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Why Parton Distributions?

address open puzzles in our understanding of QCD

origin of mass? spin budget?
_ 3D imaging?
gluon-dominated
matter?
nuclear modifications?
heavy quark content?

photon & lepton content?
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Why Parton Distributions?

crucial for precise theoretical predictions

New elementary particles
beyond the Standard Model?

Origins and properties of
cosmic neutrinos?

Nature of Quark-Gluon Plasma
in heavy-ion collisions?
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Progress since
Snowmass 2013



PDFs circa Showmass 2013
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1.1 Executive summary arxiv:1310:5189

A quantitative description of Nature requires a detailed understanding of quantum chromodynamics (QCD)
phenomenology. The success of Run 1 of the LHC relied upon advanced QCD simulation tools to support
and guide experimental analyses, and the discovery of the Higgs boson illustrated the indispensable role
of the QCD community in enabling discovery science. From parton distribution functions with robust
errors, through calculations to the next-to-next-to-leading order and beyond in perturbative QCD, to the
development of sophisticated Monte Carlo tools more faithful to the underlying hard dynamics, every advance
from over a decade of research was needed to make this historic discovery possible. Run 2 of the LHC marks
the beginning of the precision phase in our study of the mechanism of electroweak symmetry breaking.
Quantitative QCD analyses will become ever more indispensable in unraveling the origin of what we have
found.
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PDFs circa Snowmass 2013
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global PDF sets included little or none LHC data, first comparisons with LHC xsecs
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o(WW) [QCD+QED]/ o(WW) [QCD]

PDFs circa Snowmass 2013
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initial studies of QED PDFs:
large errors in model-independent determinations of the photon PDF

in addition to Snowmass-specific studies, other PDF benchmarking exercises carried out:

& Heavy quark schemes (Les Houches 2010)

& PDF4LHC Run | report (2011) AR (b e
§ PDF benchmarking with LHC data (2013) a better understanding
S of global PDF fits
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Progress: new data

a plethora of new PDF-sensitive datasets have become

available, in particular from the LHC experiments
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precision W, Z & Drell-Yan:

_ incl. jet and dijet production:
constraints on quark flavour
_ probes of the large-x gluon
separation & strangeness

also: differential single and double top quark measurements, Z transverse momentum,
Isolated photons, charm production in the forward region, ....
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Progress: new data

studies of PDF impact of new processes carried out by many groups
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interpretation of LHC data often differs between groups, e.g. concerning top quark data

why assessment of impact of new data can differ so much between groups?

& Methodological differences, e.g. Hessian with tolerance vs MC replicas, refit vs profiling/rw, ...
¢ Differences choices of fitted distributions, e.g. rapidity vs pt, normalised vs absolute

¢ lll-defined experimental correlation matrices, strong sensitivity to correlation model

the better the data, the more challenging the PDF interpretations!
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Progress: better theory

higher order QCD (NNLQO) and electroweak (NLO) corrections now
available for (essentially) all relevant processes for PDF fits
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strong evidence that NNLO PDF fits are markedly superior to NLO ones
(do we even need still NLO PDFs?)

for many processes the state-of-the-art theory prediction includes all-order resummation:
need to combine with resummation-improved PDFs for consistency?
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Progress: better theory

impact of Missing Higher Order uncertainties (MHOUSs) on PDF fits quantified

Experimental Covariance Matrix
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& Consistent inclusion of MHOUSs crucial for any global
interpretation of high-energy data: so far missing in PDF fits

¢ MHOUSs not only increase uncertainties, they induce an
altogether new pattern of theory-driven correlations

& At NLO effect of MHOUs comparable with “normal” PDF errors
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Progress: better theory

precision determination of photon and lepton PDFs for photon-initiated processes

¢ Inclusion of QED and EW effects in matrix elements: also in PDFs for consistency

¢ Photon PDFs (and from them lepton PDFs) can be expressed in terms of DIS structure functions

¢ Most global PDF fits provide now QED sets based on variants of the LUXqged formalism. Also we
now have a much better understanding of photon-initiated processes
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Progress: better theory

PDF fits based on fixed order (NNLO) and small-x resumed (NNLO+NLLXx) theory

10° Kinematic coverage
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Methodological improvements

In Machine Learning applications, the model has several parameters which are
typically adjusted by hand (trial and error) rather than algorithmically:

¢ Network architecture: number of layers of neurons per layer, activation functions, ...
¢ Choice of minimiser (which of the Gradient Descent variants?)
¢ Learning rate, momentum, memory, size of mini-batches, ....

