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e Intro: what are we made of? (And how do we know?)
o Quarks & gluons

© Quantum Chromodynamics (QCD)
o Color confinement

e Dynamical mass generation
o How are massive particles created out of nearly massless quarks?

e Parton Distributions Functions (PDFs) in the proton

o Quark and gluons at the “edge of confinement”
o Global QCD analysis
— Theory + Experiment + Data/Computer Science

e Perspectives
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Introduction:
What are we made of?




What are we made of?

e Quarks and gluons!
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What are we made of?

e Quarks and gluons!

Core mc an QilvM-“
Pm{vnw nedtrons

("nucleans")

© BNL (2022



https://www.flickr.com/photos/brookhavenlab/51978744632/in/photostream/

How do we know?

e By using high-energy scattering as a microscope!
(actually, a femtoscope)

e
o And also looking at the spectrum of created particles '

-
° s
([ Need a Wavelength Sma”er eeeeeeeeeeeeee
than the proton’s size: .
)\ I~ % < 10-*-15 m
— F >1GeV

1eV=10"J : energy needed to move an electric of charge e = 10° C
through a potential difference of 1V

© Andrew Krause, 2021
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Scattering 101: elastic

Kin ~ Kout = K;
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Scattering 101: elastic

Kin

e Kout — Kin
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Kin

Electron-proton: elastic

e Exchanged photon wavelength: A, = h/p, = he/E

E,<S1GeV (Ay 2 7)) ]/I/‘

e Kout — Kin

4 I,—\\
l\‘
\
\\ y
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Electron-proton: inelastic

e Exchanged photon wavelength: A, = h/p, = he/E,

e Kout < Kin
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e Exchanged photon wavelength: A, = h/p, = he/E,

E,>1GeV (A, <L 1p)

Electron-proton: deeply inelastic scattering (DIS)

> Kout < Kin
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Cross section

e Roughly, the probability that the electron hits the target

d’c
ALl 1.28 GeV
= e vm
— +p—>e +p T
Eimid('nl = 4.879 GeV H l GHSE ey
6= 10.0° R M )
l.:)‘v_’.(-('\' !
7 - - .
T4 A | }
% 1000} - -Eh‘l L 4 J
S 1000 | T p L Tﬁ ;% ]‘L . ,}
g | &1l di f’u}p gy 14 N
E ng ﬁ-ﬂ{ B' An {li | [T ;JH | ;
o | 1_._. 'F:"l " { L
b K 7 o S L 1
2 sool | 1
“ i} 4
- .| - > - A G
. . Fhﬂi
DIS inelastic 8 )
(1] | | | L 1 I 1 1 \ |
2.8 3.0 3.2 3.4 3.6 3.8 4.0 4.2 4.4 4.6 )
E'satierea (GEV) <«— elastic/ 15
Bartel et al., Physics Letters B 28, 148 (1968)
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https://inspirehep.net/literature/52791

Modern particle accelerators

JLab 12 GeV Electron-lon Collider Large Hadron Collider @ CERN
@ BNL

||||||||

zzzzzzzz

Compact Muon Solenoid %

e (12 GeV) — proton e (10 GeV) —» «— (275GeV)p p (7000 GeV) — « (7000 GeV) p
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https://www.jlab.org/physics/GeV
https://en.wikipedia.org/wiki/Large_Hadron_Collider
https://www.bnl.gov/eic/

JLab 12 GeV

20 cryomodules

Add 5
= cryomodules

e (12 GeV) — proton

Modern particle accelerators

Electron-lon Collider Large Hadron Collider @ CERN
@ BNL

||||||||

zzzzzzzz
SSSSSS

Superconducting
magnets

LHC-B

—— 27Km —

(Polarized Compact Muon Solenoid

\\\\\\\\\

e (10 GeV) —» «— (275GeV)p p (7000 GeV) — <« (7000 GeV) p
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https://www.jlab.org/physics/GeV
https://en.wikipedia.org/wiki/Large_Hadron_Collider
https://www.bnl.gov/eic/

Modern particle accelerators

JLab 12 GeV Electron-lon Collider Large Hadron Collider @ CERN



https://www.jlab.org/physics/GeV
https://en.wikipedia.org/wiki/Large_Hadron_Collider
https://www.bnl.gov/eic/
https://pacomondragon.com/underconstruction.html
https://pacomondragon.com/underconstruction.html

Quantum Chromodynamics (QCD)

e Simple rules

o  Matter = quarks + antiquarks:

— 3 colors, 6 flavors, spin =% %

o Interaction = exchange of gluons &

i i w %
e “Lagrangian”: contains the theory : ,

vewa;
commio rare

© ©Q

down sénma 2 bottom

e
li:f;{ "‘YI vonrg

—_—
/‘eawy Flatv o
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Unlike any other fundamental theory!

