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QCD collinear tactorization

+ QCD collinear factorization ensures universal separation of long-distance and short-distance contributions
in high energy scatterings involving initial state hadrons, and enables predictions on cross sections
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DIS structure functions ;
+ ) Fy(z,Q%) = ) / de Cy(x /€, Q% ut pg® g, s (p2))
¢ €5 Ve i=q,3.9 7"

xf@-/h(g, 1) [Collins, Soper, Sterman, 1989]

+ coefficient functions, hard scattering; infrared (IR) safe,
calculable in pQCD, independent of the hadron

+ PDFs, reveal inner structure of hadrons; non-perturbative
(NP) origin, universality, e.g. DIS vs. pp collisions

+ factorization scale ps

% runnings of fin with Y are governed by the DGLAP
equation

choose Mi= Pr= Q, thus Q dependence (scaling violation) of F; are
mostly from PDFs and thus are predicted by the DGLAP evolution




Global analysis of PDFs

+ PDFs are usually extracted from global analysis on variety of data, e.g., DIS, Drell-Yan, jets and top quark
oroductions at fixed-target and collider experiments, with increasing weight from LHC, together with SM

QCD parameters [see 1709.04922, 1905.06957 for recent review articles]
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+ diversity of the analysed data are important to ensure flavor separation and to avoid theoretical/experimental bias;
possible extensions to include EW parameters and possible new physics for a self-consistent determination

+ alternative approach from lattice QCD simulations, for various PDF moments or PDFs directly calculated in x-space
with large momentum effective theory or pseudo-PDFs [2004.03543]
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https://arxiv.org/abs/2004.03543
https://arxiv.org/abs/2004.03543

W boson mass measurement

+ PDFs are key inputs for precision programs at hadron colliders, e.g., precision electroweak measurements,
searches for new physics beyond the SM, especially non-resonance signatures hiding in high mass tails

W boson rapidity distribution [1203.1290] W boson mass from different experiments
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Kinematic distribution pf} mr pf} mr pf} mr
Smyy [MeV] SM expectation: M_ =80,357+4 +4 (PDG 2020)
Fixed-order PDF uncertainty 13.1 149 12.0 142 80 8.7 W mnputs theory
AZ tune 30 34 30 34 30 34 LHCb measurement : M. =80,354 +23 +10 =+17 + 9  [JHEP 2022, 36 (2022)]
w stat exp theory PDF
Charm-quark mass 1.2 15 12 15 12 15
Parton shower up with heavy-flavour decorrelation 50 69 50 69 50 69
Parton shower PDF uncertainty 36 40 26 24 10 1.6
Angular coefficients 58 53 58 53 58 53 PDF UuncC. Of CDF IATLAS / LHCb: 3.9 l 8 l 9 MeV
Total 159 18.1 148 17.2 11.6 129




W boson mass measurement

+ PDFs are key inputs for precision programs at hadron colliders, e.g., precision electroweak measurements,
searches for new physics beyond the SM, especially non-resonance signatures hiding in high mass tails

W/Z fiducial cross sections at Tevatron (95% C.L.)  [CT, 2022] mean transverse mass (68% C.L.)
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spread of predictions from different PDFs can be much larger than the PDF unc. of a single
set; even for the same group the PDF unc. not necessarily decrease with time

Analyzing of W mass data with most up-to-date PDFs will be highly desirable
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Major analysis groups

+ PDFs provided by several major analysis groups (CT, MSHT, NNPDF, ABM, HERAPDF, ATLASpdf, C],
JAM...) using slightly different heavy-quark schemes, selections of data, and methodologies

! HERA Tevatron +  LHC Run1 (30 fb1) LHC Run 2 (150 fb-1) * Run 3 + HL-LHC
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must have as many independent analyses as possible to have a faithful determination of PDFs and their uncertainties;
state of the art PDFs are extracted at NNLO in QCD and with numerous LHC data
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CTEQ-TEA PDFs

