TMD PDF evolution available in a branch)

Ø Various heavy-quarks schemes for ep DIS

Ø Interfaces to fast interpolation tables allows us to get recent higher-order 
calculations

Ø Flexible 𝜒! implementation (treatment of experimental uncertainties)

Ø 𝜒! minimization: MINUIT, CERES

Flexibility of xFitter
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Flexibility of xFitter (1)

Why is xFitter UNIQUE and so VERSATILE/FLEXIBLE/ADAPTABLE?
Because it is fully modular.
E.g., hadron interactions are realized as:

PDF parametrisation at starting scale: it is enough to type your favourite formulas

PDF decomposition: construct valence, sea and gluon, apply sum rules (automatic numerical
integration is available)

PDF evolution: interfaced various codes (QCDNUM, OPENQCDRAD, APFEL, LHAPDF,
APFEL++, HOPPET (new!) for PDF evolution up to approximte N3LO (TMD PDF evolution
is also available in (inofficial) branch)

hard scattering (“reaction”): very many processes are available
S. Zenaiev for xFitter developers team xFitter: constraining PDFs & Z couplings with AFB 14 / 21



Analysis of DIS data at N3LO
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Ø HERAPDF2.0 parametrization - 1506.06042:
𝑥𝑢" 𝑥, 𝜇#! = 𝐴$!𝑥

%"! 1 − 𝑥 &"! 1 + 𝐸$!𝑥
!

𝑥𝑑" 𝑥, 𝜇#! = 𝐴'!𝑥
%#! 1 − 𝑥 &#!

𝑥-𝑢 𝑥, 𝜇#! = 𝐴($𝑥%$" 1 − 𝑥 &$" 1 + 𝐷($𝑥

𝑥𝑑̅ 𝑥, 𝜇#! = 𝐴 )'𝑥%$# 1 − 𝑥 &$# , 𝑥𝑠 𝑥, 𝜇#! = 𝑥𝑠̅ 𝑥, 𝜇#! = 𝑟*𝑥𝑑̅ 𝑥, 𝜇#! with  𝑟* = %&
'(%&

Ø Alternative gluon parametrization (Bonvini-Giuli) - 1902.11125:
𝑥𝑔 𝑥, 𝜇#! = 𝐴+𝑥%) 1 − 𝑥 &)[1 + 𝐹 log 𝑥]

Ø HERA I+II inclusive and 𝐹!,- + 𝐹!,. data (1804.01019)

Ø N3LO evolution implemented in APFEL (1708.00911) – based on HOPPET 
(0804.3755)

Ø Exact (2311.00644, 2403.00513, 2509.16124, 2510.02175, QCD@LHC talk) and 
approximate N3LO matching conditions implemented in APFEL++ (2404.15711)

Ø FONLL VFNS implemented in xFitter, checked with fortran APFEL at NNLO

https://arxiv.org/abs/1506.06042
https://arxiv.org/abs/1902.11125
https://arxiv.org/abs/1804.01019
https://arxiv.org/abs/1708.00911
https://arxiv.org/abs/0804.3755
https://arxiv.org/abs/2311.00644
https://arxiv.org/abs/2403.00513
https://arxiv.org/abs/2509.16124
https://arxiv.org/abs/2510.02175
https://indico.cern.ch/event/1462029/contributions/6650561/attachments/3131812/5555960/QCDLHC25.pdf
https://arxiv.org/abs/2404.15711


Extact vs approximate N3LO
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Ø Fit using exact N3LO matching conditions 
with experimental+model uncertainties

Ø Large difference wrt aN3LO for 𝒙𝒄 and 𝒙𝒈

Ø Within uncertainties of aN3LO

Ø Fit quality to the data is about the same

Exact N3LO vs approximate N3LO

Fit using exact N3LO matching conditions, shown with full experimental  plus model 
uncertainties. Large difference vs aN3LO central fit for the gluon and charm, however within 
uncertainties of aN3LO. Fit quality to the data is about the same

9

PreliminaryPreliminary

Preliminary

Parameter Variation
𝑄#! 1.9 ± 0.2 GeV2

𝑄/01! 3.5 ± 1.0 GeV2

𝑚- 1.47 ± 0.06 GeV
𝑚. 4.50 ± 0.25 GeV
𝑓* 0.40 ± 0.08



Effect of the matching conditions on charm
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Ø Evaluate xc(x) vs Q2 at different Bjorken-x values

