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The NNPDF 4.x Framework

The inverse problem (DIS):

{ o=l e fulw?) }

The NNPDF framework:
e . -
[ FK Tables ]—b P Compute x>
v
QCD t-fit LHAPDF
[ Hyperopt Stop? ] _>[ evolution I [ s‘;:fcti:)n I [ grid ]
v

[ Experimental Data ]—> —i Optimization

K \_ J
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Theory Advances



New Theory Features in NNPDFA4.1

Included in partial releases

01/2024

01/2024

02/2024

06/2024

NNPDF4.0 QED [arXiv:2401.08749]
NNPDF4.0 NNLO®MHOU [arXiv:2401.10319]
NNPDF4.0 aN3LO [arXiv:2402.18635]
NNPDF4.0 [arXiv:2406.01779]
aN3LO*QEDeMHOU

Released with NNPDF4.1

11/2025

07/2026

Higher twist and jet power [arXiv:2511.14387]
corrections
Z pT resummation and PDF [arXiv:2607.19183]

determination

EW corrections (k-factors) [WIP]

EW corrections, required for
high precision at LHC, need an
extension of the proton PDF
set:

e photon PDF
vz, Q%)

e QED splitting functions in
PDF evolution

O(a),O(aas), O(a?)
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New Theory Features in NNPDFA4.1

Included in partial releases

01/2024

01/2024

02/2024

06/2024

NNPDF4.0 QED [arXiv:2401.08749]
NNPDF4.0 NNLO®MHOU [arXiv:2401.10319]
NNPDF4.0 aN3LO [arXiv:2402.18635]
NNPDF4.0 [arXiv:2406.01779]
aN3LO*QEDeMHOU

Released with NNPDF4.1

11/2025

07/2026

Higher twist and jet power [arXiv:2511.14387]
corrections
Z pT resummation and PDF [arXiv:2607.19183]

determination

EW corrections (k-factors) [WIP]

MHOU are in many cases
compatible with experimental
uncertainties.

e Estimate of MHOU
through variations of

(LR, 1F)

e \We use a theory
covariance matrix

C = Cexp + Cth
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New Theory Features in NNPDFA4.1

Included in partial releases

01/2024  NNPDF4.0 QED [arXiv:2401.08749]

01/2024  NNPDF4.0 NNLO®MHOU [arXiv:2401.10319]

02/2024  NNPDF4.0 aN3LO [arXiv:2402.18635]

06/2024  NNPDF4.0
aN3LO*QEDeMHOU

[arXiv:2406.01779]

Released with NNPDF4.1

11/2025 Higher twist and jet power [arXiv:2511.14387]

corrections

07/2026  Z pT resummation and PDF
determination

[arXiv:2607.19183]

EW corrections (k-factors) [WIP]

Hard-scattering cross-sections
at N3LO need PDFs
determined at the same
perturbative order to make
predictions with the same
accuracy.

e aN3LO for splitting
functions and massive DIS
coefficient functions

e |HOU added to theory
covariance
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corrections
07/2026  Z pT resummation and PDF

determination

EW corrections (k-factors)
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[WIP]
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combines the previous
advancements.
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New Theory Features in NNPDFA4.1

Included in partial releases

01/2024  NNPDF4.0 QED [arXiv:2401.08749]

01/2024  NNPDF4.0 NNLO®MHOU [arXiv:2401.10319]

02/2024  NNPDF4.0 aN3LO [arXiv:2402.18635]

06/2024  NNPDF4.0 [arXiv:2406.01779]
aN3LO*QEDeMHOU

Released with NNPDF4.1

11/2025 Higher twist and jet power [arXiv:2511.14387]
corrections
07/2026  Z pT resummation and PDF [arXiv:2607.19183]

determination

EW corrections (k-factors) [WIP]

Exact NNLO computations
replace k-factors

(', improved with higher
twist (DIS) and linear power
corrections (jets)

Resummation relevant even
for pr > 30 GeV in Z pr data
at 13 TeV

EW corrections included as
k-factors
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Perturbative Orders

NNPDF4.0 NNPDF4.1
arXiv:2109.02653 WIP
o_(k) (m 2) DIS: NNLO DIS: aN3LO
b 1 K hadronic: NNLO k-factors hadronic: NNLO
 EKOYY NNLO aN3LO QCD ¢ NLO QED
EW corrections Cuts k-factors
(CTTTTTToTT N e aN3LO QCD e QED
w FK, (xi; ,uo) : NNLO k-factors e EW k-factors
(S / e Z prresummation
Theory Uncertainties Nuclear 4.0 + MHOU +IHOU + HT/PC

—————————————
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New Experimental Data



New Experimental Data

At now around 50 new datasets and 800 new data points.