+ CT18 PDFs show moderate reductions of PDF uncertainties due to new LHC data sets, and agree with
previous CT14 within uncertainties; alternative fits CT18Z/A/X for evaluation of certain systematic effects
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MSHT PDFs

+ MSHT20 (Mass Scheme Hessian Tolerance) PDFs adopt an extended parametrization form, as comparing
to MMHT 14, to accomodate for newly included LHC precision data

g (NNLO) PDF ratio to MMHT14 at Q2 = 10* GeV? s + s(NNLO) PDF ratio to MMHT14 at Q2 = 10* GeV?
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NNPDEFEs

+ NNPDF4.0 PDFs improves previous NNPDF3.1 with a major update on methodologies and a dedicated

global survey and selection of available LHC data
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changes on parametrization and NN
architecture, optimization algorithm;
additional positivity and integrability
constraints and post-fit selections

central PDF of NNPDF4.0 is generally
consistent with NNPDF3.1 except for
a notable decrease of gluon PDF at
x~0.1 and moderate increase of
strangeness

NNPDF4.0 shows PDF uncertainty of
~1-2% at data constrained region,

largely reduced comparing to
NNPDF3.1

[NNPDFA4.0, 2109.02653]



ATLAS PDFs

+ ATLAS releases the most recent 2021 PDFs based on a NNLO analysis of HERA combined data and a
variety of ATLAS data from 7, 8 to 13 TeV and with several new features explored

Data sets included and x2 [ATLAS,2112.11266]
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ATLAS PDFs

+ ATLAS releases the most recent 2021 PDFs based on a NNLO analysis of HERA combined data and a
variety of ATLAS data from 7, 8 to 13 TeV and with several new features explored
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PDF benchmarking

+ Many ongoing efforts on comparisons and understanding of differences of up-to-date PDFs, in order to

have a faithful determination of PDFs and its uncertainties [Snowmass 2021, 2203.13923]
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PDF benchmarking

+ Spread of PDFs from different groups propagates into the parton-parton luminosity or cross sections at the
LHC 14 TeV and some cases enlarged due to (anti-)correlations between different x-regions/flavors
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PDF4L.HC recommendations

+ The PDF4LHC group performs extensive benchmarks on methodologies of several groups, and presents
the PDF4LHC21 PDFs, an effective combination of CT18’, MSHT20 and NNPDF3.1’, for LHC Run3 usage
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QCD parameters

+ From global analysis of PDF one can also extract QCD parameters including strong coupling at NNLO
with compatible precision, and the heavy-quark pole masses
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PDFs and SMEFT

+ ldeally, a consistent use of PDFs in searches of new physics at the LHC requires a joint fit of both PDFs
and new physics, possibly in terms of operators in SM effective field theory (SMEFT)

27T
£SMEFT — £SM + — AZ Z Cnon q_ual'k CO_ntact
neci1,3,5) Interactions

3 3
O1 = 901 (Z TreiVulre Y Trax” qull)
c=1 d=1

CMS SMEFT NLO 13 TeV jets & tt + HERA

* 95% CL fit+model+param. unc.
A=50TeV

= 68% CL fit+model+param. unc.

= 68% CL fit unc. only
Axial vector-ike ... e e o ITT

Vector-hike ... T R
Left handed ......... e . e e LLLLLLLIE

—0 002 —0 0015 —0.001 —0.0005

¢, /A [TeV?]
[CMS, 2111.10431]

a self-consistent determination at NLO on 4-quark
contact interactions using CMS 13 TeV inclusive jet
and top-quark pair together with HERA DIS data
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electroweak oblique corrections
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D,We )2 — ——(8,Bu)*
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—— SM PDFs
—~1.54 —— SM cons. PDFs
SMEFT PDFs [21 04-02723]
—2.0

—20 -15 -10 -05 00 05 1.0 15 2.0
W (x10%)

interplays of PDFs and SMEFT constraints with HL-
LHC high-mass DY pseudo-data, demonstrating
possible bias for not a consistent SMEFT+PDF fit