Ø Compare results from fits using exact N3LO and aN3LO matching schemes 
(and NNLO fits) - significant differences at low-x visible 

Effect of the matching conditions on charm

Compare xc(x) vs q2 between approximate and exact N3LO (for the same PDFs), 
exact N3LO fit and N2LO fit. Significant differences at low  x

10

Preliminary PreliminaryPreliminary



N3LO vs NNLO vs NLO with exact matching 
13/10/25 Francesco Giuli - francesco.giuli@cern.ch 7

Ø Gluon (left), total singlet (middle) and charm (right)

Ø Fits with alternative gluon parametrisation consistent with HERAPDF style

Ø N3LO gluon is the hardest, also largest at small-x

Ø For x ≥ 0.01 all orders agree

N1LO, N2LO vs N3LO with exact matching

Fits with alternative gluon parameterisation, consistent results to HERAPDF style. 
N3LO gluon is the hardest, also largest at small x. For x=0.01, all orders agree.

11

Preliminary Preliminary

Preliminary



Comparison to 𝒔 = 920 GeV data
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Ø At intermediate 𝑄!, N3LO is 
further above the data

Ø This drives the increase in 𝜒!
correlated term

Comparison to most accurate √s=920 GeV data

All fixed-order fits do not describe data very well at lowest x/highest inelasticity 
y, with N3LO improving slightly vs N2LO.  For intermediate Q2, N3LO is further 
above the data, driving increase in correlated 𝝌2

12

PreliminaryPreliminary

Preliminary

Comparison to most accurate √s=920 GeV data

All fixed-order fits do not describe data very well at lowest x/highest inelasticity 
y, with N3LO improving slightly vs N2LO.  For intermediate Q2, N3LO is further 
above the data, driving increase in correlated 𝝌2

12

PreliminaryPreliminary

Preliminary

Ø All fixed-order fits do 
not described data 
very well at lowest 
x/highest inelasticity

Ø N3LO improving 
slightly wrt NNLO 
(low-x)

Ø Small-x resummation
needed - 1802.00064

https://arxiv.org/abs/1802.00064


Heavy flavour uncertainties
13/10/25 Francesco Giuli - francesco.giuli@cern.ch 9

Ø Use approximation of N3LO DIS massive coefficient function of gluon in heavy 
quark production (and uncertainties) from 2401.12139

Ø Dominant uncertainty from NLL small-x approximation of exact coefficient 
function

Ø Extra uncertainties from numerical approximation of splitting functions (small)

Studies of N3LO Fits to DIS Data Using xFitter | F. Dattola 10

DIS coefficient functions at N3LO 

Massive coefficient functions and related uncertainties

• Use approximation of N3LO DIS massive coeficient function of gluon in heavy quark production (and uncertainties) from [2401.12139] 

• Dominant uncertainty from NLL small-x approximation of exact coeficient function 

• Larger uncertainty compared to variations due to approximated singlet  and non-singlet splitting functions

 g  Σ g

https://arxiv.org/abs/2401.12139


𝑭𝟐,𝒄 predictions
13/10/25 Francesco Giuli - francesco.giuli@cern.ch 10

Ø Compare predictions of the NNLO and N3LO fit to the inclusive HERA I+II data 
only vs charm form combined H1/ZEUS analysis - 1804.01019

Ø Better 𝜒!/dof for the N3LO fit

F2 charm predictions (N2LO and N3LO)

● Compare predictions of the N2LO and N3LO fit to the inclusive data vs 
charm from combined H1ZEUS analysis arXiv:1804.01019

● Better 𝜒2/dof for the N3LO fit

14

Preliminary

Preliminary
N3LO             N2LO        N2L0(fortranAPFEL)F2 charm predictions (N2LO and N3LO)

● Compare predictions of the N2LO and N3LO fit to the inclusive data vs 
charm from combined H1ZEUS analysis arXiv:1804.01019

