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Abstract We present the first global analysis of partondis- 2 Theoretical procedures . . . . . . . .. .. ... ...
tribution functions (PDFs) at approximate N?LO in the strong 2.1 Hessian method with nuisance parameters . . . .
coupling constant o, extending beyond the current highest 2.2 Multiple theory parameters . . . . . . .. .. ..
NNLO achieved in PDF fits. To achieve this, we present a 2.3 Decorrelated parameters . . . . ... ... ...
general formalism for the inclusion of theoretical uncertain- 3 Structure functionsat N°LO . . . . . ... ... ...
ties associated with the perturbative expansion in the strong Fg :cooeeeiissnnassssssssaassa
coupling. We demonstrate how using the currently available Fo o o e e e e e
knowledge surrounding the next highest order (N°LO)ine; 4 NLO splitting functions
can provide consistent, justifiable and explainable approx- 4.1 Approximation framework: discrete moments . .
imate N°LO (aN’LO) PDFs. This includes estimates for 4.2 4-Loop approximations . . . . . .........
uncertainties due the currently unknown N°LO ingredients, P
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Abstract

We extend the existing leading (LO), next-to-leading (NLO), and next-to-next-to-leading order (NNLO)
NNPDF4.0 sets of parton distribution functions (PDFs) to approximate next-to-next-to-next-to-leading
order (aN*LO). We construct an approximation to the N3LO splitting functions that includes all available
partial information from both fixed-order computations and from small and large 2 resummation, and
estimate the uncertainty on this approximation by varying the set of basis functions used to construct
the approximation. We include known N3LO corrections to deep-inelastic scattering structure functions
and extend the FONLL general-mass scheme to O (af) accuracy. We determine a set of aNLO PDFs by

accounting both for the uncertainty on splitting functions due to the incomplete knowledge of N*LO terms,

arXiv:2402.18635v1 [hep-ph] 28 Feb 2024



N3LO PDFs : what do we need

e Splitting functions * DIS massless partonic coefficients
, dJ; - ( 2) Q ( 2) DIS massive partonic coefficients

(x.0%) = Z%@f x,0?)

 VFNS matching conditions

f(nf+1) (x qu) — A (x a) ®f(nf) (x qu)  Hadronic coefficients at N3LO
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N3LO PDFs : what do we need

e Splitting functions @ * DIS massless partonic coefficients Q

ﬂz% = P. (qu) ®fi (qu) DIS massive partonic coefficients g
x Q2 Z C. k®f X, Qz)

 VFNS matching conditions Q

k N\
A

Missing Higher Order Uncertainty (MHOU):
missing higher order terms

fi(nf+1) (x,,uz) = A, (x, as) ®fi(nf) (x,,uz) « Hadronic coefficients at N3LO Q

Full N3LO info not currently available

o (Construct approximation for what is missing

o Estimate theory uncertainty — ——————

Incomplete Higher Order Uncertainty (IHOU):
incomplete higher (N3LO) order terms
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Splitting functions - ~_Singlet




Singlet What we know

p(3) P(3) 5 (10) lowest Mellin moments
49-P5 g8 [Phys.Lett.B 825 (2022), Phys.l ett.B 825 (2022), Phys.Lett.B 842 (2023), Phys.Lett.B 849 (2024) ]
3 3
P (éq) P gfg) . Small-x limit [JHEP 06 (2018) 145]

 Large-x limit [JHEP 09 (2022) 155, JHEP 04 (2020) 018, Nucl.Phys.B 832 (2010)]

. large-n limit, i.e. @(nfz) : @(n]?)
[Nucl. Phys. B 915 (2017) 335-362, Phys. Lett. B 848 (2024), JHEP 01 (2024) 029 ]

Our approximation

ij,n }/ij,N—>oo ij,N—0 ij,N—1

—— \ e Expanded on a set of basis function
Iarge—nfllmlt small-x limit

 (Coefficients of the expansion
Large-N and small-N most determined by known moments
G99(N) leading contributions

vy () =15 (N +72 N +775 (N +y050 (N + 77 (N)