=
e (QCD is analogous to electromagnetism, but: A
. — w3 -
o gluons can split... : ) -
b S A
o ...and bang on each other R I
(no linear superposition principle!!) “y "

® This happens so often that quarks are always surrounded by
a dense network of gluons that holds together a group of several quarks

e Quarks form particles that are always “color-neutral” as a whole:

red + green + blue red + anti-red, etc.
Color is confined inside hadrons! s - e,
neutron i@:‘?@; pion

o Not your everyday charge...

21



Mysteries

® Gluon binding energy provides most of the proton mass:

VS.
My + My + mq ~ 0.015 GeV/c?
u U d ~~ . J € J C

o  Are we actually made of a force field??

e Why is the spin of proton=%"?
An unlikely way of combining:

o the spin of (many) quark and gluons

o and their orbital angular momentum!

e In fact, why isn’t there any free quark??

22


https://phys.org/news/2022-03-electron-ion-collider-precision-tool-visible.html

® Only “color neutra

Color confinement

II)

particles have ever been (can ever be?) observed

e Why??

o Mathematical explanation from QCD Lagrangian
— | attempted one a long time ago (1996-1998) — my first scientific love!
—  S1IM “millennium prize” from the Clay Institute!!

o Lattice QCD — computational explanation A A >°g/
—  But “black box”... L | X

© quark A gluon
o Look at the effects of confinement

— Dynamical mass generation
—  Parton Distribution Functions at the “edge of confinement”

my research!

23




Dynamical mass generation:

how do massive hadrons emerge
from nearly massless quarks?

24



Parton propagation and fragmentation

Review: Accardi et al., Riv. Nuovo Cim. 032 (2010)

® Nuclei as femtometer-scale detectors

h Transverse momentum broadening

A = )1~ )

Hadron attenuation

R‘\[ = (x\f’yh/A\r(“ )1/( z\’rh /.«\"r(”)D

e At the Electron-ion collider
o Higher energy \ jet “radius”

o “Jets” of particles aligned with struck quark  Nucleus
nt Do

Electron

Li, Liu, Vitev, Phys.Lett.B 848 (2024) 138354
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https://inspirehep.net/literature/826266
https://inspirehep.net/literature/2646087

“Inclusive jets” in vacuum

aligned with
© ~— scattered quark
: If-made jet!
(p+q)* — M? A self-made jet!

/ \ (no particle

p “invariant” proton is detected)

mass mass
\ J
-

the difference is the
(relativistic) energy available
for particle production

26



Quantum mechanically

e Polarized electron+proton scattering: %

U(€+pT—)X)NMM*N q

measurable!

T +
q | q . DA
—@P»— - / upr (i) dp® o () — 0 e 7

“Spectral function”:
prob. distrib. of calculable:

produced mass lattice QCD / Dyson-Schwinger

27



Quantum mechanically

e Polarized electron+positron scattering:

e We are looking also for observables in proton-proton collisions

e Many observables — can think of a “global analysis” (see later)




Parton Distributions
at the “edge of confinement”

What happens when a single quark
contributes most of the proton’s
momentum?

29



Parton Distribution Functions

e PDF = probability distribution for a parton
(quark or gluon) inside a proton I

to have momentum fraction * = ;

e large x—1
o The proton “is” a single quark — up or down

o Confinement most directly determines the behavior of the d/u ratio

] \ CJ15 PDF + uncert.

no nucl. corr.
Nuclear
Parametriz.
Statistical

30




Parton Distribution Functions

e PDF = probability distribution for a parton
(quark or gluon) inside a proton I

to have momentum fraction © = —
D

e large x—1

o The proton “is” a single quark — up or down

o Confinement most directly determines the behavior of the d/u ratio

CJ15 PDF + uncert.

«— spin-flavor symmetry

«— hard gluon exchange

«—— spin-% quark + spin-0 diquark

31



How to measure the PDFs?

