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Outline
Motivation(s) for studying pion PDF structure

Consistent description requires simultaneously fitting pion PDFs
to Drell-Yan and leading neutron electroproduction data

Global QCD analysis with threshold resummation

map out pion structure from low x to high x

consequences for high-x pion PDFs

Extend analysis to incorporate transverse momentum

pion TMDs (“3-d structure”)

constraints on gluon & sea quark PDFs at low x

sensitivity to gluon PDF at high x

supports ~ (1-x) behavior at large x
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Sea of the proton
From text-books:  perturbative QCD expected to generate
symmetric      sea via gluon radiation into      pairsqq̄ qq̄

(Almost) from text-books:  Thomas suggested that chiral symmetry
of QCD (“low energy”) should have consequences for antiquark PDFs
in the nucleon (“high energy”)
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ød > øu

since u and d quarks nearly degenerate,
expect flavor-symmetric light-quark sea

ød ! øu Ross, Sachrajda (1979)

Thomas (1984)
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First clear experimental support for           came from measurement
of Gottfried sum observed by NMC
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violation of  “Gottfried sum rule”

Sullivan process — DIS from pion cloud of the nucleon

Sea of the proton
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( ød ! øu)(x) =
! 1

x

dy
y

f ! + n (y) øq!
v (x/y )

                    splitting function (“flux factor”),p ! ! + n
computed from chiral effective theory 

y
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d, p

x dependence of           asymmetry established in Fermilab
E866 pp/pd  Drell-Yan experiment
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Sea of the proton
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data can be well described
within chiral EFT / pion cloud 
framework
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need to know pion PDF!
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PDFs in the pion — Drell-Yan

most information has come from pion-tungsten
Drell-Yan data (CERN, Fermilab)

PDFs in the pion difficult to study experimentally

!

A
constrains valence PDFs at          x � 0

… but pion sea quark &  gluon PDFs at small x unconstrained
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Conway et al. [E615] (1989)

x!
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first simultaneous fit performed by JAM Collaboration…

xL ! 1 " y

ZEUS &  H1 collaborations at HERA measured spectra of neutrons
produced at very forward angles, ✓n < 0.8 mrad

can data be described within Sullivan process?
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PDFs in the pion — leading neutrons

xL
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JAM global QCD analysis
Theoretical framework 
Ñ collinear factorization (NLO)

Ñ iterative Monte Carlo
Ñ Bayesian sampling of parameter space

sampler priors

Þt

Þt

Þt

posteriors

f (x) = N x! (1 ! x)" P (x)

Traditional functional form for PDFs

polynomial, neural net, …

iterate until convergence
(posteriors = priors)

E[O] =
!

dn a P(!a|data) O(!a) V [O] =
!

dn a P(!a|data)
"
O(!a) ! E [O]

#2

“Bayesian master formulas” for expectation values and variances for
 with parameters  

O
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expect more non-pionic contributions at larger y

Impact of leading neutrons
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Combined fit to HERA LN and Drell-Yan data
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øxL = 1 ! xL

<latexit sha1_base64="bkA7WZF6AsOVMjpujLkaSnhdaA0=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBjSWRim6EghsXXVSwD2hDmEwn7dDJg5mJNIT6K25cKOLWD3Hn3zhts9DWAxcO59zLvfd4MWdSWda3UVhb39jcKm6Xdnb39g/Mw6O2jBJBaItEPBJdD0vKWUhbiilOu7GgOPA47Xjj25nfeaRCsih8UGlMnQAPQ+YzgpWWXLPc97DIJlO3gW6Qjc7RxG24ZsWqWnOgVWLnpAI5mq751R9EJAloqAjHUvZsK1ZOhoVihNNpqZ9IGmMyxkPa0zTEAZVONj9+ik61MkB+JHSFCs3V3xMZDqRMA093BliN5LI3E//zeonyr52MhXGiaEgWi/yEIxWhWRJowAQliqeaYCKYvhWRERaYKJ1XSYdgL7+8StoXVbtWvbyvVeq1PI4iHMMJnIENV1CHO2hCCwik8Ayv8GY8GS/Gu/GxaC0Y+UwZ/sD4/AFzBpNN</latexit>

= y

<latexit sha1_base64="lLsTyNu90AQhnq7AT1TTnBTYjdY=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkRS9CwYvHCvYD2lA22027dHcTdjdCCP0LXjwo4tU/5M1/46bNQVsfDDzem2FmXhBzpo3rfjuljc2t7Z3ybmVv/+DwqHp80tVRogjtkIhHqh9gTTmTtGOY4bQfK4pFwGkvmN3lfu+JKs0i+WjSmPoCTyQLGcEml9AtSkfVmlt3F0DrxCtIDQq0R9Wv4TgiiaDSEI61HnhubPwMK8MIp/PKMNE0xmSGJ3RgqcSCaj9b3DpHF1YZozBStqRBC/X3RIaF1qkIbKfAZqpXvVz8zxskJrzxMybjxFBJlovChCMTofxxNGaKEsNTSzBRzN6KyBQrTIyNp2JD8FZfXifdq7rXqDcfGrVWo4ijDGdwDpfgwTW04B7a0AECU3iGV3hzhPPivDsfy9aSU8ycwh84nz8TXY2S</latexit>

11



101 102 103

Q2 (GeV2)

0

0.2

0.4

0.6

!x
!
"

sea

glue

valence
GRS

SMRS

0 0.1 0.2 0.3 0.4 0.5 0.6 !x! "

0.1

0.2

0.3

0.4

no
rm

al
iz

ed
yi

el
d

sea

DY

DY + LN

glue

DY

DY + LN

valence

DY

DY + LN

larger gluon fraction in the pion
than without LN constraint

MC analysis combining pQCD with chiral EFT to fit       Drell-Yan
+ leading neutron electroproduction data from HERA

! N

0.001 0.01 0.1 1x!