G99(N) 1  Reproduce leading and subleading

G4 (N) * Further subleading terms N-space poles with unknown

(3) N
s (V) coefficients
{H{?(N), HJ*(N)}
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singlet: small-x

049/ Pyo(x), s =0.2 ny =4

\ * aN3L,O (MHOU)
N e, aN3LO (IHOU)
\ ' -—=- NNLO

\ —— NLO




Comparison to MSHT aN3LO splitting function

rP, (), as =02 ny =4 rPy(x), as=02n;=4
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additional nuisance parameters
which are fitted to the data
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DIS

 DIS structure functions F, , F; , F; known at N3LO in the

massless limit
DIS NC [arxiv:9605317, arxiv:0411112, arxiv:0504242]
DIS CC [arxiv:0812.4168, arxiv:1606.08907]

 DIS massive structure functions can be approximated from
known limits and interpolation functions [arXiv:2401.12139,
Barontini, Bonvini, Laurenti, in preparation]

I,k

C(3) (x, m}%/Q2> _ Ci(,i),thrfl(x) 1 Ci(,z),asyjfz(x)

R Y S 2 g (et o

. AT o EREY
o 3 s, S PSS =
BT - E YA, TIPS TY 200 50 o Baco s p

X —=> X

— Asymptotic limit Q% > m}%
" A + Q2

Uncertainty of the approximate coefficient function is built by
varying interpolating functions

A = ’
— Approximate
NNLO ' Bxac

1074 1073 1072 10~1 10V 101 102 103 10*

5000 =
— This work

= KLMV
[arXiv:1205.5727]
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FONLL

Extension to FONLL accounting for both massive and massless contributions at @(af) (FONLL-E)

FfOME = FP(x, Q% mp) + F™(x, Q) — F"V(x, In(Q*/my)

F2<t0t) (2, Q?), ratio to aN’LO
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. aN3LO corrections to NNLO lower than 2% for Q% > 10 GeV? and at most 10% around charm mass




Hadronic processes




Hadronic processes

 N3LO corrections pub available for inclusive NC and CC DY (differential distribution Q
at the level of leptonic observables also computed but not available)

e No N3LO calculations available for other data of NNPDF4.0 @

No inclusion of hadronic

‘ iita In default set.

 Rapidity dependence of K factors Q

dedicated variant to assess the impact of available data/computations (backup)

Dataset Ref.  ngat Kin, Kiny [GeV] C-factor N°LO/NNLO
ATLAS high-mass DY 7 TeV 103] 13 Ime| < 2.1 116 < myee < 1500 do /dmys

ATLAS Z 7 TeV (L =35 pb™ ) 104] 8 me,yz| < 3.2 Q=mz do/dmee (66 < mee < 150)
ATLAS Z 7TeV (L =46 1) CC  [105] 24  |neyz| < 2.5,3.6 Q=mz do/dmee (46 < mee < 116)

ATLAS 0%, 13 TeV [106] 3 — Q = mw,mz o




MHOU IHOU

Uncertainties due to perturbative truncation of partonic cross Uncertainties due to incomplete knowledge of
sections and anomalous dimensions N3LO corrections
[arXiv:1905.04311, arXiv:1906.10698, arXiv:2401.10319]

Process categories * Splitting functions
DIS NC

- KF - KF glsﬁg * DIS partonic coefficients
DY CC

- KR ® ® ® KR Top pair
Single top
o—0o o Single inclusive jets
Prompt photon

Dijets

[ points |

* Splitting functions (N4LO)
* DIS partonic coefficients (N4LO)

coviol = cove? + covMHOU 4 coy/HOU
 Hadronic partonic xsec (N3LO)




aN3LO PDFs




aN3LO default sets

aN3LO splitting
functions

N3LO massless
DIS +
aN3LO massive

N3LO
corrections on
hadronic data

MHOU on
hadronic data

MHOU on DIS
data

MHOU on
anomalous
dimension

NNPDF40 aN3LO

NNPDF40 aN3LO
MHOU

<

<

<

<

X
X

<

<

« Same dataset and methodology used for NNPDF4.0

e Results provided both with and without MHOU

X

<

 |mpact of the available hadronic data is assessed in variant fits (backup slides)

