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PDFS: THE STATE OF THE ART (NNPDF4.0, 2021)
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• A SET OF PROBABILITY DISTRIBUTIONS OF QUASI-PROBABILITY DISTRIBUTIONS

• FULL (INFINITE DIMENSIONAL) COVARIANCE MATRIX

• MUST BE DETERMINED FROM FINITE SET OF DISCRETE DATA



WHY MACHINE LEARNING?



WHY WE NEED MACHINE LEARNING I
ALTERNATIVE: A MODEL-DEPENDENT APPROACH

PARAMETRIZATIONS

• CTEQ5 2002: xg(x,Q2
0) = A0x

A1 (1− x)A2 (1 + A3x
A4 )

• MRST-HERALHC 2005: xg(x,Q2
0) = Agx

δg (1− x)ηg (1 + εgx
0.5 + γgx) + Ag′x

δ
g′ (1− x)ηg′

• CT18: g(x,Q = Q0) = xa1−1(1− x)a2
[
a3(1− y)3 + a43y(1− y)2 + a53y

2(1− y) + y3
]
;

y =
√
x; a5 = (3 + 2a1)/3.

MORE DATA ⇒ BIGGER PARAMETRIZATION (?)
PROLIFERATION OF PDF SETS

(J. Huston, PDF4LHC 11/2023)

MORE DATA ⇒ BIGGER UNCERTAINTIES (!)



WHY WE NEED MACHINE LEARNING II
DISCOVERY PHYSICS 1995

• DISCREPANCY BETWEEN QCD CALCULATION AND
CDF JET DATA (1995)

• EVIDENCE FOR QUARK COMPOSITENESS
• NO INFO ON PARTON UNCERTAINTY ⇒

RESULT STRONGLY DEPENDS ON
GLUON AT x ∼> 0.1

CDF 1995

DISCREPANCY REMOVED IF JET DATA INCLUDED IN THE FIT
NEW CTEQ FIT (1996)

FINAL CTEQ FIT (1998)



WHY WE NEED MACHINE LEARNING III
“TOLERANCE”

FIRST PDFS WITH UNCERTAINTIES (2002)
one sigma & ten sigma intervals for typical

covariance matrix eigenvalue
vs best value and uncertainty from individual experiments

MSHT PDFS (2020)

• PDF UNCERTAINTIES RESCALED BY “TOLERANCE” T ∼ 4÷ 10

• DETERMINED FROM SPREAD OF BEST-FIT FROM DIFFERENT DATA



WHERE IT COMES ALL TOGETHER:
THE DIS-HADRON COLLIDER SYNERGY THE KINEMATIC PLANE

LHC
DIS

• PDFS LARGELY UNKNOWN IN LARGE x REGION

• DISCOVERY REGION AT HADRON COLLIDERS



WHICH MACHINE LEARNING?



PROTON STRUCTURE AS A ML PROBLEM
NNPDF



PROBABILITY REGRESSION
REPLICA SAMPLE OF FUNCTIONS ⇔ PROBABILITY DENSITY IN FUNCTION SPACE
KNOWLEDGE OF LIKELIHHOD SHAPE (FUNCTIONAL FORM) NOT NECESSARY

FINAL PDF SET: f (a)i (x, µ);
i =up, antiup, down, antidown, strange, antistrange, charm, gluon; j = 1, 2, . . . Nrep



CROSS-VALIDATED LEARNING
• NEURAL NET PARAMETERS DETERMINED BY χ2 MINIMIZATION THROUGH GRADIENT DESCENT

• RANDOM TRAINING-VALIDATION SPLIT, χ2 TO TRAINING DATA REPLICAS MINIMIZED

• TRAINING STOPS IF VALIDATION χ2 GROWS FOR A WHILE (PATIENCE)

• LOWEST VALIDATION χ2 ⇒ OPTIMAL FIT



METHODOLOGY HYPEROPTIMIZATION

Adam RMSprop Adadelta
optimizer
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learning rate
glorot_uniform glorot_normal

initializer
10000 20000 30000 40000

epochs
0.1 0.2 0.3 0.4

stopping patience
1.00 1.05 1.10

positivity multiplier
1 2 3 4

number of layers
sigmoid tanh

activation function

HYPEROPT PARAMETERS

NEURAL NETWORK FIT OPTIONS
NUMBER OF LAYERS (*) OPTIMIZER (*)
SIZE OF EACH LAYER INITIAL LEARNING RATE (*)

