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Lecture 1: PDFs and precision at the LHC

motivation question: 
you have now heard 
about PDFs ---

how can they be 
measured???
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apologies! I have begun with a trick question…

q PDFs are never “measured”, though such abusive language commonplace 

→ QCD is a confining theory; PDFs are inherently theoretical objects

→ whatever you do, never 
create a plot like this: 

q must be inferred from high-energy data; represent grand inverse problem

→ developments allowing this have a long history predating QCD…
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q Lecture 1: PDF fundamentals

these lectures: PDFs from EIC à LHC and back again

q Lecture 2: PDF applications to particle phenomenology

Ø (inter)connections with LHC phenomenology

Ø novel analysis methods (AI/ML, …)

Ø historical context; definitions

Ø EIC motivations and reach

Ø statistical underpinnings; uncertainty determination

talks will hopefully give you some feel; the subject is massive, however!
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q Staff Scientist in High Energy Physics (HEP) Division Theory Group

about me: Argonne particle theory
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(will be brief, I promise!) !

Ø precision theory at colliders (e.g., LHC)
Ø QCD and global analyses (PDFs)
Ø beyond standard model (BSM) searches
Ø (particle) theory applications of AI/ML and related methods

q Argonne: ‘multi-purpose’ DOE National Laboratory, outside Chicago

Ø HEP and nuclear physics; 
computation; materials 
science; oh my..

Ø please visit us (tim@anl.gov)

Ø also, we are hiring a new staff 
scientist! (apply, 30 June)

mailto:tim@anl.gov
https://academicjobsonline.org/ajo/jobs/30041


evidence of hadronic substructure, ~1950s

Hofstadter

contemporaneously, a ‘particle zoo’ of hadrons was rapidly discovered, with 
discrete orderings in charge and other degrees of freedom

elastic proton form factor (probability 
for state to remain itself after being 
externally probed) found to have rapid 
falloff in energy

electron-proton
scattering
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Feynman

evidence for quarks, Bjorken scaling

1960s: inelastic experiments revealed proton’s internal landscape

Bjorken

SLAC-MIT experiments: explore inelastic scattering of electrons on protons

at higher energies, the inelastic cross section exhibited “scaling”
        → i.e., it became approximately independent of scattering energy

the scattering appeared to be from 
dense, pointlike charge cores 
(Feynman: “partons”; Gell-Mann: 
“quarks”)   
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fq : probability for quark q  with mom. fraction x, energy Q

DIS data at different momentum scales constrain gluon

a closer look at how this is done: Deeply-Inelastic Scattering (DIS)

clean access to proton’s quark and gluon (force carrier) constituents

→ electroweak probe sees spatial
     correlations of quark fields

(quark fields exchange momentum
  through gluon radiation)

parton distribution functions (PDFs)
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we have learned that hadrons and nuclei have an incredibly rich structure

proton

bound valence quark

gluon

sea quark

PDF:  fq (x, Q):  probability for quark q  with mom. fraction x of proton, energy Q

a wide array of Standard model particle contribute 
to proton structure at varying levels: hadrons are a mess!
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how is this information accessed? let QCD work for you!

the β-function of QCD is negative-definite,

→ quark-gluon interactions weak at high 
energies; use perturbation theory

at low energies interactions 
strong (nonperturbative); 
extract PDFs (other dists.)

fundamental question: how does QCD, which so successfully describes high-energy processes, give 
rise to the emergent properties of low-energy bound states?

QCD factorization

higher energy

→  a chief motivation for QCD as a field… answer partly related to PDF behavior9



QCD analyses operationalize factorization into PDF fits

philosophy: lacking first-principles calculation, fit flexible parametrization at
                   suitable boundary condition for QCD evolution:

PDFs (other correlation functions): nonperturbative hadronic matrix elements,

→  perturbatively-calculable evolution specifies dependence on

→ fit the world’s data from a diverse range of scales and processes

challenging to compute from QCD!