¢ e QCD factorization
‘4 of short and long distance interactions
h f T perturbative. QCD calc.
/
N dO-ha.dron — Z qsfl ® OA’flfQ_mj ® bez

parton

Z f1,f2,4,3 \ /

PDFs
e Universality: same PDFs for many processes

P or,

32



How to measure the PDFs?

g/
Y, e QCD factorization

A~ 2 2 . . )
J Z eqq(g;’ Q?) of short and long distance interactions

fi @--=--- . perturbative. QCD calc.
_ E 5 f1fa—=ig
N dO-ha.dron o qbfl ® O-pelxrtin ® qbfz
¢f1 flafzaiaj \ /

PDFs
e Universality: same PDFs for many processes
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. pert. QCD calc.
Global QCD fits =Y 01,0551 50,

parton

. . . Frfaid TN
e QCD factorization & universality: PDFs
can fit PDFs to a variety of hard scattering data
o Hadron-hadron collisions LT :
s Jets f i;:w !\INPDFSE.O NLO data§et HC data
—  Electro-weak _wf M
boson production Néw ] m
o  Electron-proton DIS EJOH 0 e — WandZ
o Electron-Deuteron DIS ~§1°3§ o o RHIC, Tevatron
i) © v LHC
e >1000°s data points b
e 40+ years of experience, or et o
o “High-energy” fitters: SLAC, JLab
—,  CTEQ-TEA, MMHT, NNPDF, HERAPDF DY and DIS
o Lower-energy / nuclear focus: (on p, d)
— CTEQ-JLab, AKP, JAM

34



Global QCD fits

data theory
*DIS: p, d » pQCD at NLO
* p+p(pbar) = IlI-, W, Z * Factorization & universality
* p+p(pbar) = jets, y+jet e Large-x, low-Q@Q?, nuclear corr.

fits
o Parametrize PDF at QO, evolve to Q

* Minimize y?

PDFs
v

F,(n)
W,Z / W'\Z', Higgs
(or any other “hard” observable)

35




The CJ15 PDFs

Fitted with ¥ = 1.04 / datum

Propagation of exp. errors
o Hessian analysis
o Correlated errors used if available

“PDF error band” for Ay* =2.71

o —90%c.l. ina perfect world
o Many alternative methods
m See review by Kovarik et al.

Theoretical systematics more difficult
o Recent effort by fitting community

36



©)

® There is no free neutron target

(©)

Use (fitted) nuclear correction model

| g

N Q2 =1Gev?

| Q2 =6 CeV2

._‘% #%

SLAC-Whitlow
x  NMC
o JLab E03-103
v BCDMS
I JLab E00-116
> JLab E99-118
A HERMES
+ SLAC E140X
- CIl15

Neutron structure function extraction

Confine model dependence in deuteron / free p + n correction ratio

&\%{%

1

Q=10 GeV? Q2 = 15 GeV?
\Y\Qg‘.
Q2=20GeV2 % [@2=130 Go\f‘"z% Q? =140 GeV? % | Q2 = 60 CeV?
102 107! 102 10! 02 10

xr

102 10!
r

xr

xr

Apply data:

— e.g. to benchmark lattice QCD
< T >yt—_g+ Global PDF fits
at Q2=4 GeV?

RQCDI18
LQCD 2 (flavors) ETMCL
LQCD 241 e ey XQCD18
—O0— Mainz19
LQCD 2+1+1 ETMC19
PNDME20
—O— ETMC20
Data extraction — E06009
b CTEQ-JLab
0.05 0.10 0.1 0.25 0.30
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(Some of the) challenges

e Very large data set:
o Need to: modernize code, speed up calcs!

e Need fit flexibility — many parameters, highly correlated

1.00F

— numerical instability in Hessian matrix - .-/

=
o Increase numerical robustness?

o Use neural networks?

—  But: Cross Valid. leads to likelihood deformation!

O Better parametric methods
— (iterative) bootstrap?
—  Fully Bayesian methods (MCMC, ...)?

1.0

ratio to oy

o
0

e Visualization tools / information compression

Cl22
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(Some of the) challenges

e Incompatible data sets
o Increase “tolerance”: blow up errors
o More solid (Bayesian) treatment

—  E.g., multi-Gaussian mixtures
K. Mohan @ DIS 2023

e How can Al/ML help?

- - * +
RIS
> E866 +

Cl22

39



https://indico.cern.ch/event/1199314/contributions/5193112/

To conclude...

40



Summary and Perspective

e What are we made of?

o Study the effects of confinement
o 2 intertwined research lines

e Global QCD analysis
o Many new data & better precision in near future
o Needs matching uncertainty determination
— Interdisciplinary challenge
—> Expanded CTEQ-JLab collaboration

e Dynamical mass generation
o Theory: factorization with inclusive jet functions
o New observables
— Novel global analysis
—  PDFs +i-JFN — mass generation

41



Summary and Perspective

e What are we made of?

o Study the effects of confinement
o 2 intertwined research lines

e Global QCD analysis

o Many new data & better precision in near future
o Needs matching uncertainty determination

Data/Comp
— Interdisciplinary challenge science
—> Expanded CTEQ-JLab collaboration
e Dynamical mass generation
o Theory: factorization with inclusive jet functions
o New observables
— Novel global analysis < >

Theory Exp.