● Better 𝜒2/dof for the N3LO fit

14

Preliminary

Preliminary
N3LO             N2LO        N2L0(fortranAPFEL)

https://arxiv.org/abs/1804.01019


Charm mass scan
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NNLO N3LO

mc = 1.42 ± 0.03 GeV

mc = 1.72 ± 0.04 GeV

Ø Huge dependency on the fit order

Ø Pole mass affected by renormalon instability à expected to be larger by 0.22 
GeV at N3LO – 1612.03790

Ø Larger gluon PDF à splitting in 𝑐 ̅𝑐 at higher scale à compensation with a 
bigger mc (perturbative charm)

Ø Corrections to DIS massive coefficient functions still approximate – work in 
progress by Barontini, Bonvini and Laurenti

https://arxiv.org/abs/1612.03790


N3LO PDF with full uncertainties
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N3LO pdfs with full uncertainties

● PDF obtained for N3LO fit to HERA inclusive plus 
charm and bottom data, including model and theory 
uncertainties.

● Leading model uncertainty: mC variation

15

Preliminary Preliminary

Preliminary

Preliminary PreliminaryN3LO pdfs with full uncertainties

● PDF obtained for N3LO fit to HERA inclusive plus 
charm and bottom data, including model and theory 
uncertainties.

● Leading model uncertainty: mC variation
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Preliminary Preliminary

N3LO pdfs with full uncertainties

● PDF obtained for N3LO fit to HERA inclusive plus 
charm and bottom data, including model and theory 
uncertainties.

● Leading model uncertainty: mC variation

15

Preliminary Preliminary

Preliminary

Preliminary Preliminary

Ø PDF obtained for N3LO 
fit, including model + 
theory uncertainties

Ø Leading model 
uncertainty: 𝑚-
variation



N3LO PDF with full uncertainties
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Ø At higher scales, large 
uncertainties for 
valence quarks (low-x)

Ø Significant theory 
uncertainty for 𝑥𝑔 at    
x < 0.01

Ø Charm/bottom 
uncertainties from 
𝑚-/𝑚. variations

N3LO uncertainties at Q2 = MZ
2

At higher scales, large uncertainties 
for valence quarks at low x. Significant 
theory uncertainty for gluon at x<0.01. 
Charm and bottom uncertainties stem 
from mC and mB variations

16

Preliminary Preliminary Preliminary

Preliminary Preliminary

N3LO uncertainties at Q2 = MZ
2

At higher scales, large uncertainties 
for valence quarks at low x. Significant 
theory uncertainty for gluon at x<0.01. 
Charm and bottom uncertainties stem 
from mC and mB variations

16

Preliminary Preliminary Preliminary

Preliminary Preliminary



Comparison to other aN3LO PDF
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Ø Based on grids publicly 
available on LHAPDF

Ø The sets agree for 𝒙𝒖𝒗

Ø 𝒙𝒅𝒗 à xFitter outlier

Ø 𝒙𝒈, 𝒙𝒄à MSHT20 outlier

Ø 𝒙𝒃à NNPDF4.0 outlier

Comparison to aN3LO sets

Comparison with NNPDF4.0 and 
MSHT20an3lo sets show large disagreements. 
The sets agree for uv only. For dv, xFitter set 
deviates, while for g and c,  MSHT set is an 
outlier. For b, NNPDF deviates from the other 
sets. 

17

Preliminary Preliminary Preliminary

Preliminary

Preliminary Preliminary

Comparison to aN3LO sets

Comparison with NNPDF4.0 and 
MSHT20an3lo sets show large disagreements. 
The sets agree for uv only. For dv, xFitter set 
deviates, while for g and c,  MSHT set is an 
outlier. For b, NNPDF deviates from the other 
sets. 
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Preliminary Preliminary



Impact on LHC predictions
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Impact on predictions at the LHC 

Predictions at NLO, N2LO and N3LO for ggH, Z computed using n3loxs 
(arXiv:2209.06138).  PDF uncertainties for N3LO include theory uncertainties

→good convergence for H, not so good for Z 
18

Preliminary Preliminary

Ø Predictions at NLO, NNLO and N3LO for Z (left) and ggH (right) production 
computed using n3loxs – 2209.06138