¢ Regularisation parameters, stopping, dropout rate, patience, ...

one can avoid the need of subjective choice by means of an hyperoptimisation procedure,
where all model and training/stopping parameters are determined algorithmically

Such hyperoptimisation requires introducing a reward function to grade the model.
Note that this is different from the cost function: the latter is optimised separately model by
model (e.g. for each NN architecture) while the former compares between all optimised models

e.g. cost function (C = Etr reward function R — — (Eval + Etest)
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& per-replica training time reduced by factor O(30) thanks to

¢ smoother individual replicas, higher fraction of replicas

xd(x)

Methodological improvements

hyper-optimised neural network PDF fits

SGD minimisers in TensorFlow

satisfying quality requirements
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Gao, Nadolsky 14

Methodological improvements

reduction, compression, and combination tools for PDF fits
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& Statistical combination of global fits and
subsequent reduction to optimised sets for pheno

¢ Lead to PDF4LHC15 combination, widely used
for LHC applications

¢ New ideas inspired in ML, for example using
generative adversarial networks
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Methodological improvements

new tools to quantify impact of new data in approximate ways

producing a full-fledged PDF fit is often very CPU-time consuming, and thus approximate
methods to estimate impact in PDF fits have been developed: profiling, reweighting, L2
sensitivity.... also progress in visualisation and dimensionally reduction strategies
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Global PDF fits@ 2020

current global PDF fits rely heavily on LHC constraints

¢ CT18 (Dec 2019): many new LHC data, improved
parametrisation and error estimates, variants
released for different datasets and theory inputs

¢ Update of MMHT14, “MMHT”’20 should be
released soon. Also many new LHC measurements
included + methodological improvements

¢ NNPDF3.1 (June 2017) already included several
LHC data (top diff, Z pT, ATLAS W,Z11). Work in
progress towards NNPDF4.0, based on novel ML
techniques + Runs | & Il data

CT18, “MMHT”20, NNPDF3.1 based
on comparable datasets: towards
new PDF4LHC combination?

Juan Rojo
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Challenges for
SnowMass 2021
and beyond



PDF studies in Snowmass 2021

PDF-related topics in Snowmass’13 [arxiv:1310.5189] and 21’ studies

Topic Status, 2013 Status and plans, 2020

Benchmarking of PDFs for  Before PDF4LHC’2015 In progress toward PDF4LHC’2X

the LHC recommendation recommendation

PDFs with NLO EW MSTW’'04 QED, NNPDF2.3 QED Needs an update using LUXQED

contributions and other photon PDFs; PDFs with
leptons and massive bosons

PDFs with resummations Small x (in progress) Needs an update for PDFs with
small-x and threshold
resummations

Parton luminosities at 14, CT10, MSTW2008, NNPDF2.3 Need an update based on the latest

33, 100 TeV Update at 100 in CERN YR (1607.01831) PDFs

LHC processes to measure W /Z, single-incl. jet, high-pr Z, tt, W + ¢ updates on these processes + QQ,

PDFs production dijet, y/W/Z +jet, low-Q DY, ...

Future experiments to LHC Run-2 LHC Run-3

probe PDFs DIS: LHeC DIS: EIC, LHeC, ...

NEW TASKS in THE HL-LHC ERA:

Obtain complete NNLO 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 NNLO theory Develop an agreement on comparing and
NNLO interfaces uncertainties combining PDF fits

2020-05-20 Pavel Nadolsky, EF06 TG kick-off meeting 2

Juan Rojo 20 EF06 WG meeting, Snowmass 2021



Toward N3LO PDFs

For many crucial LHC processes N3LO represents the precision frontier

¢ N3LO splitting functions available, not yet
implemented in evolution codes.

& Same for N3LO coefficient functions

¢ N3LO hard-scattering cross-sections not available
for most PDF-sensitive processes, but one could
use approximations (e.g. from resummation)

¢ A global NNLO fit with MHOUs would reveal the
potential impact of N3LO corrections on PDFs

possibly one of the most urgent
milestones for PDF fitters!