X
@



aN3LO partonic luminosity (NNPDF)
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Ratio to NNPDF40 an3lo MHOU
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gg luminosity
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* Suppression of gg luminosity
 Enhancement of g luminosity

* Inclusion of MHOU improve
agreement (increase in

uncertainties of ~ 1% — 2 %)



g at 100 GeV
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Fit quality

Total Dataset

1.26
-@®-+ NNPDF4.0 no MHOU
1.22 - ] « Without MHOU fit quality improves as
perturbative order improves
S 120k B - i ity is |

= «  With MHOU fit quality is independent on
\45 perturbative order within )(2 uncertainties
o ’»..‘ - Ny = 4462, 6, =0.03

116_ ...."..... |

N, .‘
1.14 - -
1.12 | | |

NLO NNLO aN3LO



aN3LO partonic luminosity (MSHT)

1.25 ~

1.20 A

Ratio to MSHT20 aN3LO

0.90 -

0.85

Ratio to MSHT20 aN3LO

1.15 A

1.10 A

1.05 -

1.00 -

0.95 -

gg luminosity
Vs =14 TeV

1 MSHT20 aN3LO
[ 1 MSHT20 NNLO

101

1.25 -
1.20 A
1.15 -
1.10 -
1.05 -
1.00 -
0.95 ~

0.90 -

0.85

102 103

myx (GeV)

gq luminosity
Vs =14 TeV

10t

102 103
My (GeV)

Ratio to MSHT20 aN3LO

Ratio to MSHT20 aN3LO

1.25 -

1.20 -

1.15 -

1.10 -

1.05 ~

1.00 ~

0.95 -

0.90 -

0.85

dq luminosity
Vs =14 TeV

101

1.25 H
1.20 A
1.15 -
1.10 A
1.05 A
1.00 -
0.95 -

0.90 ~

0.85

102 103

Mx (GeV)

dqq luminosity
Vs =14 TeV

10t

102 103

Mx (GeV)

-~
-

—
~~--

—
N i ¢ — — — ——

0.0

—0.2

—0.3

—-0.4

10—°

1074 1073

—— MSHT (prior)
—— MSHT (posterior)
---- FHMRUVV

—+— This work

1072 101



Comparison with MSHT

Ratio to NNPDF40 nnlo

1.15 ~

1.10 -

1.05

1.00

0.95 -

0.90 ~

0.85

1777 NNPDF40 nnlo (68% c.l.+10)
[ MSHT nnlo (68% c.l.)

 Differences similar to those observed at NNLO

At aN3LO differences in the gluon become bigger

g at 100 GeV

Ratio to NNPDF4.0 aN3LO no MHOU

107>

104

1073 1072 101 100

NNLO '
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1.10 -
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g at 100 GeV




Some pheno |
Suppression of aN3lo gluon

n3loxs [arXiv:2209.06138] ggHiggs [arXiv:1404.3204]
<103 Neutral Current Drell Yan (PDF + MHOUS) x 10! Higgs in Gluon Fusion (PDF 4+ MHOUs)
§ NNPDF4.0 V5 =13.6 TeV Vs =13.6 TeV ’
2211 NNPDF4.0 (NNLOpdt) ~ 60 GeV < mpp < 120 GeV 4.0 —
Tj $§ MSHT20
> $ MSHT20 (NNLO ) 2 40k _
~ 2.0 _ e
0 <
IS 1 I l 3.5 —
? 2 B < # NNPDF4.0
& { 30l NNPDF4.0 (NNLO,qf) _
T 18k — $ MSHT20
) $ MSHT20 (NNLO,qs)
| | | S | | 5
NLO NNLO N3LO NLO NNLO NSILQ
Perturbative Order (ME) Perturbative Order (ME)

