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The Pion as bound state QCD

• Pion plays a central/“outsized” role in hadron physics 
• As a nearly massless   bound state Goldstone boson  

★  Chiral symmetry is explicitly broken by small current quark masses

q̄q

Pion pole condition from Bethe-Salpeter Gell Mann Reiner Oaks Relation

★ Mass without mass” bulk of pion  mass due to quantum fluctuations of  pairs, gluons,  & energy associated with quarks  
moving at close to speed of light

q̄q



Understanding how these contrasting 
manifestations of the  same  bound state 
arise dynamically  at different energy scales 
from first principles  remains a major 
challenge in QCD

q̄q

• Also @ high energies  pion reveals  unique spectrum of momentum distributions,    
See talk of P.C. Barry Monday:  DY & LN process as predicted from  Collinear Factorization  

fi/π(x, μ)

The Pion   recent progress

1) 
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Barry, Sato, Melnitchouk, C.R. Ji,  PRL 2018



   

Barry et al Phys.Rev.D 103 (2021), also included transverse momentum dependent Drell-Yan 
data in a global QCD analysis for the first time. These data were able to be described well by 
our O(αs) framework, and new pion PDFs were extracted. The inclusion of the pT-dependent 
data helped in reduce the uncertainties of the gluon distribution at large x 

Extended  fit to  include “large”    Drell Yan datapT



dσDY

dQ2dydpT

FLN
2 (xB, Q2, xL) = 2fπN(x̄L)Fπ

2 (xπ, Q2)

Fπ
2 (xπ, Q2) = ∑

i
∫ dξHDIS

i (ξ, μ2, Q2) fi/π(xπ /ξ, μ2)
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2) 

3) pT ≲ Q
Collinear Factorization CSS NPB 1985

Extended  fit to  include “large”    Drell Yan datapT

Cao Barry, Sato, Melnitchouk, arXiv:2103.02159 
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Cao Barry, Sato, Melnitchouk, arXiv:2103.02159 

New Monte Carlo QCD analysis of pion parton distribution functions, including,  
for the first time, large transverse momentum dependent pion-nucleus Drell-Yan cross sections  
together with  -integrated Drell-Yan & leading neutron electroproduction data from HERA. PT

JAM20 Pion PDFs 

3) 

Pion valence quark, sea quark, and gluon (scaled by a 
factor of 1/10) PDFs extracted from the JAM Monte Carlo 
analysis of DY (pT-integrated and pT-dependent) and 
leading neutron data at a scale of μ2 = 10 GeV2



Extended  fit to  include “large”    Drell Yan datapT
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Cao Barry, Sato, Melnitchouk, Phys.Rev.D 103 (2021)
New Monte Carlo QCD analysis of pion parton distribution functions, including,  
for the first time, large transverse momentum dependent pion-nucleus Drell-Yan cross sections  
together with  -integrated Drell-Yan & leading neutron electroproduction data from HERA. PT

JAM20 Pion PDFs 

3) 



To describe the transverse momentum “region”  is the regime of TMDs of the pion 

That require fitting  “region”   differential pion-induced Drell-Yan cross section

pT ∼ kT ≪ Q
pT ∼ kT ≪ Q

“More granular”                               access to the  Pion TMDspT ∼ kT ≪ Q

• F. Ceccopieri, A.  Courtoy , S.  Noguera, S. Scopetta, EJP 2018  CSS Evolution w/ NJL  
• Vladimirov  JHEP 2019  Pion-induced DY processes within TMD factorization

TMD Factorization
✦Collins Soper Sterman NPB 1985
✦Ji Ma Yuan PRD PLB …2004, 2005
✦Aybat Rogers PRD 2011
✦Collins 2011 Cambridge Press
✦Echevarria, Idilbi, Scimemi JHEP 2012
✦… many more refs

TMD Factorization

Some earlier work on pion-hadron DY



=

=

=
 = =

 =

 =

 =Sivers

Boer-Mulders

Helicity

Transversity

Leading Power  TMDPDFs

Quark Polarization

N
uc

le
on

 P
ol

ar
iz

at
io

n

Un-Polarized
(U)

Longitudinally Polarized
(L)

Transversely Polarized
(T)

Nucleon Spin Quark Spin

—

—

—

—

—

—

—

U

L

T

f1

f⊥
1T g1T

⊥

g1L

h⊥
1

h⊥
1L

h1

h⊥
1T

Pretzelosity
Worm-gear

Unpolarized

The Pion TMDs & Factorization

kT

sT
qT ∼ kT ≪ QTMD Factorization

✦Mulders Tangerman 
NPB 1995

✦Boer Mulders PRD 
1997

4W) !!!  