Juan Rojo
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Pinning down the large-x gluon

g at 100.0 GeV
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ets, 7 an eV (janw) (68 c.|.+1o
do they all pull in the same direction? 110 (S0 e 7 ana 8 Tey o) S ck-t 20
z
. . . o < 1.05
¢ Interpretation of single-inclusive jet 2
L e @
production is hampered by sensitivity to @ 1.00 1
m
. O
correlation model o 0951
&
& Dl]et cross-sections can be SUCCGSSfU”y 0.90 NNPDF+NNLOJET 20
included in the NNLO PDF analysis: good fit
0.85 +— ' — T
quality, superior pull on the gluon, no issues 10 0
with the experiomental covmat CMS Dijets - 8 TeV, 0.0 < y, < 1.0: 0.0 < y* < 1.0
¢ Over-constraining the global PDF fit with L1
multiple gluon-sensitive measurements is
l.ll-l n " ® ® B & B B B R R EREEEEEEEEEEEEEEEEETCNE
now possible @
o
2 0.9 -
In the global fit, by construction, each 2
(a
dataset pulls in a different direction. 0.8 -
The question is whether these pulls are -
o o o o (.7 1 redictions from Fit janw
statistically distributed as expected .... Pradctors from Fit dare
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The strangest proton?

12
& several probes on the strangeness content of the — prior
. : . OMAD data
proton available, but different trends on Rs: neutrino 10 NOMAD dat .
DIS prefers suppression, ATLAS W,Z symmetric sea mE
X 8 _
_|_ ~—
S 2 — —_ 3 ~— 6 B —]
i(x, Q) + d(x, Q)
4+ / .
a proton strangeness” crisis? : Ey (GeV)
l l l l
2O 50 100 150 200
1.50
§ Work in progress towards including all strange- NNPDF3.1 Q0 =2 GeV
. . . 125 NNPDF3.1 str
sensitive measurements in global fit: NuTeV and
NOMAD DIS (with NNLO theory), LHC W,Z, ATLAS HO
n |
and CMS W-+c production at 7 and 13 TeV 2 075 *
0.50 [ N
¢ Good description for all datasets achieved, no 0.25 - |
eVidence for tenSionS Or inconSiStenCieS | lIIIIl | 1 IIllII | 1 1 lIIIII | 1 1 IIII[I | 1 1111
00070 1073 102 10!
X

Faura, Iranipour, Nocera, Rojo, Ubiali, prelim
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Towards ultimate PDFs at the HL-LHC and LHeC

Exploit novel facilities for precision studies of the proton structure

LH-C
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Fully complementary in terms of PDF constraints, possible synchronous operation
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Towards ultimate PDFs at the HL-LHC and LHeC

Exploit novel facilities for precision studies of the proton structure

unfortunately the
I H ‘ LHeC was not
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the EPPSU ...
g Kinematic coverage Kinematic coverage
10 F ' "””! ' o T ' o ' o ' ' "'”E 1O7§ """'! oo T ' T oo T oo T
— top-quark oair HL-LHC 14 TeV, pseudo datal -.; 108 _ » e* HENCo, | LHeC pseudo data B
1071 > high mass DY .-'_# ‘l.. £ ¢ e*HECCo S
F <« forward W, Z LR 2 Ll N < e LENCo PR ——
v direct photon s d n Edas o & 10° = e LECCo, S
- m inclusive jet E B = W .>i 2 7V | f o e~ HENCo, RS :nz@n %amw
g 106t & Zpr vy ' ST ,:; 10% [ o e  HECCo; °:3:::z B EOmm
1 E©  Wecharm v A Al ) F o NCFY °o°ﬁ2)€'{’ Bate @ ”3@“ gmm
o [ ] o 5[ o NC Fbb 0 T000 58 G 00 H00 mm PRy e
o \"] ~ 1 - e - oawmﬂ%womm R SRR
@ 105 3 Al:&‘l! ."*A.- @4 O : CCF 5 °°°d2) gnﬁ oﬂm"' °d) gu'{‘ fm:o;ﬂ m B 4 4 O-HHP
i vv ] [ onmoomam omoommoomo &9 &% o o o000 ]
- vvv" . ] ] ]_02 - - O FID 0 S GO S50 05 AP B |-
4' B : ] oAugu :Augwgc :w:wgcl :M:l a < a
100 S, Y. o S | 40 ¢ 40 45| qbo o w0 gl quo g o gn o
C < h ‘ ‘ e ] 101 A O A0 --AEH-OE - OAE - O A @ - O AT -0 - A 04 <
i ] E 2080} %0 % a0 @al %a0 S a0 ol %@ O < < <
r : ] [ o o o o o o o o ]
103 —  10-4  1n-3 HHMI—ZI T 10-1_ 100 100 ~ 10-5 1024  10-3 __ _10-2  _10-1  1no
10 10 10 10 10 10 10 10 10 10 10
X X