…although there are lattice 
developments (talk by Lin)

<latexit sha1_base64="ZMABWBlArs9x6mwGQvoGMRJq1PE="></latexit>

fq/p(x, µ
2 = Q2

0) = aq0x
aq1 (1� x)aq2 P[x; {aqn�3}]
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where can one find the PDFs?

→ the LHAPDF repository of course (Hepforge)
convenient interfaces available (including wrappers for Python/Julia)

…no phenomenologist should 
leave home without it.

…more fundamentally, how 
are the PDFs obtained?
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HERA

fixed-target

LHC (& Tevatron)

require 
extensive data
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→  determining PDFs is now a sophisticated endeavor with a complicated
        interplay of theory, computation, and statistical methods

a modern NNLO global analysis: CT18

fitted PDFs give picture of proton’s 1-dimensional (collinear) structure
→ prob. to find gluon/quark with x-fraction of proton’s momentum

CT18 → Hou, Gao, TJH, et al., arxiv:1912.10053 [hep-ph].
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HEP measurements at the LHC depend on PDFs!

P P

W/Z

σ̂ˆ

P P

→ theory predictions for pp collisions require knowledge of parton densities

limit to precision in Higgs; 
electroweak; QCD (top, jet 
production); BSM searches; …

more 
tomorrow…
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PDFs are fundamental to our understanding of QCD

I will briefly survey a sampling of these different issues:

…dig into the guts of
     this picture

→ disentangling the nucleon’s flavor structure

strange content
nonperturbative charm

flavor-symmetry violation

→ nature of the nuclear medium

→ origin of spin

→ origin of mass

→ in addition to practical importance to HEP phenomenology, PDFs quantify
     aspects of (non)perturbative QCD

n.b., these are all banner motivations for the EIC
15



the Electron-Ion Collider (EIC): a QCD machine; more tomorrow

CD-3A: estimated construction cost: $1.7-2.8B; this decade

the only new collider planned in the US for the next half-century

a centerpiece of nuclear-particle physics for the next few decades
16
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why do you weigh something, rather than (almost) nothing?

→ Higgs mechanism accounts for little of the mass of the visible universe

bound quarks develop an effective mass from the energy of gluon 
exchange [there is a QCD gap equation]

Ian Cloët

→ nucleon mass comes from quark-gluon energy/motion:

Y. Nambu

related to moments of quark PDFs,
17



quark sea flavor-symmetry breaking

Hou, Gao, TJH, et al., arxiv:1912.10053

SeaQuest

high-energy QCD:

nonperturbative dynamics at low energy (e.g., pion exchange) can break this symmetry

E866/SeaQuest: measure fixed-target 
proton-deuteron Drell-Yan

[symmetric sea]
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unraveling the nucleon’s flavor structure: strangeness

TJH, Alberg, Miller; PRC91 (2015) 3, 035205.

inspired a JLab experimental prop.

the proton’s quark sea remains poorly determined

→ e.g., the size/shape of strange quark PDF (or, form factor)?

theoretical models can compute strange portion of a related quantity:
                                                                                    the electromagnetic form factor

...data is not yet precise
enough; PDF-sensitive 
experiments (e.g., DIS)?
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the origin of nucleon spin

→ can we come up with the spin of the proton from quarks/gluons?

quark
spin

gluon
spin

orbital angular
momentum

unpolarized PDF spin PDF

→ must somehow combine for total spin-½ of proton:

TJH et al., PRC93 (2016) 5, 052801

→ surprising connection:

activity at RHIC, JLab, …

TJH et al., PRC95 (2017), 3 035205

how strange is the proton spin?  Affects core-
         collapse supernovae…21



or: what happens to a nucleon once embedded inside a nucleus?  does it...

how does QCD generate nuclear structure?

Hen et al., Rev. Mod. Phys. 89 (2017) no.4, 045002

→ ‘dissolve’ (uniform mean field)?
→ form short-lived correlations?
→ remain distinct, but with modified structure?

→ do nothing?  [this we can now exclude...]

studied in nuclear CTEQ (nCTEQ) effort:
most recently: Kusina, …, TJH, et al., 2007.09100

nuclear/proton PDF

22



we return to ask: how can PDFs be accessed systematically?