TMD Factorization
✦Collins Soper Sterman NPB 1985
✦Ji Ma Yuan PRD PLB …2004, 2005
✦Aybat Rogers PRD 2011
✦Collins 2011 Cambridge Press
✦Echevarria, Idilbi, Scimemi JHEP 2012,

Factorization carried out Fourier  space FT  TMDs  
Real QCD  need QFT definitions of TMDs LC & UV divergences   
TMD Evolution depends on rapidity      and RGE scales 

bT

ζ μ

f̃(x, bT; ζ, μ)



•TMDs depend on two scales  and   resulting from 
need to regulate light cone & UV divergences 

•  In full QCD, the  and  dependence of TMDs reflected     
in solution to the   

✴Collins-Soper   
✴RG equations

ζ μ

ζ μ

TMD factorization—Renormalization and Evolution



!
! D. Pitonyak 
!
! D. Pitonyak 

f̃1(x, bT ; Q2, µQ) ⇠
⇣
C̃f1(x/x̂, b⇤(bT );µ2

b⇤ , µb⇤ , ↵s(µb⇤))⌦ f1(x̂; µb⇤)
⌘

⇥ exp
h
�Spert(b⇤(bT ); µb⇤ , Q, µQ)� Sf1

NP (bT , Q)
i

“Original'CSS”' (Collins, Soper, Sterman (1985); Ji, Ma, Yuan (2005); Collins (2011); ...) 

“bBspace”!correlator!

�̃[�+](x,~bT ;Q2, µQ) = f̃1(x, bT ; Q2, µQ)� iM✏ijbi
T Sj

T


�

1
M2

1
bT

@

@bT
f̃?
1T (x, bT ; Q2, µQ)

�

Boer, Gamberg, Musch, Prokudin (2011) 

f̃?(1)
1T (x, bT ; Q2, µQ) ⇠

⇣
C̃f?1T(x̂1, x̂2, b⇤(bT );µ2

b⇤ , µb⇤ , ↵s(µb⇤))⌦ FF T (x̂1, x̂2; µb⇤)
⌘

⇥ exp
h
�Spert(b⇤(bT );µb⇤ , Q, µQ)� S

f?1T
NP (bT , Q)

i

Aybat, Collins, Qiu, Rogers (2012); Echevarria, Idilbi, Kang, Vitev (2014); ...  

Collins (2011); ...  

⌘ f̃?(1)
1T (x, bT ; Q2, µQ)

Collins Soper Eq.

RGE for C.S. kernel 

RGE for TMD

Solve simultaneously  and get evolved renormalized TMD   

Renormalization and Evolution-                   TMD{ζ, μ}

→ ζ = Q2 , μ = μQ ∼ Q

 

 

 



Note:! ! ! ! ! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!problema<c!large!logarithms!in!Spert#!!

!
! D. Pitonyak 
!
! D. Pitonyak 

perturba<ve!Sudakov!factor!!

different!for!!!
each!TMD!

universal!

nonBperturba<ve!Sudakov!factor!

same!for!unpol.!and!pol.!

gf1(x, bT ) + gK(bT ) ln(Q/Q0)

f̃1(x, bT ; Q2, µQ) ⇠
⇣
C̃f1(x/x̂, b⇤(bT );µ2

b⇤ , µb⇤ , ↵s(µb⇤))⌦ f1(x̂; µb⇤)
⌘

⇥ exp
h
�Spert(b⇤(bT ); µb⇤ , Q, µQ)� Sf1

NP (bT , Q)
i

“Original'CSS”'

� ln(Q/µb⇤)K̃(b⇤, µb⇤)�
Z µQ

µb⇤

dµ0

µ0 [�(↵s(µ0); 1)� �K(↵s(µ0)) ln(Q/µ0)]

(Collins, Soper, Sterman (1985); Ji, Ma, Yuan (2005); Collins (2011); ...) 

b⇤(bT ) ⌘

s
b2
T

1 + b2
T /b2

max

µb⇤ = C1/b⇤(bT )

b⇤(0) = 0 and (µb⇤)b⇤!0 = 1
(Bozzi, Catani, de Florian, Grazzini (2006); Collins, Gamberg, Prokudin, Rogers, Sato, Wang (2016)) 

Parsi Petronzio NPB 1979,  Altarelli et al. NPB 1984 CSS NPB250, Bozzi Catani, de Florian Grazzini NPB 2006

CSS evolution F.T.-TMD B.C. OPE  &   prescript. b*

Solution w/ evolution



W − term

Aybat Rogers 2011 & Collins 2011 

• Perturbative content calculated from first principles of QFT 
• Non-perturbative content (as for collinear case) to be fit to data