Fully complementary in terms of PDF constraints, possible synchronous operation
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Towards ultimate PDFs at the HL-LHC and LHeC

Exploit novel facilities for precision studies of the proton structure

PDF uncertanties in gluon-gluon luminosity

1_6 1 1 1 1 L1 1 1 1 1 | | | LI || | | | |
| e PDF4L.HC15 (baseline) .
€ 1.4 vounins 4 LHeC \/E = 14TeV  —
g ’ 2: mmmm 4+ HL-LHC |
® .2 ]
S TH e 4 LHeC + HL-LHC .
Te | L |
- 1 .
%__) | _
4'7/; _ N p—
= 0.8%~ G(gg —> h) M = 2TeV —
TR S N
O 0.6 2 _
o °F % -
B //’/, gutt¥
-'9 O A— ///”, Wiy, ““““ ]
9 B ot 1y, nw W “u ALy \““ \\\_‘-
-'(_3' B “””“lmmmunuluumu\\\\““ ' “""“/‘/”"llu,.,...“‘ \\‘\\\\:
/ \\
m 02__ I““llllllllllllllllllllllllllll'll\ll‘\“““‘,.l'/'/.l. ’/II/,IIIu,,“,,,““\\\\\\\\\\\\ .
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10 10°

2
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Abdul-Khalek et al. 18,19

A reduction of PDF uncertainties by up to a factor 10 could be within reach
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Nuclear structure at the Electron-lon Collider

Unique facility to study QCD matter and nucleon/nuclear structure

o
o

Illl| T IIIIIII| "]
Aschenauer et al 17 g

-

Polarized
Electron
Source

Linac

eRHIC

—_
)

Detector |

Detector Il |

<
3}

Electrons

(2, Q% = 1.69 GeV?)
\

(Polarized) / | 0.0 o ’
Ign Source / m .
- f 0™ 107 107 100 x 1
Q 1.4 —— nNNPDF1.0
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;_,E’i?f ; "r’ ‘%ﬁl ’-!1 " ~ 1.0
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Pinning down nuclear PDFs at small-x: onset of gluon-dominated matter? et al 19
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Nucleon structure at the Electron-lon Collider

Unique facility to study QCD matter and nucleon/nuclear structure

Bolorized & Synergies between EIC, proton PDF fits, and

Electron

Source LHC pheno deserve a lot more attention

»_Detector |

¢ After all, the EIC is likely to be the only lepton-
nucleon collider operating in our lifetimes!

Detector i

Elect
Pz E[C@RHIC & Assess impact on proton PDFs of simulated EIC
lon Source | | \

pseudo-data: ongoing Yellow Report studies

| St [ford(z, 1) CT14,_,,, NNLO
L B R AR What can the EIC do for proton PDFs?
' : 10GeVe™ x 250GeVp -
Npt = 205 e
| | EICkinematics ¢ Replace the old fixed target DIS data
highlighted range:
MU T A S R T ¢ Improved, cleaner coverage of large-x region
~ ----------------------------------- :*"- 1.0 , . .
3 : z . v Pos ¢ Robust large-x sea quarks from deuteron projectiles
' y ' 0.6
> Hobbs et al 20 , e 04 | _
B ST SN OO SO 0o 2 igz ¢ New probes of the gluon from jets ....
- @ NCep | el ]
A CCetp | o |
= —oe— lots of unexplored potential!