PDFs encode long-distance dynamics; must be separated from pQCD physics 

→ QCD factorization theorem; here, for Drell-Yan processes (e.g., LHC):

<latexit sha1_base64="0+m5Iq1+qWiHgEV9UUFpkfzbgiI="></latexit>
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<latexit sha1_base64="IWa1Kzy8GJGQcCvOu3CRoVvOMkk="></latexit>

QCD fact./reg. subtracts large, ⇠ ↵n
s lnk(Q2/m2

q), logarithms from �̂
<latexit sha1_base64="gmwRqmVLsQeCU9yI6woAX+llPeQ=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBVUkKPpZFRVxWsA9oQ5lMb9qhk0mYmQglFNz4K25cKOLWn3Dn3zhps9DWAwOHc+7lzjl+zJnSjvNtFZaWV1bXiuuljc2t7R17d6+pokRSaNCIR7LtEwWcCWhopjm0Ywkk9Dm0/NFV5rceQCoWiXs9jsELyUCwgFGijdSzDySoJFRYD0EBZkJHGcX16xvVs8tOxZkCLxI3J2WUo96zv7r9iCYhCE05UarjOrH2UiI1oxwmpW6iICZ0RAbQMVSQEJSXTjNM8LFR+jiIpHlC46n6eyMloVLj0DeTIdFDNe9l4n9eJ9HBhZcyEScaBJ0dChKOs6SmENxnEqjmY0MIlcz8FdMhkYRqU1vJlODOR14kzWrFPauc3lXLtcu8jiI6REfoBLnoHNXQLaqjBqLoET2jV/RmPVkv1rv1MRstWPnOPvoD6/MHLTGXNw==</latexit>

resums these into the PDFs23



kinematically matching theory to experiment

q theoretical predictions evaluated according to leading-order (“Born-
level”) matchings with external scales in measurements

DIS:

hadron-hadron collisions:

single-inclusive jet production:

pair production:

measurements:

q higher-order corrections responsible for inherent scale uncertainty
24



PDFs and scale dependence: Altarelli-Parisi evolution

<latexit sha1_base64="IoWy2jjm8bWHWo31FtyJHn64wm0="></latexit>
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<latexit sha1_base64="Rmk9Bvp1vlBdr2bUkZRpZTadv7A="></latexit>

known to O(↵3
s) [NNLO]:

<latexit sha1_base64="Jolj+vNOQ9tGoTB/bz357lEQK40="></latexit>

Pi/j are probabilities for j ! ik collinear splittings;
<latexit sha1_base64="ky0J6S1hokwb7RkT+W5hrBlFe5E="></latexit>
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<latexit sha1_base64="liTgvTOqTu/gPs/qq9XYz/8cbqs="></latexit>

Pi/j (z,↵s) = ↵sP
(1)
i/j (z) + ↵2

sP
(2)
i/j (z) + ↵3

sP
(3)
i/j (z) + ...

q high-energy experiments measure at various kinematic scales

→ solve self-coupled integrodifferential equations for momentum dependence

q evolution governed by QCD radiation
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QCD evolution: strong scale dependence in PDF shapes

26

q at low scale(s), u- and d-PDF valence-like 
with a high-x peak around x ~ 1/3

Ø nonperturbative shapes evident for light-
quark sea and gluon distributions

Ø perturbative 
evolution generally 
shifts high-x features 
in PDFs to low x with 
increasing scale



QCD evolution: strong scale dependence in PDF shapes

26

q evolution to higher scale(s); DGLAP coupling 
to gluon drives singular low-x behavior

Ø charm, bottom PDFs generated entirely 
radiatively; closely track the gluon!

