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TMDs: introduction




Introducing TMDs

Standard collinear PDF
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Tomography in momentum space

Px (GeV)

A.B., F. Conti, M. Radici, PRD78 (08)




Tomography with spin
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TMDs: multidmensional structure
of the nucleon in momentum space
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TMD: tree-level definition
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Gauge link
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Picture with final-state interactions
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Ditterent gauge links
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Gauge links are essential parts
of PDFs and TMD:s.

They do not break factorization.

They can break universality.
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TMD table (leading twist)
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Probabilistic interpretation

Proton goes out of the screen/ photon goes into the screen

_Q> nucleon with transverse or longitudinal s flJ:I' — —@-> — —@->

=% (e parton with transverse or longitudinal spin
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TMDs and factorization




Processes with transverse
momentum

Whenever transverse-momentum effects are measured,
k,-factorization 1s needed and we need TMDs
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SIDIS

/(H+ N(P)! ¢()+ h(Pp) + X,

A.B., D’Alesio, Diehl, Miller, PRD70 (04)
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Structure functions
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see e.g. AB, Diehl, Goeke, Metz, Mulders, Schlegel, JHEP093 (07)
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Factorization theorems

¥Inclusive DIS

¥Integrated SIDIS

¥ SIDIS at high transverse mom.

¥SIDIS at low transverse mom.
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e Factorization theorems are the only rigorous
way to define what are the objects we call
“parton distribution functions”

e The intuitive idea, based on parton model, of
PDFs being probability densities is slightly
modified by the factorization theorems

e What is important is that the PDFs are
nonperturbative objects, they describe the
partonic structure of the nucleon, they can be
extracted from experiments
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Inclusive DIS




Inclusive DIS: tree level
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Factorization theorems

¥Inclusive DIS

¥Integrated SIDIS

¥ SIDIS at high transverse mom.

¥SIDIS at low transverse mom.
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SIDIS integrated over transverse
momentum

see e.g., Collins, Soper, Sterman (1988), hep-ph/0409313

Handbook of Perturbative QCD, CTEQ, http.//www.phys.psu.edu/ ~cteq/

analogous to theorems for Drell-Yan or e*é annihilation
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http://www.phys.psu.edu/~cteq/
http://www.phys.psu.edu/~cteq/

Integrated SIDIS: tree level




Factorization theorems

¥Inclusive DIS

¥Integrated SIDIS I

¥ SIDIS at high transverse mom.

¥ SIDIS at low transverse mom.
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SIDIS at high trans. momentum
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SIDIS at high trans. momentum

Starts at order ! .
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Factorization theorems

¥Inclusive DIS

P

¥Integrated SIDIS I
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¥ SIDIS at high transverse mom. I /‘\

¥ SIDIS at low transverse mom.
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Important messages

e Factorization theorems are the only rigorous way to define what
are the objects we call “parton distribution functions”

e The intuitive idea, based on parton model and handbag
diagram, of PDFs being probability densities is slightly
modified by the factorization theorems.

e What is important is that the PDFs are nonperturbative objects,
they describe the partonic structure of the nucleon, they can be
extracted from experiments
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Factorization theorems

¥Inclusive DIS
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¥Integrated SIDIS I
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¥ SIDIS at low transverse mom. - >
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TMD factorization:

some literature

e (ollins, Soper, NPB 193 (81)

e (ollins, Soper, Sterman, NPB 250 (85)
e (ollins, Acta Phys. Polon. B34 (03)

e Ji, Ma, Yuan, PRD 71 (05)

e (ollins, Rogers, Stasto, PRD 77 (08)

e (Collins, arXiv:0808.2665 [hep-ph]

¢ Cherednikov, Stefanis, PRD77 (08)
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TMD factorization

Collins, Soper, NPB 193 (81)
Ji, Ma, Yuan, PRD 71 (05)

Fuur (z,2,P5 ,Q°) = C[fiD]
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Zeafl(x pF, 12,1 ) DY (2, k%, 12, \n) U (17, 1%, ! )
Hard part 7 ™ \S o f
TMD PDF TMD FF oft tactor

Thursday, 12 November 2009



Gauge links
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TMD factorization at leading twist and the one-loop
level has been proven

e Factorization should work for SIDIS, Drell-Yan, and
ete” annihilation

e The extension to all order is probably just a
conjecture

e It's problematic to show that the integral of the
TMDs gives back the standard PDFs
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Low and high trans. momentum

see, e.g., Ji, Qiu, Vogelsang, Yuan, PRL97 (06)
AB, D. Boer, M. Diehl, P.J. Mulders, JHEP 08 (08)

M? Q?

TMD factorization applicable ar! Py /7

Thursday, 12 November 2009



Low and high trans. momentum

12

Collinear factorization applicable




Low and high trans. momentum

Intermediate

BOTH factorizations applicable




Different factorizations




Trans. Momentum evolution

" Leading Log" only, Fourier transformed Collins, Soper, Sterman, NPB250 (85)

Sudakov form factor,
perturbative part of TMD
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trans. Momentum evolution
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Wlq,F (X, X, LF )

%n 2

x Evolution of moments

Kang, Qiu, PRD79 (09)

Te (X, x) ! 2Mf iT(l)(X) Vogelsang, Yuan, PRD79 (09)

Braun, Manashov, Pirnay, arXiv:0909.3410 [hep-ph
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TMDs and orbital angular
momenium




Example: diquark model

see, e.g., A.B., F. Conti, M. Radici, PRD78 (08)
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Wave-functions and OAM

Jaffe-Manohar OAM
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OAM and pt dependence

fl(xap%) - |¢S! Wavel2 + hbp! wave 2 + ...
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* There are strong but indirect connections
between TMDs and Jaffe-Manhoar OAM

* TMDs will provide important constraints,
but no final answers
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TMDs and OAM

up, x=0.02 down, x ! 0.02

A.B., F. Conti, M. Radici, PRD78 (08)

Ipr! "GeV#
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TMDs and orbital angular

e All colored TMDs vanish if there is no quark

nucleon pol.

quark pol.
U L T
Ul f hy
L 91 hi
fir | o171 | P1, Py

Twist-2 TMDs

orbital angular momentum

e Any quantitative statement about the total orbital
angular momentum is model-dependent

Thursday, 12 November 2009




Sivers function and angular momentum
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Ji's angular momentum
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Sivers function and AM

Model statement

k’LL
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relation is not general

Burkardt, Hwang, PRD69 (04)
Lu, Schmidt, PRD75 (07)
A.B., F. Conti, M. Radici, arXiv:0807.0323

Anselmino et al., 0805.2677,
Arnold et al. , 0805.2137
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Sivers function and AM
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* There are strong but indirect connections
between TMDs and Ji's AM

* TMDs will provide important constraints,
but no final answers
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