0.1

0.2

0.3

0.4

0.5

0.6

x !
f

(x
!
) DY

DY +LN

DY DY +LN

DY
DY +LN

valence
sea
glue
model dep .

Barry, Sato, WM, C.-R. Ji
PRL 121, 152001 (2018)

12

Impact of leading neutrons

significant reduction of glue and sea quark PDF uncertainties



Transverse momentum dependence

2

FIG. 1. Lowest order interaction for the Drell-Yan process,
consisting of a quark and antiquark annihilating into a lep-
tonic pair through intermediate photon production.

However, these Óleading orderÓ interactions are rela-
tively insensitive to the gluon, since processes directly
including a gluon only appear starting from order ! s in-
teractions. This is essentially when the presence of some
transverse momentum of the produced photon necessi-
tates the recoiling of a gluon. These interactions include
three speciÞc channels: theqq channel, the qg channel,
and the gq channel as shown in Figure 2 [4].

Clearly, the order ! 0
s process is only dominant or rel-

evant when pT ! 0 (in the CM frame), so the probing
of higher order interactions occurs in the analysis ofpT

dependent data. For these data, the order! s processes
become the leading order contribution to the cross sec-
tion at high pT . Thus, there is a potential for greater
sensitivity toward and further constraining of the gluon
PDF at large x values by including pT dependent data in
the experimental analysis of the Drell Yan process.

This work attempts to Þt pT -dependent cross sec-
tion data from the Drell-Yan process to extract a fur-
ther constrained image of the gluon PDF. Taking pT

dependent cross section measurements from experiment
E615 (pion collisions with tungsten atoms), we Þtted the
data through combining both pT independent and de-
pendent gluon PDFs for comparison with valence and
sea quark PDFs. Such further constraining of the gluon
PDF can lead to improved imaging of the gluon PDF in
the pion across all momentum fractions as well as provide
a greater understanding of the full pT spectrum and the
general structure of hadrons.

METHODS AND THEORY

The Complete Drell-Yan Cross Section

The complete Drell-Yan cross section can be written
generally as a sum of four terms [2]:

FIG. 2. Higher order Feynman diagrams for Drell-Yan that
include the recoiling of a gluon. There are three channels that
constitute such an interaction: qq (top), qg (middle), and gq
(bottom).

d"
dQ2dydp2

T
= W + F O " ASY + O(

m2

Q2 )

(1)

The W term dominates at low x values, and is deter-
mined by the behavior of transverse momentum distri-
butions (TMDs). The Þxed order (FO) term dominates
at high x values, where perturbative QCD and collinear
factorization are theoretically thought to hold. Finally,
the asymptotic term is a general function meant to ap-
proach the FO term at low x and the W term at high x,
thus allowing for the dominance of the relevant terms to
be expressed properly mathematically. The last term is
an error term. [2]

Given that this analysis focuses on highpT values, it
is expected that only the Þxed term will be needed to

large-     photon requires hard gluon
to recoil against, offering sensitivity
to gluon PDF in pion at high x

13

E615 also collected data differential in transverse momentum…
— never before included in global QCD analysis

pT
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first time that one has been able to describe      spectra
(                      )  spectra in terms of collinear PDFs

pT
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1 ! z1 1 ! z2 1 ! z3 1 ! zn

1 z1 z1z2 z1z2z3 z1z2 á á ázn

effect of resummation on phenomenology?

x     1 behavior of pion PDF is controversial:                 or ! (1 " x) (1 ! x)2 ?

Aicher, Schafer, Vogelsang (2010)

Hard scattering coefficient function kinematically enhanced
when z     1 because of (soft) gluon emissions

with resummation: more consistent with ~ (1 ! x)2

no resummation:  more consistent with ~  (1 ! x)

Pion PDFs with threshold resummation

        Patrick Barry
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Pion PDFs with threshold resummation
Two ways to construct Mellin moments of differential cross section

Mellin-Fourier

double Mellin

Mukherjee, Vogelsang (2006)
Bolzoni (2006)
Bonvini, Forte, RidolÞ (2011)

Westmark, Owens (2017)
Lustermans, Michel, Tackmann (2019)

x0
! ,A =

!
! e± Y
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For MF method, Fourier transform of threshold log 
gives factor

!
! öY ! 1

2 log(x! /x A )
"
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Òexpansion methodÓ

keep cosine factor Òcosine methodÓ

used in Aicher, Schafer, Vogelsang (2010) analysis

öY = Y ! 1
2 log(x! /x A )
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good fits to data for 
most resummation 
methods (slightly worse
for “cosine” method) 

valence quarks give ~ 5% momentum fractions to gluons
after resummation (for all methods)
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double Mellin method
similar to fixed-order NLO

21

Barry, Ji, Sato, WM
PRL (2021)
arXiv:2108.05822



Outlook

JAM global QCD analysis allows simultaneous description of Drell-Yan 
( p  integrated and differential) and leading neutron electroproduction data
in terms of universal set of pion PDFs

map out pion structure from low x to high x

Successful extension to incorporate transverse momentum

extraction of pion TMDs

Framework easily extended to kaon structure, when data available

T

more precise data needed to constrain gluon PDF at high x

Global QCD analysis with threshold resummation

suggests ~ (1-x) behavior at large x