Ø note the challenge 
of separating the 
light-quark sea



scale dependence: interplay between valence and sea
<latexit sha1_base64="grcWpILR53H5gsnaiAnthFldNOs=">AAACEnicbVC7TsMwFHV4lvIKMLJYVEjt0CpBvBakChbGItGH1ITIcZ3WqvOo7SCqKN/Awq+wMIAQKxMbf4PTZoCWI1k+Pude+d7jRowKaRjf2sLi0vLKamGtuL6xubWt7+y2RBhzTJo4ZCHvuEgQRgPSlFQy0ok4Qb7LSNsdXmV++55wQcPgVo4jYvuoH1CPYiSV5OiVkWP5SA6oTFopvICju2r5oZKR7KpCy0U8GaXq4eglo2ZMAOeJmZMSyNFw9C+rF+LYJ4HEDAnRNY1I2gnikmJG0qIVCxIhPER90lU0QD4RdjJZKYWHSulBL+TqBBJO1N8dCfKFGPuuqszGF7NeJv7ndWPpndsJDaJYkgBPP/JiBmUIs3xgj3KCJRsrgjCnalaIB4gjLFWKRRWCObvyPGkd1czT2snNcal+mcdRAPvgAJSBCc5AHVyDBmgCDB7BM3gFb9qT9qK9ax/T0gUt79kDf6B9/gCAjJt5</latexit>

qV = q�(x) = q(x)� q̄(x)
<latexit sha1_base64="KPIWthLOZHnunP66dB7+EAHRCVk=">AAACBHicbVDLSsNAFJ3UV62vqMtuBotQNyURXxuh6MZlBfuAJoTJdNoOnUzSmYlYQhZu/BU3LhRx60e482+ctFlo64ELh3Pu5d57/IhRqSzr2ygsLa+srhXXSxubW9s75u5eS4axwKSJQxaKjo8kYZSTpqKKkU4kCAp8Rtr+6Drz2/dESBryOzWJiBugAad9ipHSkmeWx54TIDWkKpEEpfASOj4SyTitPhx5ZsWqWVPARWLnpAJyNDzzy+mFOA4IV5ghKbu2FSk3QUJRzEhacmJJIoRHaEC6mnIUEOkm0ydSeKiVHuyHQhdXcKr+nkhQIOUk8HVndrCc9zLxP68bq/6Fm1AexYpwPFvUjxlUIcwSgT0qCFZsognCgupbIR4igbDSuZV0CPb8y4ukdVyzz2qntyeV+lUeRxGUwQGoAhucgzq4AQ3QBBg8gmfwCt6MJ+PFeDc+Zq0FI5/ZB39gfP4AV56X5w==</latexit>

qsea = q̄(x)

<latexit sha1_base64="RTT8SnzpzJ6bLqR9EON/JdORDcA=">AAACDnicbVDLSsNAFJ34rPUVdelmsBQEpSTF10YounFZwT6gCWEynbZDJ5N0ZiKUkC9w46+4caGIW9fu/BsnbRa19cCFwzn3cu89fsSoVJb1Yywtr6yurRc2iptb2zu75t5+U4axwKSBQxaKto8kYZSThqKKkXYkCAp8Rlr+8DbzW49ESBryBzWOiBugPqc9ipHSkmeWR/AajjwnQGpAVdJM4QmsOqczkiQo9cySVbEmgIvEzkkJ5Kh75rfTDXEcEK4wQ1J2bCtSboKEopiRtOjEkkQID1GfdDTlKCDSTSbvpLCslS7shUIXV3Cizk4kKJByHPi6M7tRznuZ+J/XiVXvyk0oj2JFOJ4u6sUMqhBm2cAuFQQrNtYEYUH1rRAPkEBY6QSLOgR7/uVF0qxW7IvK+f1ZqXaTx1EAh+AIHAMbXIIauAN10AAYPIEX8AbejWfj1fgwPqetS0Y+cwD+wPj6BZwemz8=</latexit>

q = qV + 2 qsea

q low-x PDFs sea-dominated
q valence evolves slowly; ultimately swamped by sea at large scales
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QCD analyses traverse many scales, Q; variable flavor # 