X
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Universal QCD fits

Pushing the precision frontier of QCD fits requires accounting for
cross-talk between different non-perturbative QCD quantities

Proton PDFs )  Polarised PDFs

Nuclear PDFs ) Fragmentation fits

Towards universal/integrated global analyses of non-perturbative QCD
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Universal QCD fits

Pushing the precision frontier of QCD fits requires accounting for
cross-talk between different non-perturbative QCD quantities

Polarised PDFs + FFs
0.4r
0.37
0.2
0.1
0
0
0.047 x(Aﬂ + AJ) Accardi et 17
0.021
() e T——
—0.02} o
—0.04f weveee DSSV09
103102 1071 0.4 0.8

Sato WG1
Juan Rojo

Unpolarised PDFs + FFs

1.6
4 - —— NNPDF3.0 /
1.5 - — MMHT14 S/S\NPDF
4 - —— (CT14
1.4 - Reweighted sets
4 | = NNPDF based FFs
1.3
1.2
1.1

1 =
0.0 RO I AN
O 8 NN NN Borsa et al 17
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Summary and outlook

The accurate determination of the quark and gluon structure of the proton is
an essential ingredient for LHC phenomenology and beyond

¢ LHC measurements play a heavy role in the global PDF fit results

& Recent progress in longstanding issues: QCD uncertainties on PDFs, Lattice QCD
constraints, strange and charm content of the proton, fits with dijet cross-sections...

¢ ... but also wrapping up: QED effects on PDFs, BFKL dynamics in HERA data, ....

¢ Several challenges for PDF fitters in the short and medium term: N3LO PDFs,
resummation, improved benchmarking, better understanding the new precise LHC
datasets, methodological developments, advanced computational and ML tools ....

¢ Long-term of QCD global analyses: both fully exploiting future facilities (HL-LHC, EIC,
...) and integrating consistently its multiple dimensions into a universal QCD analysis:
(p)PDFs + FFs + nPDFs + TMDs ....
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Extra Material
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Why do we need better PDFs?

PDF uncertainties in the production of New Physics heavy resonances up to 100%

Due to limited coverage of the large Bjorken-x region

gluino-pair production in supersymmetry

200 | | 1 |
N Knvo+nLL(pp — 99 + X)
g;/_ g 1380 -v/S = 13 TeV b
6€6i6€666€€ - JUUR pI 1.60 NNPDF3.0NLO
l -
g 1.40
- 1.20
- 1.00
ks :; P2
g”"GFG"GTGFG"GFG“ : A5 = 5 080
0.60 L ™

1000 1500 2000 2500 3000 3500

mg =g =1m [GGV] Borchemsky et al 15
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Why do we need better PDFs?

PDF uncertainties one of dominant theory errors in Higgs production cross-sections

any small deviations of Higgs couplings from SM predictions: smoking gun for BSM

Inclusive Higgs production rates

Gluon-Fusion Higgs production, LHC 13 TeV

||||||||||II|||I||||||l|||||||||||II||||]|||
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Why do we need better PDFs?

Snowmass 13

BSM model Deviations in Higgs coupling to

W, Z weak bosons | bottom quarks | photons
New heavy Higgs boson 6% 6% 6%
Two-Higgs Doublet model 1% 10% 1%
Composite Higgs -3% 9% 9%
New heavy top-like quark 2% 2% +2%
Gluon-Fusion Higgs production, LHC 13 TeV
|||II|||||I||I|I|I||IIII|IIII|||||l||||||l||
31.5 """"""" [ [ 1T T 1 T T 1 T T 1
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m,, = 125.09 GeV, |yH| <25 1 4 NNPDF3.0 . iz ]
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f:; 30'5; HERAPDF2.0 /,'::::;r“‘. .
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Why do we need better PDFs?

& Heavy bSM physics beyond the direct reach of the LHC can be parametrised in a
model-independent in terms of a complete basis of higher-dimensional operators: this
is the Standard Model Effective Field Theory

Nag Nd8
ﬁSMEFT—QSMJrZAQ -I-Z o

& Some operators induce growth with the partonic centre-of-mass energy:
increased sensitivity in LHC cross-sections in the TeV region

2 2
o(E) = ogy(E) 1+Z o Z"‘CE +0 (A

|

enhanced sensitivity from TeV-scale processes:
unique feature of LHC
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Why do we need better PDFs?

Deviation from SM prediction
in high energy tails?
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Why do we need better PDFs?

Deviation from SM prediction
in high energy tails?
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CA Lee, HL/HE-LHC Jamboree, 1 March 2019

SMEFT interpretation: from a massive particle at high energies ...
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Events Above Cut

104

10°
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10

Why do we need better PDFs?