Ø PDF uncertainties from N3LO include theory uncertainties

Ø Good convergence for H, not so good for Z

https://arxiv.org/abs/2209.06138


𝜶𝒔 scan
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Ø Fixed target data from BCDMS, NMC
and SLAC as well

Ø 𝜒! scan at NNLO and N3LO

Ø HERA-only, NNLO:                             
𝜶𝒔 = 0.1065 ± 0.0029

Ø HERA+fixed target, NNLO:                
𝜶𝒔 = 0.1144 ± 0.0015

Ø HERA+fixed target, N3LO:
𝜶𝒔 = 0.1131 ± 0.0015

Running Coupling Estimation using HERA + Fixed 
Target at 𝑁2LO

𝛼𝑠 = 0.1144 ± 0.0015

Running Coupling Estimation using HERA + Fixed 
Target at 𝑁3LO

𝛼𝑠 = 0.1131 ± 0.0015

NNLO

N3LO

Just PDF uncertainties (no 
model/parametrisation) 

with ∆𝝌𝟐 = 1 criterion

Not claiming this is the 
preferred 𝛼* value at N3LO

https://www.sciencedirect.com/science/article/pii/0370269389916377
https://arxiv.org/abs/hep-ph/9610231
https://www.sciencedirect.com/science/article/pii/037026939290672Q


PDF fit with resummation scale
13/10/25 Francesco Giuli - francesco.giuli@cern.ch 17

Ø Study of the solution of a generic renormalization group equation (RGE):

Ø Defined the Green’s function (evolution operator) such that:

Ø We consider effects due to solving the RGE analytically, as opposed to a 
numerical solution, by means of expansions in 𝛼* that cause the inequality:

Ø This identity is violated by subleading terms

Ø Introduction of the resummation scale 𝝁𝒓𝒆𝒔 at the level of the solution of the 
RGE - 2407.20842, Giuseppe’s talk

Ø Variations of 𝜇78* around 𝜇 provide an estimate of subleading (higher-order) 
corrections

Ø Bottom line: the evolution of 𝜶𝒔 has an uncertainty (which is often neglected)

RGEs in QCD

Perturbative anomalous dimension:

Define the Green’s function (evolution operator) such that:

Examples of  R are: αs, PDFs, TMDs, GPDs, running masses, etc.

We consider effects due to solving the RGE analytically, as opposed to a 
numerical solution, by means of  expansions in  that cause the inequality:αs

where the identity is violated by subleading terms.

2

Study of  the solution of  a generic renormalisation group equation (RGE):
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RGEs in QCD

Perturbative anomalous dimension:

Define the Green’s function (evolution operator) such that:

Examples of  R are: αs, PDFs, TMDs, GPDs, running masses, etc.

We consider effects due to solving the RGE analytically, as opposed to a 
numerical solution, by means of  expansions in  that cause the inequality:αs

where the identity is violated by subleading terms.

2

Study of  the solution of  a generic renormalisation group equation (RGE):
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G(µ1, µ0)→G(µ0, µ2) ↑= G(µ1, µ2)

with R = 𝜶𝒔, PDF, TMD, running masses, etc  

https://arxiv.org/abs/2407.20842
https://agenda.infn.it/event/43981/contributions/272878/


PDF fit with resummation scale
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Ø Study the impact of resummation scale variations in a PDF fit using inclusive 
HERA data

Ø PDF parametrization and 
fit setting follow the 
Bonvini-Giuli paper

Ø Q0 = 1.6 GeV, Q2min = 3.5 
GeV2 (top)

Ø Q0 = 3.2 GeV, Q2min = 10 
GeV2 (bottom)

Ø Significant dependence 
on the resummation scale

Ø Ignored in global fits so far

Ø Impact of 𝜇78* reduced if 
Q0 is higher i.e. ~2-3 GeV

ω variations (Q2 = 10 GeV2) [Q0 = 1.6 GeV & Q2
min = 3.5 GeV2]
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ω variations (Q2 = 10 GeV2) [Q0 = 3.2 GeV & Q2
min = 10 GeV2]
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https://arxiv.org/pdf/1902.11125
https://arxiv.org/pdf/1902.11125
https://arxiv.org/pdf/1902.11125
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↵S(µ) with ⇠ variations (not a fit: ↵S(MZ ) = 0.118)

kmc
= 1.65, mc = 1.46 GeV

V. Bertone, G. Bozzi, F. Hautmann, S. Zenaiev PDF fits with resummation scale variations in DIS 9 / 16

Ø 𝑡 ̅𝑡 cross section at 13 TeV computed at NNLO using Hathor

Ø ~5% effect: comparable to experimental uncertainties and 𝑡 ̅𝑡 scale variations

Ø Reduced to < 1% if Q0 = 3.2 GeV, Q2min = 10 GeV2 is used (backup)