<latexit sha1_base64="Xli4Jk50zmg5FBiAQ984tQSMo0k=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68RjBPCBZwuykNxkzO7vOzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHcFieDauO63s7S8srq2Xtgobm5t7+yW9vYbOk4VwzqLRaxaAdUouMS64UZgK1FIo0BgMxjeTPzmEyrNY3lvRgn6Ee1LHnJGjZUaj90OCtEtld2KOwVZJF5OypCj1i19dXoxSyOUhgmqddtzE+NnVBnOBI6LnVRjQtmQ9rFtqaQRaj+bXjsmx1bpkTBWtqQhU/X3REYjrUdRYDsjagZ63puI/3nt1IRXfsZlkhqUbLYoTAUxMZm8TnpcITNiZAllittbCRtQRZmxARVtCN78y4ukcVrxLirnd2fl6nUeRwEO4QhOwINLqMIt1KAODB7gGV7hzYmdF+fd+Zi1Ljn5zAH8gfP5A5l8jyk=</latexit>q`

<latexit sha1_base64="Y1hJizHldN0mHgwN50bchS+3n+E=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivV671S2a24M5Bl4uWkDDlqvdJXtx+zNEJpmKBadzw3MX5GleFM4KTYTTUmlI3oADuWShqh9rPZoRNyapU+CWNlSxoyU39PZDTSehwFtjOiZqgXvan4n9dJTXjjZ1wmqUHJ5ovCVBATk+nXpM8VMiPGllCmuL2VsCFVlBmbTdGG4C2+vEya5xXvqnJZvyhXb/M4CnAMJ3AGHlxDFe6hBg1ggPAMr/DmPDovzrvzMW9dcfKZI/gD5/MHrl2M3w==</latexit>

Q q heavy quarks (HQ) introduce additional effective scale into hard process

Collins, 2011

appropriate transition scales

typical choices (ACOT)

q PDF fits typically assume a variable flavor number scheme with assumed 
number of active flavors; usually 

<latexit sha1_base64="1a0ZlXx8nATxEHGXlQFqiq5KpFc=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKUS9CUBCPEcwDkiXMTjrJkNnZZWZWCEs+wosHRbz6Pd78GyfJHjSxoKGo6qa7K4gF18Z1v53cyura+kZ+s7C1vbO7V9w/aOgoUQzrLBKRagVUo+AS64Ybga1YIQ0Dgc1gdDv1m0+oNI/koxnH6Id0IHmfM2qs1JTdO3JNKt1iyS27M5Bl4mWkBBlq3eJXpxexJERpmKBatz03Nn5KleFM4KTQSTTGlI3oANuWShqi9tPZuRNyYpUe6UfKljRkpv6eSGmo9TgMbGdIzVAvelPxP6+dmP6Vn3IZJwYlmy/qJ4KYiEx/Jz2ukBkxtoQyxe2thA2poszYhAo2BG/x5WXSOCt7F+XKw3mpepPFkYcjOIZT8OASqnAPNagDgxE8wyu8ObHz4rw7H/PWnJPNHMIfOJ8/xlGOjw==</latexit>

nF = 5

q perturbatively-generated HQ 
PDFs resum large logs,

→  number of active parton flavors is a scheme-dependent choice

<latexit sha1_base64="bUasiH8Zz5iIMZFfXKsMNGHSL9c=">AAAB9HicbVDLTgIxFL2DL8QX6tJNIzFxRWaMryXRDUtI5JHAhHRKgYa2M7QdEjLhO9y40Bi3fow7/8YOzELBkzQ5Oefe3NMTRJxp47rfTm5jc2t7J79b2Ns/ODwqHp80dRgrQhsk5KFqB1hTziRtGGY4bUeKYhFw2grGj6nfmlKlWSifzCyivsBDyQaMYGMlf9LrCmxGSiTV+rxXLLlldwG0TryMlCBDrVf86vZDEgsqDeFY647nRsZPsDKMcDovdGNNI0zGeEg7lkosqPaTReg5urBKHw1CZZ80aKH+3kiw0HomAjuZRtSrXir+53ViM7j3Eyaj2FBJlocGMUcmRGkDqM8UJYbPLMFEMZsVkRFWmBjbU8GW4K1+eZ00r8rebfmmfl2qPGR15OEMzuESPLiDClShBg0gMIFneIU3Z+q8OO/Ox3I052Q7p/AHzucPDS2STA==</latexit>qHQ