DROPOUT MAXIMUM NUMBER OF EPOCHS (*)
ACTIVATION FUNCTIONS (*) STOPPING PATIENCE (*)

INITIALIZATION FUNCTIONS (*) POSITIVITY MULTIPLIER (*)

• SCAN PARAMETER SPACE

• OPTIMIZE FIGURE OF MERIT: K-FOLDING LOSS



K-FOLD OPTIMIZATION

• EACH FOLD REPRODUCES
FEATURES OF FULL DATASET

• LOSS: AVERAGE χ2 OF NON-FITTED FOLDS

• OVERFITTING REMOVED ⇒
CORRECT GENERALIZATION

K-FOLDING VS NO K-FOLDING
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WHAT IS ML GOOD FOR?



WHAT DOES ML BUY US?: PRECISION
UNCERTAINTIES 2016

GLUON SINGLET FLAVORS
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• TYPICAL UNCERTAINTIES IN DATA REGION: SINGLET ∼ 3%, NONSINGLET ∼ 5%

• DATA REGION: 102 .MX ∼< 103 TEV, −2 . y ∼< 2



WHAT DOES ML BUY US?: PRECISION
UNCERTAINTIES 2022

GLUON SINGLET FLAVORS
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• TYPICAL UNCERTAINTIES IN DATA REGION: SINGLET ∼ 1%, NONSINGLET ∼ 2− 3%

• DATA REGION: 10 .MX ∼< 3 · 103 TEV, −4 . y ∼< 4



WHAT DOES ML BUY US?: ACCURACY
• COMPARISON TO DATA PUBLISHED AFTER PUBLICATION OF NNPDF4.0

• χ2 WITH EXP, EXP+TH AND TOTAL (EXP+TH+PDF) UNCERTAINTIES

ATLAS JETS
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• EXP χ2 LOWER ⇒ NNPDF4.0 CENTRAL VALUE AGREES BETTER WITH DATA

• EXP AND TOTALχ2 CLOSER ⇒ NNPDF4.0 PDF UNCERTAINTIES SMALLER

• AGREEMENT WITH DATA OF ALL PDF SETS COMPARABLE ⇒ ALL UNCERTAINTIES FAITHFUL



WHAT DOES ML BUY US?: ACCURACY
• COMPARISON TO DATA PUBLISHED AFTER PUBLICATION OF NNPDF4.0

• χ2 WITH EXP, EXP+TH AND TOTAL (EXP+TH+PDF) UNCERTAINTIES

ATLAS Z
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• EXP χ2 LOWER ⇒ NNPDF4.0 CENTRAL VALUE AGREES BETTER WITH DATA

• EXP AND TOTALχ2 CLOSER ⇒ NNPDF4.0 PDF UNCERTAINTIES SMALLER

• AGREEMENT WITH DATA OF ALL PDF SETS COMPARABLE ⇒ ALL UNCERTAINTIES FAITHFUL



WHAT DOES ML BUY US?: ACCURACY
• COMPARISON TO DATA PUBLISHED AFTER PUBLICATION OF NNPDF4.0

• χ2 WITH EXP, EXP+TH AND TOTAL (EXP+TH+PDF) UNCERTAINTIES

ATLAS TOP PAIRS SINGLE DIFF
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• EXP χ2 LOWER ⇒ NNPDF4.0 CENTRAL VALUE AGREES BETTER WITH DATA