Ø Study on the 𝛼* running - huge impact at low scales, but ~negligible at Q2 = 
mZ2 GeV2

Impact of ω variations on predicted t t̄ at LHC

t t̄ cross-section at
→

s = 13 TeV is computed at NNLO using HATHOR (xFitter)
↑ 5% effect: comparable to experimental data unc. and/or t t̄ scale variation unc.
reduced to < 1% if Q0 = 3.2 GeV, Q2

min = 10 GeV2 is used

V. Bertone, G. Bozzi, F. Hautmann, S. Zenaiev PDF fits with resummation scale variations in DIS 5 / 6

https://www.arxiv.org/abs/1007.1327


Summary and outlook
13/10/25 Francesco Giuli - francesco.giuli@cern.ch 20

Ø DIS-only analysis with consistent N3LO for the PDF evolution and coefficient 
functions

Ø First analysis including exact matching conditions

Ø Visible impact on PDF (i.e. largest gluon at small-x) and predictions for the 
LHC phenomenology

Ø Further studies including small-x resummation ongoing! J

Ø First study about the inclusion of resummation scale variations in a PDF fit

Ø Large impact on the gluon PDF in the low-x region

Ø Visible effect on observables i.e. 𝑡 ̅𝑡 cross section or 𝛼*
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Ø Project is in active development on Gitlab

Ø Stable release 2.2.0 (“Future freeze”) – extensive Wiki here

Ø Nightly master branch built and validated vs several public results

Ø Nightly docker image

Ø Many updates of the functionality and productivity

Ø Added interfaces to Ploughshare, Hoppet, PineAPPL, CIJET

Ø Added N3LO FONLL for APFEL++, updates of DYTurbo interface

Ø Numerical improvements: parallel derivatives in CERES, parallel profiling, 
parallel asymmetric Hessian uncertainties evaluation (based on J. Pumplin
hep-ph:0101032)

Status of the xFitter project
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Status of xFitter project

● Project is in active development on https://gitlab.cern.ch/fitters/xfitter
○ Stable release 2.2.0 (“future freeze”)
○ Nightly “master” branch built is validated vs several public results
○ Nightly docker image  

    docker run -it gitlab-registry.cern.ch/fitters/xfitter:master bash

● Many updates of the functionality and productivity
○ Added interfaces to ploughshare, hoppet, PineAPPL, CIJET
○ Added N3LO FONLL for APFEL++, updates of DYTurbo interface
○ Numerical improvements: parallel derivatives in CERES, parallel profiling, parallel 

asymmetric Hessian uncertainties evaluation (based on J. Pumlin Phys.Rev.D 65 (2001) 
014013)  

3

https://gitlab.cern.ch/fitters/xfitter
https://gitlab.cern.ch/fitters/xfitter/-/wikis/home
https://arxiv.org/abs/hep-ph/0101032
https://arxiv.org/abs/hep-ph/0101032
https://arxiv.org/abs/hep-ph/0101032


Ø Many analyses using xFitter last year

Ø SMEFT analysis of Z boson couplings using forward-backward DY production 
at LHC - 2310.19638

Ø CMS analysis of inclusive jet production cross section to extract 𝛼* -
2412.16665

Results using xFitter from the last year
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Example analyses for the last year

Many analyses using xFitter in the last year. Examples are SMEFT analysis of Z boson 
couplings using forward-backward DY production at LHC (EPJC 84 (2024) 1277) and 
CMS analysis of inclusive jet production to extract αS (arXiv:2412.16665)
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Example analyses for the last year

Many analyses using xFitter in the last year. Examples are SMEFT analysis of Z boson 
couplings using forward-backward DY production at LHC (EPJC 84 (2024) 1277) and 
CMS analysis of inclusive jet production to extract αS (arXiv:2412.16665)
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PDF determination using HERA data
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Ø At HERA 𝛾 exchange dominates, the 
best PDF determined is 𝒙𝒖𝒗

Ø At low-x, contribution of 𝒙𝒄 is sizeable 
too (up to 30% of 𝐹!)