<latexit sha1_base64="QOzxtLo+BkiHJP/bp4ker6lq5L4=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBFclUR8LYtuumzBPqAJYTKdtENnJmFmIoRQf8WNC0Xc+iHu/BsnbRbaemDgcM693DMnTBhV2nG+rbX1jc2t7cpOdXdv/+DQPjruqTiVmHRxzGI5CJEijArS1VQzMkgkQTxkpB9O7wu//0ikorF40FlCfI7GgkYUI22kwK51oDceQx54HOmJ5HmrMwvsutNw5oCrxC1JHZRoB/aXN4pxyonQmCGlhq6TaD9HUlPMyKzqpYokCE/RmAwNFYgT5efz8DN4ZpQRjGJpntBwrv7eyBFXKuOhmSwiqmWvEP/zhqmObv2ciiTVRODFoShlUMewaAKOqCRYs8wQhCU1WSGeIImwNn1VTQnu8pdXSe+i4V43rjqX9eZdWUcFnIBTcA5ccAOaoAXaoAswyMAzeAVv1pP1Yr1bH4vRNavcqYE/sD5/ABeplHA=</latexit>

Q � mHQ

<latexit sha1_base64="3imqXHgxnZ+SUQvPZmPJgWpQQeM=">AAACCXicbVC7TsMwFHV4lvIKMLJYVEhlKUnFa6xg6dhK9CE1aeW4bmvVdiLbQaqiriz8CgsDCLHyB2z8DU6bAVqOdKWjc+7VvfcEEaNKO863tbK6tr6xmdvKb+/s7u3bB4dNFcYSkwYOWSjbAVKEUUEammpG2pEkiAeMtILxXeq3HohUNBT3ehIRn6OhoAOKkTZSz4aeohx6TMBivVuG55B3yz2PIz2SPKnWp2c9u+CUnBngMnEzUgAZaj37y+uHOOZEaMyQUh3XibSfIKkpZmSa92JFIoTHaEg6hgrEifKT2SdTeGqUPhyE0pTQcKb+nkgQV2rCA9OZ3qgWvVT8z+vEenDjJ1REsSYCzxcNYgZ1CNNYYJ9KgjWbGIKwpOZWiEdIIqxNeHkTgrv48jJplkvuVemyflGo3GZx5MAxOAFF4IJrUAFVUAMNgMEjeAav4M16sl6sd+tj3rpiZTNH4A+szx/Hv5iD</latexit>

⇠ ln(Q2/m2

HQ
)
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heavy quarks in evolution schemes and higher-order QCD

q higher order(s): improved accuracy in Wilson coeff., control over scale dependence  

q at given fixed-order, nontrivial relationship with chosen HQ scheme

→

→

2 paradigms for different regimes wrt HQ mass scale; ∃ interpolation scheme?

29



q noted earlier: fit flexible parametrization at evolution boundary

parametrizing the PDFs: flexibility

<latexit sha1_base64="d0tdxPDbsi3QuTTBwoTkAxMap6s="></latexit>

fq/p(x, µ
2 = Q2

0) = aq0x
aq1 (1� x)aq2 NN(x)

<latexit sha1_base64="jGezC/oKl1mAd51tNuvNzDDMyU0="></latexit>

fq/p(x, µ
2 = Q2

0) = aq0x
aq1 (1� x)aq2 P[x; {aqn�3}]

Øhow much flexibility is needed?
<latexit sha1_base64="/ecjNjraxEOTHPeafnl9HY+Va+I="></latexit>

modern data are sensitive to:

d̄, ū, g, u, d, s( 6= s̄); perhaps c

<latexit sha1_base64="/ecjNjraxEOTHPeafnl9HY+Va+I="></latexit>

modern data are sensitive to:

d̄, ū, g, u, d, s( 6= s̄); perhaps c

Ø in CTEQ family, ~30 parameters

q alternative approach(es): parametrize x dependence with neural net

ØNNPDF: multi-layer perceptron

Ø~1000-member MC replica sets
30



modern approaches to PDF uncertainty quantification

Analytic parametrizations +

Hessian PDF eigenvector sets 
(ABM, CTEQ, HERA, MMHT,…)