Impact of LHC data

+ LHC provides measurements on a variety of PDF-sensitive standard candle processes with precision
reaching a few percents; Their impact is subjected to possible tensions among different data and
complications of the experimental systematic errors

X2 of LHC data in MSHT20

Data set NLO NNLO
ATLAS W+, W—, Z [118] 34.7/30 29.9/30
CMS W asym. pr > 35 GeV [153] 11.8/11 7.8/11
CMS asym. pr > 25,30 GeV [154] 11.8/24 7.4/24
LHCb Z — eTe™ [155] 14.1/9 22.7/9
LHCb W asym. pr > 20 GeV [156] 10.5/10 12.5/10
CMS Z — ete™ [157] 18.9/35 17.9/35
ATLAS High-mass Drell-Yan [158] 20.7/13 18.9/13
CMS double diff. Drell-Yan [71] 222.2/132 144.5/132
Tevatron, ATLAS, CMS o;; [92,93] 22.8/17 14.5/17
LHCDb 2015 W, Z [94,95] 114.4/67 99.4/67
LHCb 8 TeV Z — ee [96] 39.0/17 26.2/17
CMS 8 TeV W [97] 23.2/22 12.7/22
ATLAS 7 TeV jets [18] 226.2/140 221.6/140
CMS 7TeV W + ¢ [98] 8.2/10 8.6/10
ATLAS 7 TeV high precision W, Z [20] 304.7/61 116.6/61
CMS 7 TeV jets [99] 200.6/158 175.8/158
CMS 8 TeV jets [100] 285.7/174 261.3/174
CMS 2.76 TeV jet [106] 124.2/81 102.9/81
ATLAS 8 TeV Z pr [74] 235.0/104 188.5/104
ATLAS 8 TeV single diff ¢7 [101] 39.1/25 25.6/25
ATLAS 8 TeV single diff 77 dilepton [102] 4.7/5 3.4/5
CMS 8 TeV double differential 77 [104] 32.8/15 22.5/15
CMS 8 TeV single differential ¢¢ [107] 12.9/9 13.2/9
ATLAS 8 TeV High-mass Drell-Yan [72] 85.8/48 56.7/48
ATLAS 8 TeV W [105] 84.6/22 57.4/22
ATLAS 8 TeV W + jets [103] 33.9/30 18.1/30
ATLAS 8 TeV double differential Z [73] 157.4/59 85.6/59
Total 5822.0/4363 5121.9/4363

Ratio to No jets

ratio

g at 100.0 GeV

L 5 | 23 Nojets + fit quality to LHC data is
BN ATLAS dijets 7 TeV, R=0.6 moderate in general or very
1 CMS dijets 7 TeV .
1.1 4 =1 CMS 3D dijets 8 TeV poor for specific data sets
1.0
001 dijets on gluon % decorrelation/regularization
of experimental systematics
0.8 1 [NNPDF4.0, 2109.02653] or theoretical errors are
10-2 T {0t T added to reach a reasonable

g (NNLO) PDF ratio to MSHT20 at Q2 = 10* GeV?

X XZ

1.10

1.00 ==

T

Default

No decor.

p.S. across -
Max decor.

% appraisal and selection of
LHC data become a major

task

top pair on gluon

[MSHT20, 2012.04684]
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Methodology and uncertainties

+ Textbook criterion “Ax2=1" on estimation of uncertainties is not reliable in global fit, involving large data
samples and degrees of freedoms; PDF unc. depends very much on methodologies including “tolerance”

PDFs from reduced fits

:_.20 | [ IIIII | | L Illll | | L
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g 1.00 '.,/' = — \
= 0.95 ¢ N
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0.8 | ¥
0.80 Y

10" 10° 10°
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NNPDF methodology update

d-quark
NNPDF4.0 (68 c.l.+10)
NNPDF3.1 (NNPDF4.0 dataset) (68 c.l.+10)
104 103 102 10! 100
s at 100 GeV
NNPDF4.0 (68 c.l.+10)
' NNPDF3.1 (NNPDF4.0 dataset) (68 c.l.+10)
s-quark
[NNPDF4.0, 2021]
104  10-* 102 10! 100

18 X

< CT uses tier1+tier2 tolerance,
MSHT uses a pure dynamic
tolerance, both close to a
hypothesis test criterion

% NNPDF3.1 uses ML algorithm
with effective tolerance that is
smaller than CT and MSHT as
checked explicitly from reduced
fits

+ substantial changes on
methodologies for NN4.0 vs.