Ø Gluon is measured from 𝑞!
dependence of the structure 
function 𝐹!

Ø Lower accuracy at high-x, 𝒙𝒖𝒗 and 
𝒙𝒅𝒗 separated using charged-current 
data

Determination of the PDFs using HERA data

At HERA photon exchange dominates, the 
best PDF determined is u(x). 

At low x, contribution of c(x) is sizable too 
(up to 30% of F2)

Gluon is measured from q2 dependence of 
the structure function F2

Lower accuracy at high x, dv(x) and uv(x) 
separated using charged-current data

6Eur.Phys.J.C 75 (2015) 12, 580

Determination of the PDFs using HERA data

At HERA photon exchange dominates, the 
best PDF determined is u(x). 

At low x, contribution of c(x) is sizable too 
(up to 30% of F2)

Gluon is measured from q2 dependence of 
the structure function F2

Lower accuracy at high x, dv(x) and uv(x) 
separated using charged-current data

6Eur.Phys.J.C 75 (2015) 12, 580

1506.06042

https://arxiv.org/abs/1506.06042


aN3LO vs NNLO vs NLO
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Ø Approximate N3LO based on 2207.04739 (MSHT20 approximation)

Ø Similar pattern as observed in the past

Ø N3LO gluon is more negative at low-x at the starting scale

Ø 𝜒!/dof is the worst

N3LO with approx. matching vs N2LO and N1LO

● Implement approximate N3LO based on arXiv:2207.04739 
● Similar pattern as observed in the past: N3LO gluon is more negative at low x 

for the starting scale, 𝜒2/dof is the worst.
7

Preliminary

Preliminary

https://arxiv.org/abs/2207.04739


aN3LO matching conditions
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Ø Approximate matching conditions have uncertainties for transition matrix  
elements

Ø Large impact on 𝒙𝒄 and 𝒙𝒈 due to – 2000 < 𝒂𝒈𝒈,𝑯 < - 700

N3LO with approximate matching uncertainties

Approximate matching conditions have uncertainties for transition matrix 
elements. Large impact on gluon/charm due to  -2000 <agg,H<-700

8

PreliminaryPreliminary

relations in Equation (4.3). These relations are closely followed by the gluon-gluon functions up

to NNLO, but there is no guarantee that this behaviour will continue at N3LO. This constraint

is given as,

Agg,H(x ! 0) '
CA

CF

Agq,H(x ! 0). (5.11)

It can be expected that even though this relation may not be followed exactly, it should not

stray too far from this general ‘rule of thumb’. Due to this a generous contingency of ±50%

is allowed when using this rule. Furthermore, to ensure this relation is only used as a guide,

we allow the variation to move beyond this rule as long as the criteria in Section 4.1 are still

satisfied. As a result of this change in prescription and because the allowed variation is now on

a much larger scale than that of any functional uncertainty, we choose a fixed functional form

from the start and use the criteria described above to guide our choice of variation.

A
(3)

gg,H
= A1 ln2(1 � x) + A2 ln(1 � x) + A3 x

2 + A4 ln x + A5 x + agg,H
ln x

x
(5.12)

where �2000 < agg,H < �700.

5.2 Predicted aN3LO Transition Matrix Elements

Fig.’s 9, 10 and 11 show the perturbative expansions for each of the nf -independent contribu-

tions to the transition matrix elements at the mass threshold value of µ = mh. Included with

these expansions are the predicted variations (±1�) from Section 5.1 (shown in green) and the

approximate N3LO best fits (shown in blue - discussed further in Section 8).

A
NS

qq,H
in Fig. 9 behaves as expected with little variation from NNLO until the magnitude

of this function is very small. The approximations for the more dominant APS

Hq
and AHg func-

tions in Fig. 10 exhibit some slight sporadic behaviour towards large-x due to the increased

logarithmic influence. However, since this is in a region where the magnitude of these func-

tions become small, any instabilities will have a minimal e↵ect on the overall result. The

major feature prevalent across both these functions is the large deviation away from the NNLO

behaviour, especially at small-x (and also mid-x for AHg).