• EXP AND TOTALχ2 CLOSER ⇒ NNPDF4.0 PDF UNCERTAINTIES SMALLER

• AGREEMENT WITH DATA OF ALL PDF SETS COMPARABLE ⇒ ALL UNCERTAINTIES FAITHFUL



WHAT DOES ML BUY US?
CHARM IN THE PROTON

EVOLVE CHARM PDF (Nf = 4 SCHEME) DOWN TO Q ∼ mc

CHARM PDF (FITTED FROM DATA) AT Q=1.65 GeV

• IF Q ∼ mc (mc = 1.51 GeV), CHARM QUARK DECOUPLES (Collins, Wilczek, Zee, 1978):
ln
Q2+m2

c
m2
c
≈ m2

c
Q2

• Nf = 3 ACTIVE FLAVORS IN β FUNCTION & EVOLUTION EQUATIONS

• DECOUPLING VS MS ⇔ DIFFERENT RENORMALIZATION & FACTORIZATION SCHEMES



MATCHING

• PDFS, αs IN Nf = 3 & Nf = 4
RELATED BY MATCHING CONDITIONS

• DETERMINED BY COMPUTING
OPERATOR MATRIX ELEMENTS
IN EITHER SCHEME AND EQUATING:
NNLO (Buza, et al., 1998),
N3LO (Ablinger, Blümlein et al, 2009-2017)

OME CONTRIBUTING
TO THE CHARM PDF

SOLID⇒ HEAVY; DASHED⇒ LIGHT

PERTURBATIVE CHARM

• NO CHARM PDF IN Nf = 3 SCHEME

• IN Nf = 4 SCHEME, CHARM DETERMINED BY PERTURBATIVE MATCHING
STARTING AT NNLO (TWO LOOPS) DOES NOT VANISH AT ANY SCALE (HEAVY QUARK LOOPS)



INTRINSIC CHARM
• DEFINE CHARM PDF AS OME:

〈p|c̄γµ1Dµ2 . . . Dµnc|p〉 = Anc p
µ1 . . . pµn − traces

Anc =

∫ 1

0

dxxn−1c(x)

• DO NOT FACTOR CHARM MASS SINGULARITIES INTO OME
• ⇒ CHOOSE nf = 3 SCHEME

• CHARM PDF PURELY INTRINSIC, SCALE-INDEPENDENT

INTRINSIC CHARM IS CHARM IN THE NF = 3 (DECOUPLING) SCHEME



INTRINSIC CHARM

• MHOU ESTIMATED FROM N3LO-NNLO MATCHING DIFFERENCE
– LARGE UNCERTAINTY AT SMALL x
– NEGLIGIBLE UNCERTAINTY IN VALENCE REGION

• COMPATIBLE WITH ZERO AT SMALL x

• CLEAR EVIDENCE FOR INTRINSIC VALENCE PEAK

3FNS
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Intrinsic Charm, O(α2
s) match (PDF+MHOU)



CHARM AT AN3LO
• IMPROVED N3LO MATCHING (Blümlein, Ablinger et al., 2023) ⇒ SOMEWHAT REDUCED

INSTABILITY

• (APPROXIMATE) N3LO PDFS ⇒ “ TRUE” MHOU

• MHOU (THEORY COVMAT FROM SCALE VARIATION) INCLUDED IN N3LO RESULTS
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THE VALENCE CHARM PDF
• INDEPENDENT PARAMETRIZATION FOR “SEA” c+ = c+ c̄ AND

“VALENCE” c− = c− c̄ PDFS

• TOTAL CHARM UNCHANGED
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VALENCE CHARM
c−(x) = c(x)− c̄(x) PULL (3FNS)

• NNLO nf = 4 VALENCE PDF FROM PERTURBATIVE MATCHING VANISHES

• NONVANISHING VALENCE CHARM PDF IN VALENCE REGION ⇒ INTRINSIC CHARM



EPILOGUE
WHAT REMAINS TO BE DONE?



A TO DO LIST
• MACHINE LEARNING: XAI

– HOW DOES THE ML MODEL RESPOND TO DATA INCONSISTENCIES?
– AN ON-THE-FLY OVERLEARNING METRIC?
– NEURAL NETWORKS VS. GAUSSIAN PROCESSES/BAYESIAN INFERENCE?
– CORRELATION BETWEEN DATA FEATURES AND MODEL FEATURES?

• PDFS: PRECISION AND ACCURACY
– AUTOMATIC K-FOLDS

– HYPEROPT BEYOND χ2 LOSS

– FULL QCDXEW THEORY BEYOND K-FACTORS

– 2→ 2 PROCESSES (VBS)



A COMMUNITY EFFORT

EUCAIF

THE AIPHY MSCA NETWORK


