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Overview
Nucleon structure and global QCD analysis of PDFs

Nuclear effects in DIS from the deuteron
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d/u PDF ratio at large x

JAM Monte Carlo analysis

Outlook
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QCD factorization:  separation of hard (perturbative, calculable)
from soft (nonperturbative, parametrized) physics
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Parton distributions in the nucleon
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Most information on PDFs obtained from lepton-hadron 
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Parton distributions in the nucleon



nuclear effects in deuteron obscure free-neutron structure 
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Ubiquity of proton      data (SLAC, EMC, NMC, BCDMS, HERA, JLab, …)

provides strong constraints on u-quark PDF over large x range
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Parton distributions in the nucleon
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Nuclear effects in DIS

generalized convolution in “weak binding approximation” (WBA)

nuclear spectral function
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Approximate scattering from weakly-bound nuclei at
in terms of incoherent scattering from bound nucleons

x � 0
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off-shell nucleon structure function

expand to lowest order in nucleon virtuality (p2 �M2)

on-shell structure function
off-shell correction
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Approximate scattering from weakly-bound nuclei at
in terms of incoherent scattering from bound nucleons

x � 0
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Nuclear effects in DIS
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Nuclear effects in DIS
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Nuclear effects in DIS

for deuteron, fp/D(y) = fn/D(y) ⌘ fN/D(y)
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For A = D off-shell part of structure function can be written

where

10

Nuclear effects in DIS

To ensure conservation of valence quark (baryon) number
in the deuteron, off-shell function is normalized
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for               andq = u, d
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N = p, n
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Previous analyses — CJ15
CJ (CTEQ-JLab) Collaboration has performed global QCD studies
focusing in particular on the high-x, low-W region, to better
constrain PDFs at large x
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Previous analyses — CJ15
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off-shell effects are correlated with nuclear wave function,
but best fit is for AV18 model

gives small negative (positive) shift in d/N at low x (high x)

0 0.2 0.4 0.6 0.8 1
x

–0.6

–0.4

–0.2

0

0.2

±f
N

AV18

CD-Bonn

WJC1

WJC2

0

12



testing ground for
nucleon models
in x     1 limit
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Previous analyses — CJ15
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significant reduction of
PDF errors with new
JLab tagged neutron & 
FNAL W-asymmetry data

extrapolated ratio at x = 1
d/u ! 0.09± 0.03

does not match any model…

experiments at JLab
(MARATHON, BONuS, SoLID) will 
determine d/u up to x ~ 0.8-0.85
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Previous analyses — CJ15
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Similar global analysis was performed by Alekhin, Kulagin, Petti 
(AKP17) — similar data sets & cuts (earlier analyses used data on
heavy nuclei), similar nuclear theory…

find qualitatively different behavior for off-shell function,
and EMC ratio shape that resembles ratio for heavy nuclei!
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Previous analyses — AKP17
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Similar global analysis was performed by Alekhin, Kulagin, Petti 
(AKP17) — similar data sets & cuts (earlier analyses used data on
heavy nuclei), similar nuclear theory…
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Previous analyses — AKP17
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Similar global analysis was performed by Alekhin, Kulagin, Petti 
(AKP17) — similar data sets & cuts (earlier analyses used data on
heavy nuclei), similar nuclear theory…
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Previous analyses — AKP17
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… but curiously smaller d/u at 

µ=3 GeV
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Which (if any) is correct?
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Previous analyses — AKP17 vs. CJ15

benchmarking efforts by Accardi & Alekhin/Kulagin…

same functional form for u & d ⇠ (1� x)�

more flexible form d ! d+ a xb u

Accardi et al. (2017)

Both use a lot of data, have a lot of phenomenological 
experience, but rely on single-fit technology, 
which can sometimes be problematic…

… is there a more robust analysis?



JAM — iterative, multi-step Monte Carlo
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f(x) = N x↵(1� x)� P (x)

traditional functional form for distributions

but sample large parameter space
sampler priors

fit

fit

fit

posteriors

robust determination of
PDF uncertainties

iterate until convergence
(posteriors = priors)

polynomial, neural net, …

original data

pseudo
data

training
data

fit

parameters from
minimization steps

validation
data

validation

posterior

as initial
guess

prior

JAM global QCD analysis

N. Sato et al. (2015 – )



Analysis of data requires estimating expectation values E
and variances V  of  “observables”     (functions of PDFs) 
which are functions of parameters 

O

E[O] =

Z
dnaP(~a|data)O(~a)

V [O] =

Z
dnaP(~a|data)

⇥
O(~a)� E[O]

⇤2

P(~a|data) = 1

Z
L(data|~a)⇡(~a)

Using Bayes’ theorem,  probability distribution      given byP

“Bayesian master formulas"

20

in terms of the likelihood function      and priors L ⇡

JAM global QCD analysis



�2(~a) =
X

i

✓
data i � theoryi(~a)

�(data)

◆2

Likelihood function 

L(data|~a) = exp

✓
�1

2
�2(~a)

◆

is a Gaussian form in the data, with      function�2

with priors          and  evidence⇡(~a) Z

Z =

Z
dnaL(data|~a)⇡(~a)

Z tests if e.g. an n-parameter fit is statistically different
from (n+1)-parameter fit
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JAM global QCD analysis



JAM global QCD analysis

multi-step procedure to localize solutions in parameter space

data randomized at each step

Cocuzza et al. (2021)
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JAM global QCD analysis

proton DIS data deuteron DIS data

Cocuzza et al. (2021)
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JAM global QCD analysis

Rs =
s+ s̄

d̄+ ū
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Cocuzza et al. (2021)
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JAM global QCD analysis

impact of LHC data mostly on sea-quark PDFs

Cocuzza et al. (2021)
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JAM global QCD analysis

Monte Carlo analysis tells a different story…

effect very small!

sits between KP and CJ15 at small x (~ 0.1 – 0.3)

more consistent with CJ15 at large x (~ 0.5 – 0.8)
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JAM global QCD analysis

Monte Carlo analysis tells a different story…
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fitted result fairly robust

0

reveals some tension between different data sets
(e.g. SLAC vs. JLab)



JAM global QCD analysis

Fitted deuteron EMC ratio
has small, < 2% deviations
from unity for x < 0.6
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Resulting neutron structure
function is smaller at large x

JAM global QCD analysis

Cocuzza et al. (2021)

Alekhin et al. (2017)
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JAM global QCD analysis

DIS measurements on deuteron (& other light nuclei)
may be more sensitive to nuclear physics than to d/u ratio!

d/u PDF ratio from global fit
to all data is well constrained
up to x ~ 0.8
(mostly by W-asymmetry data)

Cocuzza et al. (2021)



Outlook

Most reliable information on nucleon PDFs requires
Monte Carlo analysis and modern Bayesian analysis tools

Data on A = 3 nuclei may shed light on isospin dependence
of nuclear (including off-shell) effects
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upcoming JAM21 global QCD analysis Cocuzza et al. (2021)

upcoming results from MARATHON experiment


