
TMDs: 
Why and What for?

Marc Schlegel 
Institute for Theoretical Physics  

University of Tübingen

New Observables in Quarkonium Production, 
ECT*, Trento / Italy, Feb. 29, 2016



TMD vs. collinear factorization
Collinear factorization in pQCD 

applicable to one-scale processes, e.g. 1-particle inclusive processes  

d�

dx dQ

2



TMD vs. collinear factorization
Collinear factorization in pQCD 

applicable to one-scale processes, e.g. 1-particle inclusive processes  

d�

dx dQ

2

Cross sections at high energies ➙ (hard part) × (soft parts)

hard part ➙ pQCD (NLO, NNLO,...)   ;   soft parts ➙ universal, 1-dim

q(x, µ), �q(x, µ), �q(x, µ)
G(x, µ), �G(x, µ)

collinear parton distributions



TMD vs. collinear factorization
Collinear factorization in pQCD 

applicable to one-scale processes, e.g. 1-particle inclusive processes  

 Transverse Single-Spin Asymmetries → Quark - Gluon Correlations

d�

dx dQ

2

Cross sections at high energies ➙ (hard part) × (soft parts)

hard part ➙ pQCD (NLO, NNLO,...)   ;   soft parts ➙ universal, 1-dim

q(x, µ), �q(x, µ), �q(x, µ)
G(x, µ), �G(x, µ)

collinear parton distributions



Collinear factorization:    2 (or more...)-particle inclusive processes
SIDIS Drell-Yan

two scales: Q qThard scale +          final state transverse momentum



Collinear factorization:    2 (or more...)-particle inclusive processes
SIDIS Drell-Yan

two scales: Q qThard scale +          final state transverse momentum

➙ integrated observables
Z

d

2
qT w(qT )

d�

dx dQ

2
dqT

⌘ hw(qT )i



Collinear factorization:    2 (or more...)-particle inclusive processes
SIDIS Drell-Yan

two scales: Q qThard scale +          final state transverse momentum

➙ integrated observables
Z

d

2
qT w(qT )

d�

dx dQ

2
dqT

⌘ hw(qT )i

qT - dependence:
d�

dqT
(qT ⇠ Q) one scale ➙ collinear factorization ok, 

transverse momentum generated perturbatively in hard part



Collinear factorization:    2 (or more...)-particle inclusive processes
SIDIS Drell-Yan

two scales: Q qThard scale +          final state transverse momentum

➙ integrated observables
Z

d

2
qT w(qT )

d�

dx dQ

2
dqT

⌘ hw(qT )i

qT - dependence:
d�

dqT
(qT ⇠ Q) one scale ➙ collinear factorization ok, 

transverse momentum generated perturbatively in hard part

d�

dqT
(⇤QCD ⌧ qT ⌧ Q) large logs in the hard part (gluon radiation)

➙ CSS-resummation ➙ coll. fact. still applicable
log

n
(qT /Q)



Collinear factorization:    2 (or more...)-particle inclusive processes
SIDIS Drell-Yan

two scales: Q qThard scale +          final state transverse momentum

➙ integrated observables
Z

d

2
qT w(qT )

d�

dx dQ

2
dqT

⌘ hw(qT )i

qT - dependence:
d�

dqT
(qT ⇠ Q) one scale ➙ collinear factorization ok, 

transverse momentum generated perturbatively in hard part

d�

dqT
(⇤QCD ⌧ qT ⌧ Q) large logs in the hard part (gluon radiation)

➙ CSS-resummation ➙ coll. fact. still applicable
log

n
(qT /Q)

d�

dqT
(⇤QCD ⇠ qT ⌧ Q)  ➙ Transverse momentum dependent (TMD) factorization!