NN3.1 further affect the
uncertainty



Methodology and uncertainties

+ Textbook criterion “Ax2=1" on estimation of uncertainties is not reliable in global fit, involving large data
samples and degrees of freedoms; PDF unc. depends very much on methodologies including “tolerance”

PDF sampling and uncertainty

% an ongoing debate on a
representative sampling procedure

||||||||||||||||||||||||||||||||||||
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Z vs. W cross sections
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+ Example: a series of scans carried

along eigenvector directions of

published NNPDF4.0 with Ax?

. central set calculated using

public NNPDF4.0 code

LHC 13TeV, NNLO
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800+ PR N LHC 13TeV, NNLO . 800- CT18 —
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i v . . NNPDF4.0:
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.. o Ax2=-60
% H vs. Z cross sections =
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ctisz . 08/% CL |
740! | I
0 NNPDF4.0: 740
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[see talk by A. Courtoy in WG1]
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Theoretical uncertainties

+ Impact of perturbative theoretical uncertainties beyond N2LO on PDFs, e.g., from N3LO QCD and
nossibly mixed QCD-EW corrections, still remains an open question

g at 100.0 GeV

A i;{?’;giﬁo}z ’\:Ij;;!-f%':li? ]at 02' - '10'4'0??}/'? roT T NI 1157 Jets, 7 TeV NNLO u= Ht (j7n) (68 c.|.+10) ‘:‘ One Can Compare PD FS eXtraCted at
120 - Ms:;Tzzo r\:N(:(?Ozsguz\?/); 0.118 —— 1 1104 Jets, 7 TeV NNLO u= p§* (j7n-pt) (68 c.l.+10) N LO and N N LO/ though the
= e
. [2005.11327] interpretation can be complicated

1.10 /\ N
1.00

especially due to poor fit at NLO

Ratio to Jets, 7 TeV NNLO pu = I:I‘T (Jj7n)

' il 1.00 A
0.90 / b 0.95 A
) s+sbar [MSHT, 2021 | - luon using scale Hr or pr; .
osr 1 | [ i [] 0901 5 5 T Or P + currently, PDF groups explore
109 104 08 102 10° 085+ different scale choices and select
NLO vs. NNLO PDEs SCETANNLOJET  ppioy” J, one given the best fit to data or
— theoretically well motivated;
G at 100 GeV e : ————— alternatively can included scale
13- ] o — e variation into covariance matrix as
S 12- ubar [NN4.0, 2021] 1000} % | a systematic error
Z — u u g
= s .. rapidity at N3L :
o 1.1- A4 2 7 P.D:4LHIC15 n.nltc.)
X 24l S8 =100 Gev
g 10 — QZ-S-MChent 2021] .
Z 09 | ool e + at current stage, different scales at
+ 1.02 1 —— q¥%t=0.75GeV —— g%t =1.0GeV gt = 1.5 GeV
-% 0.8 7 NNPDF4.0 (LO) (68 c.l.+10) 429 Lo . » — NNLO do not Change the OUtpUt
4 NNPDF4.0 (NLO) (68 c.l.+10) 5 Z g0 s — o P PDFs S|gn|flcant|y/ however/
0.7 NNPDF4.0 (NNLO) (68 c.l.+10) <™ — - - | - , ,
S A = = genuine N3LO corrections can be
10_4 10_3 10_2 10_1 100 0.0 0.5 1.0 | 15*| 2.0 2.5 3.0 . . .
X Yy outside the scale variation band



Nuclear corrections

+

1.15

1.10-

1.05-

FZ/F:

0.95-

0.90-
(1 10
X
1.025 I | T | T T |
~ CT Wcut —> T Derma i
w//’l """" i CJ W cut
1 _ e ° 1 -
d 0
0.975- FN2 /F 2 _
005 T Q@ =5GeV .
-10Gev> [CJ-CT, 2102.01107] |
0,095 =50 GeV’ |
| =100 GeV”
" deuteron corr. frqm CTEQ-)Lab |
0.9 ' ' ' .
0 0.2 0.4 0.6 0.8

1.00 1

Q=10 GeV

* NNPDF4.0 deuteron fit (NNLO)
==+ NNNPDF2.0 (NLO)
MSHT (NNLO 4 params.)

[INNPDF4.0, 2021]

Rl

deuteron corr. from NN/MSHT

X

DIS and Drell-Yan production from fixed-target experiments, on either deuteron or heavy nucleus, still
nlay important roles in flavor separation at moderate and large x region

d at 30 GeV
2.00 1
NNPDF4.0 (68 c.l.+10)

1757 « No nucl. unc. (68 c.l.+10)
o 1.50 - HeavyN unc. only (68 c.l.+10)
N
N 1.25 1
(ol
=
Z 1.00 -
o
O 0.75 A
o

0.50 -

dbar
0.25 1
0.00 . . ! . .
0.2 0.4 0.6 0.8 1.0
X

+ deuteron corrections are better understood and small
in general for data region considered in global fit; see
[Alekhin+, 2203.07333] as well for an update study

% heavy-nuclear corrections and related uncertainties
(in neutrino-nucleus scattering) can lead to visible
change of PDFs at large-x
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Gluon at large-x

+ Gluon PDFs at large-x (>0.1) receive constraints from DIS, Tevatron jet and various LHC data, including
inclusive jets, top-quark pair, and Z pT or W/Z+jets productions

1.15 - g at 100 GeVv CT18 NNLO
' 50 o A
»~ NNPDF4.0 (68 c.l.+10) SR Toal 4 different LHC data can have very
1.107 ! NNPDF4.0 (no jet) (68 c.l.+10) - CMSB jets different pulls, and are not
o == NNPDF4.0 {no top-quark pair) (68 c.|.+10) e necessarily consistent in different
< i N a
Y 1.05 /) HERAL groups or even between sub-sets
o ; /| CMS8 ttb pTtyt
= 100 8 | LHCb7ZWrap of the data
O . % 1
"C‘D’ = E86§pp
S 0.95 L O02ess
o 1 ATLS ttb ptMtt
| 'CCFRF2
0.90 1 INNPDF] ~conswrz  ** top-pair data generally pull the
gluon down while for inclusive
0.85 LN ! ! L L ! ! L L ! ! L L ! ! L L . . . . . . . .
10~ 1073 102 101 100 4(0.3.125 GeV) jets or Z pT it can go either ways
X S :
110 8 (NNLO) PDF rallos to MSHT20 st 2 = 100 GeVe & ‘2- ATLAS
' " MSHT20 default no LHC jet, Zpy —— % ;’}‘\ Q =19GeV
no Z pr no.LHC jet, top X [ 44 ATLASPGf21, T=1
o 1op "o LG et top, Z pr & 11 Z | + large spread of LHC data pulls
105 | no LHC jets MMHT14 default il % o N No8TeV V+ets
"o t0p, Zpy —— 2 BN N £ indicate the necessary of a “global
-0 NS o ’, . .
I — ’ E:ete?:?3‘1‘3‘3‘3‘3’3’33?&;*::3’:‘23;‘;'{.5’///5‘2; data sets” and methodologies with
o S | | ; ////1,,:&320:3;{&%\’\"’«3132’;2 Y g
° - XX tolerance” criterion
0.9
0.95 |~
[IMSHT] - [ATLAS]
0.90 1 L1 llllll | | lllllll Q21=11010101()[98V21 L1 llllll 1 L 1AL 0.8 | | | IIIIII | | 1 1 IIIII | | |
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Sea-quark at large-x