Kinematic coverage

DISNC = :x:::g;.yn‘he 4.0 selection 108 3 ¢ in NNPDF4.0
DISICC W implemented since 4.0 [ ] HERAJET
DYNC v HERADIJET
v cc 1074 4 DYNC
PHOTON « DYCC
JETS » JETS
DIJET ®
= 10°1 3 wor
HERADIJET « PHOTON
ToP bt
SINGLETOP —~ 1034
o
0 1 20 3 40 5 60 70 8 >
number of datasets v
g 1044
~ A A
Process NNPDF4.0 NNPDF4.1 4.1 conservative O'
DISNC 1372100 1372100 1372100 5
DIsScC 6/989 6/989 6/989 104
DY NC 241735 30/903 24/613
DY CC 117157 15/222 9/115
HERAJET 0/0 47121 47121 1024
HERADIJET 0/0 3/83 3/83 .::
JETS 2/356 8/928 4377 °3
DUET 2/144 6/658 21226 101 4 i
TOP 14764 70/ 566 54 /374 ®
SINGLETOP 9/17 9717 9/17
PHOTON 1/53 3/177 3/177 10"" 10"3 10-_2 10'_1 160
Total 82/4615 167/ 6764 131/5192



Methodology Advances
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Ensemble Based Hyperoptimisation

NNPDF4.1:
e MC replicas extracted from
many methodologies

e methodological uncertainty
estimate

[arXiv:2410.16248]
[arXiv:2605.31482]

Ratio to trial 1
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Conclusions and Outlook

We aim to release the NNPDF4.1 PDF SET in Q1 2027.

Exact NNLO - EW corrections
Z py resummation
HT / power corrections

Ensemble-based
hyperoptimisation

aN3LO QCD ® NLO QED
® MHOU

NNPDF4.1 dataset Validation NNPDF4.1 release
finalised in ~1 month closure tests and future tests early 2027




Thank You!
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P ineline F ramework (open source)

MATRIX APPLgrid fastNLO VRAP

—

Pl«necards /\

PineAPPL grids

[image from arXiv:2302.12124]

FK-tables

operators
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Pineline for Theory Input

o= z; Z fa (:13@-, ,u%;j) a?+k (,u%zj) Uék) (xz'7 :U’%'ja H%‘ij)
1,7, a

for PDF fits

f = o P,
™

£ /t /‘\::_7———_\_\:\\\\:1 \/\I { ]
oS . , 2\ 2 blj (k) 2
o Lm( 1) (1) BKO; o, (”“’“”')}
. / bkl
[arXiv:2302.12124] ’
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New Theory Features in NNPDFA4.1

Included in partial releases

[arXiv:2401.08749]

[arXiv:2401.10319]

[arXiv:2402.18635]

[arXiv:2406.01779]

01/2024  NNPDF4.0 QED

01/2024  NNPDF4.0 NNLO®MHOU

02/2024  NNPDF4.0 aN3LO

06/2024  NNPDF4.0
aN3LO*QEDeMHOU

Released with NNPDF4.1

dO’jet . [ dO’jet ] <1+

[arXiv:2511.14387]

11/2025 Higher twist and jet power
corrections
07/2026  Z pT resummation and PDF

[arXiv:2607.19183]

determination

EW corrections (k-factors) [WIP]

FP(z,Q%) = FP'" (z,Q?) (1 +

QZ

H;(y)

pr

)

)
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New Theory Features in NNPDFA4.1

Included in partial releases

01/2024  NNPDF4.0 QED [arXiv:2401.08749] Resummathn eﬁeCtS are
_ important even for pr > 30 GeV
01/2024  NNPDF4.0 NNLOeMHOU [arXiv:2401.10319]
1100 - g at 100 GeV
02/2024  NNPDF4.0 aN3LO [arXiv:2402.18635] 1.075 1
1.0501
06/2024  NNPDF4.0 [arXiv:2406.01779] E 1025
aN3LOeQEDeMHOU g 1000
5 0.975
= 0.950
Released With NNPDF4.1 09251 f 71 baseline
0800 1073 1072 107! 100 5T 13AT
1.100 1 g at 100 Gev g i;i‘ll\'dCM
11/2025 Higher twist and jet power [arXiv:2511.14387] 1‘0757
corrections '
1.050
g 1.025
07/2026  Z pT resummation and PDF [arXiv:2607.19183] 21,000 |
determination § 0975
0.950 1
EW corrections (k-factors) [WIP] 0.925 1