Idea of TMDs:  
transverse momentum qT from “intrinsic” transverse parton 

momentum kT 
➙ different kind of factorization 

➙ additional degree of freedom of partonic motion 
➙ study different aspects of hadron spin structure (e.g. 3-d 

momentum structure, spin-orbit correlations, etc.)  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All-order factorization theorem for, e.g., Drell-Yan

proven for SIDIS + pp - collisions with color singlet final states 
                   [Collins; Ji, Ma, Yuan; Qiu; Rogers, Mulders; see talk by Qiu] 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Initial State Interactions: Drell-Yan Final State Interactions: SIDIS

PT - Transformation on the quark correlator     →     ISI   ⇔    FSI
→ sign switch of Sivers and Boer-Mulder function    “T-odd”

Physics of the Wilson line

→ important theoretical prediction to test TMD factorization



First TMD moments vs. collinear Twist-3
[Kanazawa, Koike, Metz, Pitonyak, MS, arXiv:1512.07233, PRD (accepted)]

QCD Equation of Motion + Lorentz-invariance relations:

WW - term
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First TMD moments vs. collinear Twist-3
[Kanazawa, Koike, Metz, Pitonyak, MS, arXiv:1512.07233, PRD (accepted)]

Soft Gluon Poles:

QCD Equation of Motion + Lorentz-invariance relations:

WW - term

also for h1L
⊥(1), FF…



Evolution equations for ξ (Collins-Soper evolution)

Exact TMD definition beyond tree-level:  
1) Wilson lines are off the light cone  
    ➙ ξ regulates light cone divergences  
    ➙ “unsubtracted “ TMD 
2) “Soft factors” implemented  

[Aybat, Rogers; Collins’ “Foundations of pQCD”; Ji, Ma, Yuan; Echevarria, Idilbi, Schimemi]
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[Aybat, Rogers, Qiu, Collins]

Solution of evolution equation
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Transverse Momentum Dependence



Nucleon Structure at the LHC
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h1⊥g consequence of transverse momentum kT
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Gluon - Gluon Cross Section [see talks by Pisano, Boer, …] 
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Diphoton channel at the LHC:  
[Qiu, MS, Vogelsang, PRL 2011]

U(J/y)+g channel at the LHC:  
[den Dunnen, Lansberg, Pisano, MS, PRL 2014]
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Diphoton channel at the LHC:  
[Qiu, MS, Vogelsang, PRL 2011]

U(J/y)+g channel at the LHC:  
[den Dunnen, Lansberg, Pisano, MS, PRL 2014]

+ +

Higgs production at the LHC: 
[Boer, den Dunnen, Pisano, MS, Vogelsang, PRL 2012, 2013]

Spin & Parity of Higgs resonance
from linear gluon polarization 

in the gg - channel!

Gluon - Gluon Cross Section [see talks by Pisano, Boer, …] 
d�gg

d4q d⌦

��
qT⌧Q

=

ˆF1 [fg
1 ⌦ fg

1 ] +

ˆF2 [h?g
1 ⌦ h?g

1 ] + cos(2�)

ˆF3 [h?g
1 ⌦ fg

1 + fg
1 ⌦ h?g

1 ] + cos(4�)

ˆF4 [h?g
1 ⌦ h?g

1 ]



Summary
TMD factorization ⟺  

small final state transverse momentum
Sivers sign switch: new Drell-Yan data!

Moments of TMDs: Relation to 
Twist-3 quark-gluon correlation functions
TMD evolution: Progress on Theory side

Linear Gluon polarization:  
potential new tool in high energy physics 
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“Color Entanglement”
TMD factorization problematic in pp - collisions with a colored final state! 

[Collins, Qiu; Rogers, Mulders]

Example: dijet production pp ➝ jet + jet + X

Initial State Interaction: 
not problematic

Final State Interactions  
from both nucleons are  

“entangled” in color space 
➙ cannot define Wilson lines 
➙ TMD factorization invalid 

TMD factorization in pp - collisions only for color singlet final states: 
p + p ⟶ leptons, isolated photons, isolated Quarkonia in a color singlet state