Deviation from SM prediction
in high energy tails?
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CA Lee, HL/HE-LHC Jamboree, 1 March 2019

Iranipour WG3

...or reflecting our limited understating of proton structure?
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Hot and Cold Nuclear Matter

& Cold nuclear matter effects modify the _ Bound Nucleon PDF in Nucleus A

R, =
PDFs of bound nucleons as compared to A Free nucleon PDF

the free-proton case |

A

) F i
¢ Rich QCD phenomenology: EMC effect, Mﬁ{:,'.'..

shadowing, non-linear evolution, ....

Anti-Shadowing

& Onset of new gluon-dominated state of /‘\\ /
matter: the Color Glass Condensate X — 001 x =04 R,
x=~0.1 EMC
effect

Shadowing
Relativistic Heavy-TIon Collisions

Nuclear PDFs i

Hadronization

Initial energy

density ’ ¢ Initial state of heavy-ion collisions:
v o : Quark-Gluon Plasma characterisation

QGP phase ',

)

!
Y s

/ — ¢ nPDFs also required for ultra-high-energy
collsion ¥ astrophysics e.g. neutrino telescopes

overlap zone
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Neutrino telescopes as QCD microscopes

Ultra-high energy (cosmic) neutrino - nucleus scattering:
unique probe of small-x PDFs and QCD

—§7 —>— IceCube 6-year HESE showers Bertone et al 18
Z >><< N = Free isoscalar
- f; ----- =
neutrino o3 N=H0
Ubv -=N=HO0

Order = NNLO+NLLx
PDF = NNPDF3.1sx+LHCb

Nuclear corrections = EPPS16

O('\l
=
Il
air/water target Z B
-3
S E
X OSI_TI 1 IIl“lI 1 lllllllI 1 llllllII 1 lIIlIlll Ll 1Ll Illl 1 llIlT'l
10* 10° 10° 10’ 10° 10" 10"

E ) [GeV]

o _ _ JR WG1+WG7
Sensitive to small-x quarks (and gluons via evolution)

downtox =108 at Q = Mw

Juan Rojo 4l EF06 WG meeting, Snowmass 2021



PDF information from p+p collisions

large-x gluon strangeness antiquarks
Top quark pair production W + ¢ production Drell-Yan production
[ B W~ [ T
s,d
Y
Z/y
! > C [~
Jet production Z pr Direct photon production
> Z / ’Yk > Y
Y Y
large-x gluon medium-x gluon medium-x gluon
42
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One glue to bind them all
NNPDF3.1 NNLO, Q =100 GeV

1.151 8 Global
1---- NO Jets
T 1.1{-=-no top
o f[noZp
G 1.05—
3 _
— — ___//{////
2 g
(\IA —
G r
% 0.95 —
@) B
0.9 | Multiple independent handles on the gluon PDF
- | | 1 1 ] l - | I |
107°

107"
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Constraints from LHC data

Combined interpretation

within global fit?

CMS 35.7 fb" (13 TeV)
:_ I:I Total Uncertainty p. >26 GeV, In"| <24
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QCD uncertainties in PDF fits

Standard global PDF fits are based on fixed-order QCD calculations

_ +1 +2 +3
c=alocy+a op+a" o, + O(a)]"")

The truncation of the perturbative series has associated a theoretical
uncertainty: Missing Higher Order (MHO) uncertainty

How severe is ignoring MHOUs in modern global PDFs fits?
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Let there be light: the photon PDF

¢ The proton contains not only quark and gluons as constituents: also photons!

€ The photon PDF can be evaluated from deep-inelastic structure functions F2 and F.
LuxQED: Manohar et al 16,17

& Required for consistent implementation of electroweak corrections at the LHC

proton

proton
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Momentum Fraction carried by the Photon PDF (%)

Let there be light: the photon PDF

¢ The proton contains not only quark and gluons as constituents: also photons!

€ The photon PDF can be evaluated from deep-inelastic structure functions F2 and F.

LuxQED: Manohar et al 16,17

¢ Required for consistent implementation of electroweak corrections at the LHC
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Up to 0.5% of proton’s momentum
carried by photons
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CTI18Z at 1.4GeV

0.8 E Yuan, Nadolsky WG1

¢ "MMHT” update in progress

& Many new LHC data, extended
parametrisation, NNLO
calculations, ...