• Perturbative content calculated from first principles of QFT 
• Non-perturbative content (as for collinear case) to be fit

Aidala, Field, Gamberg, Rogers PRD 2014 “Large  “bT

Collins Rogers PRD 2015 “Large  “bT

Vladimirov JHEP 2019 “Large  “bT

 

 

 

Non-perturbative Universal content



Aybat Rogers 2011

• Perturbative content calculated from first principles of QFT 
• Non-perturbative content (as for collinear case) to be fit

Vladimirov JHEP 2019 

 

 Qiu & Zhang PRL 2001

Non-perturbative “intrinsic”  content

 
Bessel parametrization  has 
large exponential behavior 
in  bT 



  E615  DY Data 
( E537 also) 
also need proton data 
E288 
E605 
E772 

Fixed Target Data only!

Y = F0 − AY



2) Open TMD & collinear params to all pion data 
Preliminary  Vladimirov’s NP content

1) We have fit the NP parameters will show in simultaneous fit



2) Open TMD & collinear params to all pion data 
Preliminary 



2) Open TMD & collinear params to all pion data 
Preliminary 

nb. fixed target DY experiments, the expected constraints will be on the collinear valence distribution.
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Open TMD & collinear params to all pion data



• 3-D imagining / TMDs using Drell Yan 
★   Entails the study of TMD  factorization & Matching in Drell Yan  

 - Collins Soper Sterman NPB 1985σ(pT) ∼ W(pT) + Y(pT)

Next step(!) Toward 3-D  Pion structure 

• Goal to use    ( ) data over full range & 
• simultaneous fit of pion pdfs & TMDs 

• Cross section  different “regions”-“two scales”  

•    valid for   TMD factorization
•  valid for     Collinear factorization

pT qT

W ΛQCD ∼ pT ≪ Q
FO ΛQCD ≪ pT ∼ Q



Beyond the   term   MATCHING    in CSSW pT

•  Cross section in terms of different “regions”  
•    valid for   TMD factorization
•  valid for     Collinear factorization
•  subtracts d.c. & in principle 
•   and   

W qT ∼ kT ≪ Q
FO kT ≪ pT ∼ Q
ASY
ASY → W, pT → ∞ ASY → FO, pT → 0 Drill down ⟶

✦ Collins, Gamberg,  Prokudin, Sato, Rogers, Wang PRD 2016 - improved matching

  E615  DY Data

✦Collins Soper Sterman NPB 1985
✦Collins 2011 Cambridge Press



  Key Elements 
• Normalization control Thru  term 

•  , while   preserved 

• FO from  Barry et al.    @  

W
SNP Spert

fi/π(x, μ) μ = pT /2

A first glimpse  matching W + Y

  E615  DY Data



A first glimpse   of  matching   Hard scale W + Y μ ∼ pT

Hard scale μ ∼ C pT , C ∼ 1



A first glimpse   of  matching   Hard scale W + Y μ ∼ pT



Summary 
• We’ve used pdfs extracted from JAM 20 to describe the full    cross section for DY 
• First simultaneous fit of pion collinear PDFs & TMDs 

• Generally diagnosed challenges of matching   
★Entails the study of factorization & Matching  

★ Perform simultaneous fit of  pion (and nucleon/nuclear) pdfs from  

pT

σ(pT) ∼ W(pT) + Y(pT)

dσDY

dQ2dydpT

1) 

2) 

3) 

4 (W+Y) ) 



Extras



First Studies   
Vladimirov  JHEP 2019  

Pion-induced DY processes within TMD factorization

  E615  DY Data

Pion TMDPDF for d-quark in b-space. (Right) Pion TMDPDF for d-quark in kT -space.  
The bands are the 1σ uncertainty band related to the data error-bands and calculated by the replica method. 

W − term only

Normalization issue still  “open”  
also  w/ Bacchetta et al. 



 JHEP 2019  Vladimirov 
Pion-induced DY processes within TMD factorization 

Pion TMDPDF for d-quark in b-space. (Right) Pion TMDPDF for d-quark in kT -space.  
The bands are the 1σ uncertainty band related to the data error-bands and calculated by the replica method. 

Extracted from E615  DY Data

Bethe-Salpeter LC Wave Function methods for TMDs 

COMMENTS 
Alot of engineering in the non perturbative TMD parametrization 
and modeling   on normalization 

Vladimirov JHEP 2019 
Bacchetta et al. 2019 Pavia 19 (DY  TMD analysis) 
Scimemi & Vladimirov JHEP 2020 (DY + SIDIS TMD analysis) 
….  
We diagnose W+FO  @ Leading order simple NP   

χ2



Recent work  DY calculations FO
The  predicted cross sections fall significantly short of the available data even at the highest accessible values of qT