—  PDFs +i-JFN — mass generation

42



Thank youl!
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Backup #1:

Evidence for quarks and gluons

44



Evidence for quarks and gluons - a whirlwind tour

1 Baryon spectroscopy — light sector (u, d, s), ground state

- J=3/2*: |q11,921,93")

- J=1/2*: |q11,921,93})

totally symmetric w.fn.

+ +
=3 F=3
S
iy a0 ot At n p
° ® ° L 0 ] ®
il = i 5 =
a e ° -1 L] o0 ®
/\0
== 3*0
) ) .._2 °
= =0
Q-
. -3
] 1 1 1 1 1
-1 0 +1 -1

Fig:
[from Povh et al.]
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Evidence for quarks and gluons - a whirlwind tour

1 Baryon spectroscopy — light sector (u, d, s), ground state

- J=3/2*: |q11,921,93") spin symmetric, color antisymmetric
- J=1/2*: |d11,921,93}) spin antisymmetrics, color symmetric
F=7 | §F=g
' N <] S l
A7) = ) |A%) = u'd') ) =ldd') A )=|d'd'd") o= lid )=
) = [nfyle! 0\ - |l dle! =\ =gt |201) = [uld'st)
lz *)—juus) IE ) ‘Uds) ‘E ) ’ > |B-T) = |d'd's) ) = [uld!s") |EH) = [ulu'st)
=) = |u's's) £ = sl -2 R0y = bty [ET) = [dbslsT)
| 1 ! ! ! ! | Fig:

[from Povh et al.]
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Evidence for quarks and gluons - a whirlwind tour

1 et + e- annihilation into hadrons
— quark-mediated process ¢t L7 — q + q — hadrons

o(ete hadrons) "
R = — 4Vcolors Z €q
q

o(ete utu™)

space

space

er ur P

[http://www.quantumdiaries.org/author/richard-ruiz/]
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Evidence for quarks and gluons - a whirlwind tour

] et + e- annihilation into hadrons
— quark-mediated process e¢T 1L e — q + q — hadrons

R o(ete hadrons) — Ny Z &2
q

olete utu~)
— 1 1 LI I Ll T T L ] I I T T L I =
| . L
10 = Jip ¥ (28S) ‘3 =
2 Z f\ E
10 2 §_ }[ v\\\ _g
R E 4 / \\\\ E
10 M‘/ =
B o || - -
1 ;_ _____ naive quark model _;
- 3-loop calculation 3
10 g I ‘.‘: I I | | L1 1 1.1 I 1 | | | | I |
2
1 10 10
\/g [G(‘V] [from Particle Data Book, pdg.lbl.gov]
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Evidence for quarks and gluons - a whirlwind tour

1 Jets in high-energy e+ + e~ collisions
— Hadron produced in 2, 3, ... N, high-energy collimated “jets”
— Evidence of common origin from a parton

Hadrons Hadrons

Fig.: 2- and 3-jet events
observed by the JADE
detector at PETRA

/s
‘/4 [from Povh et al.]

Hadrons

/-
g

Hadrons
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Backup #2:

Experimental uncertainties
or
“ Why do different global fits give
different PDF uncertainties? ”

50



Global fits are not created equal...

e Uncertainty determination
o  Hessian (JR)
o  Hessian + “Tolerance” (*)
—  T~10(CT14)
—  T~5-7(MMHT14)
—  T=1.646 (CJ15)

1

3
o Data Resampling (JAM) 0.4
o DR + Cross Validation (NNPDF) '
e Parametrization 0.2

o x*(1x)®P(x) — most groups
o d-quark:

— extended (CJ, CT) or std (MMHT, JR)
o Neural Nets — NNPDF

e Data choice and coverage, ...
o Can use SLAC, JLab only if considering TMC, HT corrections

o Highest x reach for d/u on proton if using reconstructed W asymmetries

(vs. decay lepton asymmetries)

CJ15

1
1 CT14
B JR14

- MMHT14

4‘

l‘
|

02 04 06
X

(*) CJ vs. CT comparison on “equal” footing:

Accardi, Hobbs, Jing, Nadolsky, EPJC 81 (2021) 7
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https://inspirehep.net/literature/1844406

Bayesian estimators

e Bayestheorem pla m ) — L p(m {a | pla )
with “evidence” Z = | da p(m|a) p(a)
o e Wy Ak T ) I | o gk = ‘_ Typical choice
“ o pimia) = Xp| —sx (a,m) .
and “likelihood” | N ex] | 2 X | in PDF analyses

e Algorithms for sampling of likelihood — probability density in {a, }
o HMC: Hamiltonian Monte Carlo (an example of Markov-Chain MC methods)
o NS: Nested Sampling, primarily aimed at estimating the evidence
— Samples the likelihood as a byproduct

e Expectation values FRaves {O(@)} = 2 Y —1 Olag) .