¢ QED sets ready for release

Juan Rojo

200

Updating the global PDF analyses

¢ CT18/CT18Z is the follow-up of CT14
(without/with ATLAS W,Z 2011)

¢ Added new LHC measurements boosted by
the ePump and PDFsense tools

¢ Systematic studies of dataset compatibility

d, (NNLO) percentage change from MMHT14 at Q2 = 100GeV?2
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Updating the global PDF analyses

CMS (8 TeV, 19.7 fb™!) 1412.1115

— 0.25
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& NNPDF3.1 released in 2017, with QED,
small-x (BFKL), and as(Mz) fits follow-ups

¢ PDF sets with MHOUSs near completion

¢ ABM updates focusing on adding LHC Drell-Yan
and top quark production data

¢ Studies of the impact of higher twists

& Potential tensions between ATLAS and CMS?

Q%) /g (x, Q) [ref]

¢ Towards NNPDF4.0: new LHC data, improved S;

methodology (TensorFlow for minimisation),

MHOUSs at NNLO, ...

Juan Rojo

49

NNPDF3.1 Global NLO, Q = 10 GeV
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A charming proton?

Charm quark mass = proton mass: does the proton contain charm?

NNPDF3.1 NNLO, Q = 1.7 GeV Momentum Fraction of Charm Quarks
006_ T T T ] I I I I I I I I I T I .l I NINPIDIF31O IIIII
0,050 - NNPDFS1 = - A NNPDF3.1
H 72, . Y NNPDF3.1+EMC
H +~22--: NNPDF3.1 no LHCb .
0.04f] ////Z — % CT14IC BHPS
—~ F ] & O CT14IC SEA
O 003 —
X ] —y—
~ 0.02 —
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(&) ]
X _
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0 . ~
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1 1 1 1 1 1 | 1 I 1 1 | 1 1 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 | 1 | 1 1 | 1 | 1 1 1 1 |
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¢ LHC electroweak measurements provides

1
information on the charm content of protons C(Qz) _ f dx x (c(c Q2) + 2(x Qz))
& Can be tested in Z+D, high pt D, photon+D 0

Indications of a small but non-zero charm content of protons
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Progress in nuclear PDFs

& Constraints from LHC proton+lead collisions: WV, Z,

jets, charm, quarkonia, Drell-Yan, direct photons, ...

¢ Theoretical and methodological improvements:
NPDF uncertainty estimate, NNLO QCD effects, ...

Kusina et al 17
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Abdul-Khalek et al 19

Nuclear PDF analyses catching up with global proton PDF fits!

Juan Rojo
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The lattice QCD frontier

PDFs are defined as nucleon matrix elements of quark fields separated in the light-cone

+00
2(z) = / de~ &P E (N| () TW (€™, 0) (0) | N

— OO

Quasi-PDFs instead involve euclidean separations and can be computed on the lattice

TZmax ] . _
@, P) = [ 4T (N0, ) TW(2,0) $(0,0) V)

zmax

The two objects can be matched using the Large Momentum EFT:
>0 d§ I m?\, AQC’D
CI(%H) — / (’57 > (_huaPS) +O 9
o €] 3 Pg" Pj

Direct computation of x-space PDFs now feasible

PDFLattice White Paper
Linetal 17
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The lattice QCD frontier

— — — Py =107/L
CJ15

ABMP16
NNPDEF3.1

Alexandrou et al 19

Global fits

-0.5

0.5 1

Direct computation of x-space PDFs now feasible

Juan Rojo
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xg(x,Q° = 4 GeV?)

Forward charm production
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gluon PDF uncertainties reduced by factor 10 at x = 10-6
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Neutrino telescopes

Ultra-high energy (UHE) neutrinos: novel window to the extreme Universe!
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Digital Optical Module
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5160 optical sensors
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Neutrino telescopes as QCD microscopes

signal: cosmic neutrino - nucleus scattering

Fraction of inclusive cross-section within contours

pp—cC, Vs =
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Sensitive to small-x quarks (and
thus gluons via evolution) down to

X =108 and Q = Mw

Juan Rojo

Sensitive to small-x gluons down
to x = 106 and Q = Mcharm in the

centre-of-mass frame

EF06 WG meeting, Snowmass 2021

background: prompt charm production
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State-of-the-art predictions for ultra-high energy neutrino interactions

¢ BFKL small-x resummation effects in PDFs and structure functions

¢ Constraints on small-x PDFs from LHCb charm production

¢ IceCube and other neutrino telescopes are the ultimate QCD microscopes!
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