Neural network parameterizations +

Monte Carlo PDF replicas 
(NNPDF)

q Two powerful, complementary representations 

nb: Hessian PDFs can be converted into MC ones, and vice versa
31



250+ candidate nonperturbative 
parametrization forms of CT18 PDFs

CT18par – sample of some nonperturbative forms tried in CT18

No data constrain very large-! or very small-! regions

ultimately, the “true” underlying parametrization is unknown

32



sources of PDF uncertainty

1. Experimental uncertainties, e.g., statistical, correlated and uncorrelated systematic uncertainties 
of each experimental data set;

2. Theoretical uncertainties due to the absent radiative contributions, approximations in parton
showering simulations

3. Parameterization uncertainties associated with the choice of the PDF functional form or AI/ML 
replica training algorithm
• contribute at least a half of the CT18 total PDF uncertainty 

4. Methodological uncertainties associated with the selection of experimental data sets, fitting 
procedures, and goodness-of-fit criteria.

The uncertainty of published CT18 PDFs estimates the sum of four contributions

Kovarik et al., arXiv: 1905.06957

→ in practice, each of these may contribute to tensions among fitted 
      data sets

[previous slide]
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statistical interlude

q PDF uncertainties encapsulate behavior of likelihood function about global minimum

nuisance parameters to 
handle correlated errors

Ø these result in systematic 
shifts to data central values:

use this basis to compute 56-component “normalized” residuals :

where

56-dimensional parametric basis     obtained by 
diagonalizing the Hessian matrix H determined from

(following a 28-parameter fit)

CT10
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PDF correlations (Hessian formalism)

how does behavior of residuals relate to fitted PDFs and uncertainties?

q e.g., how does PDF uncertainty (at specific x, μ) correlate with residual 
associated with a theoretical prediction at similar x, μ?

examine Pearson correlation over 56-member Hessian set between PDF of 
given flavor and (another PDF; residual; cross section; …)

X

Y

[X,Y] are exactly (anti-)correlated at the far (right) left above.

<latexit sha1_base64="rql7+q/yJlh2MQSmHRbapcJmTGA=">AAACEnicbVC7TgJBFJ3FF+Jr1dJmIphoQ3ZJfJREG0pM5JEAIXeHC0yYnd3MzJIQwjfY+Cs2Fhpja2Xn3zg8CgVPMsnJOefmzj1BLLg2nvftpNbWNza30tuZnd29/QP38Kiqo0QxrLBIRKoegEbBJVYMNwLrsUIIA4G1YHA39WtDVJpH8sGMYmyF0JO8yxkYK7XdCxyCSMAgjWyM5mSOllBrDpIi76HscIVsGtVtN+vlvRnoKvEXJEsWKLfdr2YnYkmI0jABWjd8LzatMSjDmcBJpplojIENoIcNSyWEqFvj2UkTemaVDu1Gyj5p6Ez9PTGGUOtRGNhkCKavl72p+J/XSEz3pjXmMk4MSjZf1E0ENRGd9kPnB4uRJcAUt3+lrA8KmLEtZmwJ/vLJq6RayPtX+cv7QrZ4u6gjTU7IKTknPrkmRVIiZVIhjDySZ/JK3pwn58V5dz7m0ZSzmDkmf+B8/gDZG52d</latexit>

evaluate over n Hessian eigendirections
35
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correlations carry useful information
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again, many 
complementary data 
required to:

q unravel PDF x, flavor 
dependence

q test PDF universality
q test QCD factorization 

theorem(s)
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PDF sensitivity of individual experiments

data-driven pulls on PDFs often dominated by few sensitive expts!