+ E906 (SeaQuest) fixed-target Drell-Yan data have been studied by several global analysis groups, CT,
NNPDF, JAM and ATLASpdf; the impact on sea-quark asymmetry dbar/ubar at large-x is mild

I3 5:| LI L I L I L Y L L [T T T T[T T T T[T T orrd | ’If 2.5 - T ———rrrT pr———— - I
B 4sE ATLAS Q2= 100 GeV? A, Qx.Q) 2t Q=20 GeV 0%CLL. | -t
= - ATLASPpdf21 (T=1) [ total unc. 2.0} NNLO : oL N
= N\ CT18A s : : !
3.5 @ MSHT20 : ' baseline
3 4 NuSea (E866) « - 3 : ' d/u
o5 —# SeaQuest (E906) ‘é | __+Se?Quest A
E ‘C_“S 1 0 e — -
2F SE
150 s BTV 05}
jE G \\\\\\\\\\ \_:;',;; \\\\\ ik [ CT18sq = CT18+SeaQuest
= : - : CT18n = CT18+SeaQuest-E866 ratio
;— = OO | e | ] 3 L ......I-2 L —r— ...I_l | A A | P
= § i0° 10% 10° 10 10!l 02 05 09
0 005 01 0.15 0.2 025 0.3 035 0.4 045 05 A
d/d at 10.0 GeV
2.50 - ©l ]
NNPDF3.1 (68 c.l.+10) 0.1 02 0.3 ¢ 04
2:25 1 NNPDF4.0 (68 c.l.+10)
2.00 {1WME_NNPDF4.0 (no SeaQuest) (68 o.ffSies % even though not including E906 data in the global analysis, CT18A,
1.75 1 NNPDF3.1 and ATLASpdf21 agree with E906 within uncertainties;
S 1.50- MSHT20 shows a much smaller uncertainty
ko)
X
1.25 - . . ., . .
% impact of E906 data in the global fit is mild for CT and NNPDF (a
1.00 - . . .
INNPDF4.0, 2021] modest increase of dbar/ubar at large-x and slight reduction of
075 Y uncertainties), while the impact is larger in JAM fit
0.50

0.1 0.2 0.3 0.4 3
X



Strangeness suppression

+ Suppression of s-quark PDFs comparing to u/d sea-quarks are of particular interests, especially concerning
interplay of dimuon and ATLAS W/Z data on strange to light sea-quark ratio Rs=(s+sb)/(ub+db) at x=0.023

ATLAS measurement CT LM scans on Rs with NOMAD

[ATLAS,2112.11266] Rs

% previous tensions between dimuon data (Rs~0.5)

and LHC data (Rs>1)

< most recent ATLAS data shows Rs~0.8, now both

prefer slightly suppressed strangeness

Rs(x=0.023, Q=1.5GeV)

| | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | _ total
ATLAS Q% =1.9 GeV?, x =0.023 120 — totaltp
e ABMP16 .- - 160HEAR I+1]
- gEg o — 100 — 124NuTeV nu
+ CT18A _ 125NuTeV nub
0 MMHT14 g 80 - 126CCFR nu
> NNPDF3.0 1 T A
v NNPDF3.1_strange N>< 60 = NOMAD NNLO
+ ATLASepWZz16 —— < 1 ___ Unc.at90% CL
+ ATLASepWzVijet20 SR 40 — (baseline)
ATLASpdf21, T=1 ] _._ mfl'o al\z A98;/o CL
B exp. uncertainty 20 — Central value
exp.+mod. uncertainty 0 _ (baseline)
exp.+mod.+par. uncertainty B fflr\’ltor‘:/: A‘\’S)'Ue
| | | | | | | | | | | | | | | | | | | | | | | 1 | | | | | | | _20“ Il =
04 -02 0 02 04 0.6 0.8 1 1.2 0.5 1.0

[CT, 2201.06586]

¢ In CT, NOMAD prefers larger s-PDF comparing to
NuTeV and CCFR dimuon; leads to increase of Rs, from
0.5 to 0.7; reduction of PDF uncertainty of about 30%

+ see [ABMP16, 1701.05838; NN, 2009.00014] as well

for impact of NOMAD data
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Strangeness asymmetry

+ Strangeness asymmetry (s-sbar) is loosely constrained by dimuon data from NuTeV and CCFR, and W/Z
data at the LHC which prefer s-sbar > 0 at x about 0.1; lattice inputs can potentially play an import role

sy(x, ) = 10GeV)

- s(NNLO) PDF at Q2 = 104 GeV?

