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GUIDO AND αs



LHC: THE FIRST
PRECISION HADRON COLLIDER!

ATLAS 2024



αs AND THE PRECISION FRONTIER
HIGGS IN GLUON FUSION: UNCERTAINTIES

G. Heinrich

UNCERTAINTY ON αs ∼ 1% ⇒ ∼ 3% ON CROSS SECTION

LO∝ α2
s; NLO≈LO≈2NNLO



DO WE KNOW THE αs UNCERTAINTY?
THE PDG VALUE OVER TIME



DO WE KNOW THE αs UNCERTAINTY?
THE PDG VALUE OVER TIME

• RESULT DEPENDS ON WHO PERFORMS THE ANALYSIS

• UNCERTAINTY INCREASES WITH NEW DATA



αs IN THE PDG NOW

• AVERAGE OF SUB-AVERAGES

• CATEGORIZATION ARBITRARY

• MIXED BAG OF RELIABILITIES



αs FROM DIS & HADRONIC PROCESSES

θ ⇔ PDF

• MINIMUM DETERMINED ALONG THE “BEST PDF” LINE ⇒ σold

UNDERESTIMATE αs UNCERTAINTY

• NEED SIMULTANEOUS MINIMZATION IN (PDF, αs) SPACE



SIMULTANEOUS PDF-αs DETERMINATION

σ =
∑

ij σ̂ij(αs) ⊗ f
(1)
i (θ) ⊗ f

(2)
j (θ)

• CANNOT RELY ON SIMPLE PDF MODELS ⇒ ML APPROACH

• PDF PARAMETERS θ ENTER ML MODEL OF PDFS f
(a)
i (θ)

• αs ENTERS THEORY PREDICTION σ̂ij(αs)

SOLUTIONS
• ✗ THEORY INTERPOLATION ⇒ SIMUNET (S. Iranipour and M. Ubiali, 2022)

• ✔ FREQUENTIST MC RESAMPLING ⇒ CORRELATED REPLICA METHOD
(NNPDF, 2018)

• ✔ BAYESIAN POSTERIOR PARM. ESTIMATION ⇒ THEORY COVARIANCE
MATRIX METHOD (R. D Ball and R. Pearson, 2021)



THE CORRELATED REPLICA METHOD
NNPDF3.1 (2018)

• DETERMINE BEST-FIT PDF REPLICA TO EACH DATA REPLICA FOR SEVERAL
(DISCRETE) αs VALUES

• EACH DATA-REPLICA ⇒ χ2 PROFILE ⇒ αs VALUE

• MC SAMPLE OF αs REPLICAS

ENSEMBLE OF αs VALUES
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THE CORRELATED REPLICA METHOD
NNPDF3.1 (2018)

• DETERMINE BEST-FIT PDF REPLICA TO EACH DATA REPLICA FOR SEVERAL
(DISCRETE) αs VALUES

• EACH DATA-REPLICA ⇒ χ2 PROFILE ⇒ αs VALUE

• MC SAMPLE OF αs REPLICAS

ENSEMBLE OF αs VALUES
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THE THEORY COVARIANCE METHOD

CORRELATED UNCERTAINTY COVMAT S ⇔ NUISANCE PARAMETER λ ON PREDICTION T
Sij = βiβj T → T + λβ

• PROBABILITY OF PREDICTION T GIVEN DATA & λ
P (T |D,λ) ∝ exp

[
− 1

2
(T + λβ −D)TC−1 (T + λβ −D)

]
• UNCERTAINTY ON NUISANCE PARM P (λ) ∝ exp

(
−λ2

2

)
• PROBABILITY OF PREDICTION T GIVEN DATA

P (T |D) ∝ exp
[
− 1

2
(T −D)T (C + S)−1 (T −D)

]
• POSTERIOR DISTRIBUTION OF λ!: P (λ|T,D) ∝ exp

(
− 1

2
Z−1

(
λ− λ̄(T,D)

)2),

WITH λ̄(T,D) = βT (C + S)−1(D − T ), Z = 1− βT (C + S)−1β

IDEA
TREAT αs − α0

s AS NUISANCE PARAMETER WITH PRIOR P (αs)
CENTERED ABOUT PRIOR α0

s



VALIDATION:
CLOSURE TESTS

• ASSUME “TRUE” UNDERLYING PDF & αs VALUE

• GENERATE DATA DISTRIBUTED ACCORDING TO EXPERIMENTAL COVARIANCE MATRIX

• RUN WHOLE METOHDOLOGY ON THESE DATA

• DO STATISTICS ON “RUNS OF THE UNIVERSE”:
TURNING BAYESIAN INTO FREQUENTIST

– BIAS/VARIANCE: MEAN SQUARE DEVIATION WR TO TRUTH VS UNCERTAINTY

Rbv =

√
1

Nr

∑Nr
j=1

(
α
(j)
s − ¯αtrue

s

σ
(j)
α

)2

– ONE-SIGMA QUANTILE ξ1σ: IS TRUTH WITHIN ONE SIGMA 68% OF TIMES?