IOy 1 {
Lves | n A

4
1k

and variance | ;'

{O(a)} = =) 1 |O(ar) — EBayes{O(a)

) PRgRe
l"‘.‘ CS R At o — ay
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Generalized Hessian Approximation

Hunt-Smith et al., PRD 106 (2022) 036003
e Start as usual:

©  Find minimum of likelihood
o Diagonalize Hessian — e, eigenvectors, w, eigenvalues

e Change variables: a(f) — a, + S’L’;‘; [~ , then I a|lm) — p(tjm)

e Assume likelihood factorized along Hessian eigendirection, then

Fress{O(a)} = [d"t p(tjm) O(a(t)) =~ O(ay)

‘)

Pa——_

- EANT AT e X 2 d0(a(t)) |
VHess 1 O(a) } ~ Y i /;_ ( =g =T
k T lan

e Here 7/ — [diy pulty/m) 1] isthe “tolerance” :
o Tk =1 where likelihood is Gaussian;
o  Approximates well the likelihood in non-Gaussian directions

o Maintains a “68%"” or “10” kind of meaning also when # 1

CT, MSTW — T=5-10

e Often T, determined “ad hoc” to account for statistical inconsistency of data

53




Data resampling

e Data Resampling (DR) approximates Bayes’ posterior using frequentist logic

o  Assume some prior (typically “flat”)
o Reshuffle data within data uncertainty (Gaussian distribution)
o Maximize likelihood

© Repeatn  times — {a}

e Estimate

f‘m;q : O(a) } = - \ ere) ()'“1‘»:}» k-

lrey y A

r /7 _ o | N ‘Tlrei [ 7 £ \ ) /% = 12
Vieq1O(a)} = —— > P |O(@rep) — EreqiOa)}]

firap : J

e Good in parameter space region well constrained by data
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e Neural networks provide:
o Efficient, very flexible parametrizations
0 Hundreds of parameters

Neural Networks and overfitting

o Essentially a parameter free functional form (“nonparametric method”)

e Use Data Resampling and aims at maximizing
the same likelihood function

plm|a = _"\“’t'j\:l) — ,'\;l a.,m)

L J

e Without intervention, will overfit the data
o The plot shows an extreme example

1.25¢

e
|
ut

0.25

0.00

NN prediction
e data
0.2 0.4 0.6 0.8
€ZT
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Cross-validation (CV) and stopping

Needs a “stopping criterion”
o  to avoid fitting statistical noise instead of physics

Randomly separate the data into 2 groups, say
o 70% — training (T)
o 30 % — validation (V)

ot

Fit the training, calculate ¥*(T) and x*(V)

=

Resample data, repeat

“Stop” training when x*(V) is minimum:

o = Elog)

loss function (x10%)
[SV] w

v

validation

WIHM l I” training

[y

do = Vi]og] ;

500 ?

1000 1500
epochs

2000
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Statistical uncertainties

e The method can effectively modify the likelihood!
o Even with perfectly compatible (toy) data! 125F

= |

N. Hunt-Smith et al., PRD 106 (2022) 036003 ool i T LK.
e Bayesian Methods S 0wt = NN with
= reprocess
(Markov Chain MC, Nested Sampling) & 050l e
o  Explore the likelihood function
0.25F
o Well approximated by
— Hessian, Data Resampling (DR) > 0.4 0.6 08
e Cross Validation, NN-based fits o
b 4
o Inflate the uncertainties Q
. . 1.0
o Deform the likelihood R S
=
-
0.8
0.2 Oi-l 0.6
€T

57


https://inspirehep.net/literature/2099111

Statistical uncertainties

e The method can effectively modify the likelihood!
o Even with perfectly compatible (toy) data!
N. Hunt-Smith et al., PRD 106 (2022) 036003

e Bayesian Methods
(Markov Chain MC, Nested Sampling) 100F - :
o  Explore the likelihood function

o  Well approximated by 90} NN - B——

— Hessian, Data Resampling (DR) NN f = G

% points within uncertainty

S0 NN + preprocess
e Cross Validation & NN-based fits e
o Inflate the uncertainties 70+ s
o Deform the likelihood . DR
0——05 01 0.6 0.8
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