0.030 e i e e
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% parametrization with strangeness
asymmetry has been revested in
CT18As; relieve tensions to ATLAS
W/Z data; prefer positive s-sbar at
x~0.1 but with large uncertainties

< MSHT, NNPDF and CT18As show

similar shape on the central

prediction, with MSHT and NNPDF
clearly indicate s-sbar>0 at x~0.1 at

20 level

+ lattice inputs from MILC (MS
collaboration indicate a com
constraint consistent with s-s

x>0.3

9)
natible

par=0 at



Photon PDF

+ The photon PDF inside proton is required for a consistent treatment of QED effects; the original LUX
approach has been applied in most recent global fits and resulted in very consistent photon PDF

T T 1T 0T

1.1

v (NNLO), Q% = 104 GeV?
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| T o e % CT18lux calculate the photon PDF at all scales;
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Uncertainty [%]

Future DIS experiments

+ The EIC/EICc will provide significant PDF constraints through precision QCD measurements in the quark-
hadron transition region; LHeC would provide high-impact TeV-scale DIS data
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Tools and computing

+ Development of various PDF related tools are mandatory for modern PDF fits, e.g., grid interpolation
techniques interfaced with various NNLO QCD, NLO EW, SMEFT computing programs; open source
fitting code, xFitter2.0 and NNPDF4.0

Grid interpolation techniques Open source fitting code

f GSNLO %C/'ﬂ'é’/’ NNPDF code

The NNPDF software framework is released under an open source
examples. The code base is composed by a PDF fitting package, t«

%APPL id projec |
ML on PDF-dependent variables  [CT, 2201.06586]

fast pQCD calculations for hadron-induced processes

o i R ILBLLE BELELL I T "5 1 °°1]
PineAPPL o0 @O
PineAPPL is not an extension of APPLgrid. 255_ : >fi(xz)_-> @ @\
5 20;‘ | _ > fi(x3)—T> . .
Z 151 s : :
10 - — /lutput Layer
Ploughshare ; ; ) -+ 6
. 1 . 5F Q=1.295GeV
for all your interpolation grid : I £, (x,)—> Hidden Layer
(1] =3 O Y N . PR . S
needs 10103 10~ 0.1 0203 0507 1

X Input Layer
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Summary

+ Global analyses of parton distributions demonstrate great success of QCD and on understanding internal
structures of proton, and phenomenologically become more and more prominent for electroweak
precision test and searches for new physics at the (HL-)LHC

+ LHC delivers plenty of PDF sensitive data with high statistics and with theory evaluated almost all at
NNLO; some of the N3LO calculations are already available; however, an advance on the treatment of
the LHC experimental systematics and methodologies of PDF determinations can be crucial

+ With the global efforts from many groups, we are gradually approaching PDFs precision of a few percents;
while LHC-independent inputs on PDFs, for instance from future DIS experiments or lattice QCD
simulation with improved precisions will be highly valuable
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[Snowmass 2021 PDF white paper, 2203.13923]

NEW TASKS in the HL-LHC ERA:

Obtain complete N2LO and Improve models for correlated Find ways to constrain large-x PDFs
N3LO predictions for PDF- systematic errors without relying on nuclear targets
sensitive processes

Develop and benchmark fast Estimate N2LO theory New methods to combine PDF

N2LO interfaces uncertainties ensembles, estimate PDF uncertainties,

deliver PDFs for applications
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Thank you for your attention!