Similarly for Agq,H in Fig. 11 (upper), we see some irregular behaviour towards large-x.

As with A
PS

Hq
and AHg, this behaviour is in a region where the magnitude of Agq,H is small.

As discussed in Section 5.1, A(3)

gq,H
is approximated without any variation due to the range

of available information being large11. Due to this, and the fact that the region of potential

instability (large-x) is highly suppressed, we can accept this function with negligible e↵ect

on any results. As more information becomes available about all these functions, it will be

interesting to observe how the behaviour across x changes.

11Although an exact expression has been calculated for A
(3)
gq,H

[54], this function is not yet available in a
computationally e�cient format i.e. numerical grids.
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Uncertainties of small x masive coefficient function 

Low x uncertainties in heavy flavour 
coefficient structure functions lead to 
sizable variation of F2

cc and F2
bb structure 

functions. In the FONLL prescription, 
important for sub-threshold regions.
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Inclusive Beauty

Charm

Uncertainties of small x masive coefficient function 

Low x uncertainties in heavy flavour 
coefficient structure functions lead to 
sizable variation of F2

cc and F2
bb structure 

functions. In the FONLL prescription, 
important for sub-threshold regions.
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Inclusive Beauty

Charm

Uncertainties of small x masive coefficient function 

Low x uncertainties in heavy flavour 
coefficient structure functions lead to 
sizable variation of F2

cc and F2
bb structure 

functions. In the FONLL prescription, 
important for sub-threshold regions.

21

Inclusive Beauty

Charm
Ø Reduced impact on inclusive data 

at low-x

Ø Low-x uncertainties in massive 
coefficient functions lead to 
sizable variation of 𝐹!,- and 𝐹!,.

Ø In the FONLL prescription, 
important for sub-threshold regions
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Ø Study the impact of resummation scale variations in a PDF fit using inclusive 
HERA data

Ø PDF parametrization and 
fit setting follow the 
Bonvini-Giuli paper

Ø Q0 = 1.6 GeV, Q2min = 3.5 
GeV2 (top)

Ø Q0 = 3.2 GeV, Q2min = 10 
GeV2 (bottom)

Ø Significant dependence 
on the resummation scale

Ø Ignored in global fits so far

Ø Impact of 𝜇78* reduced if 
Q0 is higher i.e. ~2-3 GeV

ω variations (Q2 = 10 GeV2) [Q0 = 1.6 GeV & Q2
min = 3.5 GeV2]
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ω variations (Q2 = 10 GeV2) [Q0 = 3.2 GeV & Q2
min = 10 GeV2]
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Ø Q0 = 1.6 GeV, Q2min = 3.5 GeV2

Ø Largest differences at lowest Q2, x

HERA data vs theory with ω variations (Q0 = 1.6 GeV, Q2
min = 10 GeV2)
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↵S(µ) with ⇠ variations (not a fit: ↵S(MZ ) = 0.118)

kmc
= 1.65, mc = 1.46 GeV
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Ø 𝑡 ̅𝑡 cross section at 13 TeV computed at NNLO using Hathor

Ø ~5% effect: comparable to experimental uncertainties and 𝑡 ̅𝑡 scale variations

Ø Reduced to < 1% if Q0 = 3.2 GeV, Q2min = 10 GeV2 is used

Ø Study on the 𝛼* running - huge impact at low scales, but ~negligible at Q2 = 
mZ2 GeV2

Impact of ω variations on predicted t t̄ at LHC

t t̄ cross-section at
→

s = 13 TeV is computed at NNLO using HATHOR (xFitter)
↑ 5% effect: comparable to experimental data unc. and/or t t̄ scale variation unc.
reduced to < 1% if Q0 = 3.2 GeV, Q2

min = 10 GeV2 is used

V. Bertone, G. Bozzi, F. Hautmann, S. Zenaiev PDF fits with resummation scale variations in DIS 5 / 6

https://www.arxiv.org/abs/1007.1327