* Th predictions based on NNPDF4.0 and MSHT20 compatible within uncertainties (agreement improves at N3LO
for DY)

e Using correctly aN3LO PDF in N3LO prediction rather than NNLO PDF reducer difference wrt NNLO result
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When considering MHOU in the fit the differences are small but compared to the total uncertainty (DY)




Summary

Two aN3LO PDF sets are now available (MSHT and NNPDF)
NNPDF4.0 aN3LO released both with and without MHOU

IHOU are estimated and included in the analysis (different approaches followed by
NNPDF and MSHT)

Impact of N3LO corrections found by MSHT and NNPDF seems consistent, with
differences which can be traced back to different input splitting functions

Biggest differences when going from NNLO to aN3LO are observed in the gluon

Thank you!
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Nonsinglet P... Pu

Nonsinglet splitting functions can be
determined with high accuracy

Our approximation
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AS(N)+ B, + C,

8 moments [JHEP 10 (2017) 041] What we know

Small-x limit [JHEP 08 (2022) 135]

Large-x limit [JHEP 10 (2017) 041]

large-n;limit, i.e. O(n7) , O(n?) [Nucl. Phys. B 915 (2017) 335-367]

Leading unknown contributions
(small-N and large-N)
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https://link.springer.com/article/10.1007/JHEP10(2017)041
https://link.springer.com/article/10.1007/JHEP08(2022)135
https://link.springer.com/article/10.1007/JHEP10(2017)041
https://inspirehep.net/files/af3bd3340c34a5e625d4a05bb0812797

Nonsinglet: comparison to previous approximation
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 Compatibility with previous approximation FHMRUVV [JHEP 10 (2017) 041]



https://link.springer.com/article/10.1007/JHEP10(2017)041

Nonsinglet: LO, NLO, NNLO, aN3LO with MHOU
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singlet: small-x
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« aN3LO and NNLO result agree within uncertainties




aN3LO evolution
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comparison between NLO, NNLO and aN3IO evolution
starting from NNPDF4.0 NNLO at 1.65 GeV and evolving
up to 100 Gev

Almost no difference between aN3LO and NNLO for
nonsinglet PDFs

For x < 107 singlet evolution is weaker at aN3LO



aN3LO evolution
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comparison between NLO, NNLO and aN3IO evolution
starting from NNPDF4.0 NNLO at 1.65 GeV and evolving
up to 100 Gev

Almost no difference between aN3LO and NNLO for
nonsinglet PDFs

For x < 107 singlet evolution is weaker at aN3LO



Comparison with MSHT
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Differences similar to those observed at NNLO

Biggest differences between charm and gluon



Impact of available N3LO corrections for hadronic data
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Photons in the proton

 New NLO and NNLO sets supplementing with a photon PDF the pure QCD PDF set
- combined QEDxQCD evolution

- photon PDF determined using the LuxQED formalism

2

2 Ldz -2 dQ2 2x2m§
Xy (x,,uz) = a, (u2) J 7{ [m]gxz Eaezm(Qz) 2Py + 0?2 F,—2°F | - aezm(ﬂz)zze}

1-z

- pure QCD for theory predictions. In particular no photon induced contributions

(future work)
photon contributions, Q,=100 GeV

0.5 B clastic
Bl inclastic non perturbative
Bl inelastic perturbative

No

Compute xy at u = 100 GeV

using input PDF set

Evolve to u = 1.65 GeV
using QEDxQCD evolution

Perform global fit with fixed
photon, QEDxQCD evolution
and momentum sum rules ;
including photon ~

Compute xy at u = 100 GeV

using input PDF set

Converged?

l Yes

QED fit



Good agreement with previous NNPDF determination... ...and with determinations by other groups
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Implications for LHC phenomenology (only NLO accuracy)

Higgs production in gluon fusion: Suppression due to

suppression of gluon PDF (up to ~ 2 %) and unimportance of
photon induced contributions

NC DY: Enhancement of cross section due to photon-induced
contributions (upto ~ 5 %)
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QED corrections important for precision phenomenology at the percent level