0.900 .
1074 1073 1072 107t 10°
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New Theory Features in NNPDFA4.1

Included in partial releases

01/2024

01/2024

02/2024

06/2024

NNPDF4.0 QED [arXiv:2401.08749]
NNPDF4.0 NNLO®MHOU [arXiv:2401.10319]
NNPDF4.0 aN3LO [arXiv:2402.18635]
NNPDF4.0 [arXiv:2406.01779]
aN3LO*QEDeMHOU

Released with NNPDF4.1

11/2025

07/2026

Higher twist and jet power [arXiv:2511.14387]
corrections
Z pT resummation and PDF [arXiv:2607.19183]

determination

EW corrections (k-factors) [WIP]

We add EW k-factor, without
including corrections that are
already been subtracted by
experimental data.
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New vs Old Data

Process NNPDF4.0 NNPDF4.1 41 .
conservative
DIS NC 13/2100 13/2100 13/2100
DIS CC 6 /989 6/989 6/989
DY NC 24 /735 30/903 24 /613
DY CC 11/157 1517222 9/115
HERAJET 0/0 47121 47121
HERADIJET 0/0 3/83 3/83
JETS 2 /356 8/928 41377
DIJET 2/144 6 /658 2/226
TOP 14 /64 70 /566 541374
SINGLETOP 9/17 9/17 9/17
PHOTON 1/53 3/177 3/177
Total 82/ 4615 167 / 6764 131175192

Process New in 4.1 conNst:inve
DY NC 6/109 3/24
DY CC 4 /60 1/2
HERAJET 4/121 4/121
HERADIJET 3/83 3/83
JETS 6 /697 2/146
DIJET 4/514 1/136
TOP 571513 41 /321
PHOTON 2/124 2/124
Total 86 / 2221 57 1 957




Determining the 4.1 Dataset

—[ Flagged?
n

|

[ Y < @y, ]

y

)

[ Double counted ? }

n

{ Discard }

|

Impact
estimator

|

&

[ Conservative set J

A procedure for dataset selection.

4 .1 Dataset
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Determining the 4.1 Dataset

We are able to produce a conservative PDF set, and we do not expect
major changes in this set after the dataset selection procedure.

505 gat 1.65 GeV gq luminosity
s Vs =13 TeV
1.100
1.15 1“7 conservative baseline (68% c.l.+10)
1.075 "1 conservative baseline NO TOP (68% c.|.+10)

\"77 conservative baseline NO JETS (68% c.l.+10)

1.10

1.05

1.00

Ratio to conservative baseline

77 conservative baseline (68% c.l.+10)

Ratio to conservative baseline

0.85 {7 conservative baseline NO TOP (68% c.|.+10)
770 conservative baseline NO JETS (68% c.l.+10)
0.80 / . : o
104 1073 1072 107! 10° 10t 10? 10

X my (GeV)
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New Positivity Settings

NNPDF4.0

arXiv:2109.02653

NNPDF4.1

WIP

Observables

U d s c
F27F27F27F27FL
ODY,uti» Opy dd>» ODY,s5>

PDF

u7 ,U’, 8, g? d, d’ c’ c_7g

Scale

quarks: Q% = 10" GeV?

gluon: W?=10GeV?

Observable Value
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l & New positivity constraints
& NNPDF4.0 NNLO (arXiv:2506.13871)
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E—gg 5

" i =
g
1 ) ]
']
L] e ) L
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gat 1.65 GeV
4 ‘-
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1.8 New positivity constraints (68% c.|.+10)

12

g
o

0.8
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¥

107% 103 1072 107t 10°
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Ensemble Based Hyperoptimisation
£0)(9) = (y(i) _ T(i))T<C?5i) i C'f(,%F)_l (y(i) _ T(’“) + log det (C’éi) + C’I(,%F)

4{Generate new hyperparameter conﬁguration]

[
[Fit to subset of folds}

I
hyperopt I ) ) l

[ folds 1,2,3 } [ folds 1,2,4 ] [ folds 1,3,4 ] [folds 2534 ]

20 =0 |

- =<
=
-_—

[arXiv:2109.02653]
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Closure Test and Future Test

The NNPDF4.1 fitting framework will be benchmarked with closure tests
and future tests.

Are the uncertainties statistically faithful? = Can the PDF set describe physics outside of
the extrapolation region?
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