HERA and fixed-target (BCDMS, NMC) data lead

we can often predict the most sensitive data sets before fitting, as shown in this 
illustration for the large-x PDF ratio
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experimental pulls have 
~power-law falloffsSensitivity ranking tables
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PDF fitting extendable beyond proton: nuclear PDFs

nCTEQ: parametrize and fit nuclear PDFs directly

E. Segarra, …, TJH et al., PRD 103 (2021) 11, 114015

fit range of nuclear data; relax W, Q cuts
include TMC, HT prescriptions; deuteron correction

nCTEQ15HiX

(dependence on 
proton baseline PDF)
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nuclear DIS/PDFs impact νA predictions and experiments

parametrization of A dependence allows predictions for 56Fe
(cf. NuTeV, CCFR, …)

→ low-Q, W effects sizable in nuclei; need simultaneous
    treatment with free-nucleon degrees-of-freedom

→ nuclear and proton PDF fits often interdependent à need simultaneous fits
E. Segarra, …, TJH et al., PRD 103 (2021) 11, 114015

...also for 40Ar/DUNE...
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still more universal fits: PDFs with BSM ingredients

q ongoing effort to constrain BSM model independently via EFT (SMEFT) global fits

→ to minimize bias: jointly fit PDFs, SMEFT; examine PDF-SMEFT correlations

<latexit sha1_base64="YBCao2jGN/PdkcaAnE+qXTyUYiQ="></latexit>

LSMEFT = LSM +
X

i

CiO
(6)
i

⇤2
+ . . .

q PDF-SMEFT correlations (e.g., with high-x gluon) are mild for jet,       data
<latexit sha1_base64="vu0y03S20ql5G8BZX75uspMeDaA=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy2m3bpZhN3J0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilDvYCqjOc9ssVt+rOQVaJl5MK5Gj0y1+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5vfOyVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8NrPhEpS5IotFoWpJBiT2fNkIDRnKCeWUKaFvZWwEdWUoY2oZEPwll9eJa2LqndZrd3XKvWbPI4inMApnIMHV1CHO2hAExhIeIZXeHMenRfn3flYtBacfOYY/sD5/AF4zZBE</latexit>

tt̄

→ will likely be more severe with higher precision (HL-LHC); important future effort 

jet data (C1)

<latexit sha1_base64="ZmSnSKDqdLEEL3uW5zhB8zaY5S0=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXJVEirosunFZwT6gCWUynbZDJ5MwcyOUmIW/4saFIm79DXf+jdM0C209cOFwzr1z554gFlyD43xbpZXVtfWN8mZla3tnd8/eP2jrKFGUtWgkItUNiGaCS9YCDoJ1Y8VIGAjWCSY3M7/zwJTmkbyHacz8kIwkH3JKwEh9+yj18kfSQCQsAy8gKoUs69tVp+bkwMvELUgVFWj27S9vENEkZBKoIFr3XCcGPyUKOBUsq3iJZjGhEzJiPUMlCZn203x1hk+NMsDDSJmSgHP190RKQq2nYWA6QwJjvejNxP+8XgLDKz/lMk6ASTpfNEwEhgjPwsADrhgFMTWEUMXNXzEdE0UomMgqJgR38eRl0j6vuRe1+l292rgu4iijY3SCzpCLLlED3aImaiGKHtEzekVv1pP1Yr1bH/PWklXMHKI/sD5/AIOYlxQ=</latexit>

tt̄ data (CtG)
PDF with/out fitted 
C1 (jet data)

arXiv:2211.01094
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conclusions for today

→  crucial to confront wide array of hadronic experiments

collinear PDFs are central to HEP theory and experiment

→  complicated interplay in QCD, EW theory; statistics; phenomenology

→  PDF encode aspects of (non)perturbative QCD

tomorrow: PDFs from the EIC to the LHC

→  EIC is a QCD machine; will refine PDF accuracy

→  numerous arrays of Energy and Intensity Frontiers will be impacted

43

→  essential in quest for more universal PDF-based QCD
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Thanks very much!
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