CLOSURE TEST RUNS

• CRM (FREQ.) 250 MC REPLICAS × 12 VALUES 0.114 ≤ αs ≤ 0.123;

25 RUNS OF THE UNIVERSE

• TCM (BAYS.) 550 MC REPLICAS; 100 RUNS OF THE UNIVERSE

Nr RUNS ⇒ DETERMINE ⟨αs⟩, UNCERTAINTY σα√
Nr

; PULL P =
⟨αs⟩−αtrue

s

σα/
√
Nr
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CLOSURE TEST RESULTS
INPUT αs = 0.118

TCM 100 RUNS
⟨αs⟩ = 0.117984; ⟨σα⟩/

√
Nr = 0.000041

P = 0.39 Rbv = 0.71± 0.05

0 20 40 60 80 100

Run ID

0.1170

0.1175

0.1180

0.1185

0.1190

α
s
(m

Z
)

TCM without positivity

−2 −1 0 1 2

(αs − ᾱs)/σαs
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CRM 25 RUNS
⟨αs⟩ = 0.118029; ⟨σα⟩/

√
Nr = 0.000077

P = 0.38 Rbv = 0.80± 0.09
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• BAYESIAN (TCM) AND FREQUENTIST (CRM) IN PERFECT AGREEMENT

• VALIDATION OF THEORY UNCERTAINTIES



FINAL RESULTS
REAL WORLD

αs(Mz) = 0.1194± 0.0007

(NNPDF, 2025)

• MHOU ON PDF EXTRACTION NEEDED FOR PERTURBATIVE CONSISTENCY

• PHOTON PDF ⇒ IMPACT AT ∼ 0.5% LEVEL

• NAIVE EXTRACTION ALONG BEST-FIT PDF LINE:

αs(Mz) = 0.1193± 0.0005

UNCERTAINTY UNDERESTIMATED



THE NEED TO DETERMINE PDFS
αs FROM INDIVIDUAL PROCESSES DO NOT AVERAGE TO THE GLOBAL FIT: WHY?

αs FROM PROFILING OF DATASETS IN GLOBAL FIT
REAL DATA
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• TOP DATA PARTIAL: αtt̄
s (mZ) = 0.1207±

0.0012

• GLOBAL αglobal
s (mZ) = 0.1183± 0.0004

• TOP DATA WEIGHTED αtt̄
s (mZ) =

0.1201± 0.0012
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Best fit line
2
g min
2
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Restricted best fit
Infinite weight minimum

SF, Kassabov, 2020



MULTIPLICATIVE UNCERTAINTIES
A KNOWN PROBLEM

• COLLIDER DATA: MULTIPLICATIVE UNCERTAINTIES IN COVARIANCE MATRIX

• EXPERIMENTAL COVARIANCE MATRIX ⇒ BIASED RESULT (d’Agostini, 1994)

• ITERATIVE PROCEDURE NEEDED COVARIANCE MATRIX COMPUTED FROM PREVIOUS FIT

BIASED (COVARIANCE MATRIX)
ADDITIVE (NMC, FT) MULTIPLICATIVE (HERA, COLL)

CONSISTENT (ITERATIVE)



THE PROBLEM OF MULTIPLICATIVE UNCERTAINTIES
SOLUTION:

• MULTIPLICATIVE UNCERTAINTIES (E.G. LUMI): covij = σL
i σL

j DiDj ; Di DATA

• CANNOT BE USED IN LIKELIHOOD ⇒ BIAS (d’Agostini, 1994)

• SOLUTION (t0): covij = σL
i σL

j t
(0)
i t

(0)
j ; t(0)i THEORY PRED. FROM PREVIOUS

A NEW PROBLEM
• THEORY PREDICTION DEPENDS ON αs

• VARYING t(0)(αs) OR FIXED t(0)?

INPUT αs = 0.118; CRM 25 RUNS
VARYING t(0)(αs)

⟨αs⟩ = 0.119450; ⟨σα⟩/
√
Nr = 0.000077

P = 19 Rbv = 3.8± 0.16

FIXED t(0)

⟨αs⟩ = 0.118152; ⟨σα⟩/
√
Nr = 0.000070

P = 2.2 Rbv = 0.97± 0.11
PREVIOUSLY UNDETECED BECAUSE

• HADRON COLLIDER DATA LESS RELEVANT

• MANY RUNS OF UNIVERSE NOT FEASIBLE



THE PROBLEM OF PDF POSITIVITY
INPUT αs = 0.118; TCM 100 RUNS

POSITIVITY
⟨αs⟩ = 0.118132; ⟨σα⟩/

√
Nr = 0.000039

P = 3.4 Rbv = 0.80± 0.06
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NO POSITIVITY
⟨αs⟩ = 0.117984; ⟨σα⟩/

√
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• POSITIVITY OF OBSERVABLES: PERFECT UNCERTAINTIES; BIASED CENTRAL VALUE

• DETECTED WITH MULTI-RUNS

• POSITIVITY ⇔ NONGAUSSIAN BEHAVIOR

EXTRA UNCERTAINTY ON REAL-WORLD EXTRACTION



CONCLUSION


