Transverse structure of the nucleon
Part 4: Advanced topics
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Need of a gauge link
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Sirth of the gauge link
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Ji, Yuan, PLB 543 (02); Belitsky, Ji, Yuan, NPB656 (03)



Sirth of the gauge link
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Shape of the gauge link
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Gauge link in Drell-Yan

=

—1l+m

oMW Y ~ (P, S N
uv W /Y,U’y ’y (k'—l) —m2—|—Z€

Yo g A« (7

K —1+m . —(=k) T i

1 ~ N

(k— D2 —m2 +ic  2F(—k) +ie 2 —IT e

.
~ (RSB n (o) [ A AT) B(©OIP.S)

n+=0; =&

Collins, PLB 536 (02)




Gauge link for TMDs
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Drell-Yan

pp to hadrons

+ several others

Bomhof, Mulders, Pijlman, PLB 596 (04)



igh and low transverse momentum




DIS once again

() = photon virtuality
M = hadron mass

P, | = hadron transverse momentum




Low and high transverse momentum

AB, D. Boer, M. Diehl, P.d. Mulders, JHEP 08 (08)




—xample of low-transverse momentum result




Low and high transverse momentum




Example of high-transverse momentum result
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Low and high transverse momentum
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Fuur  structure function

M2

The leading high-qr part is just the “tail” of the leading low-gr part

Collins, Soper, Sterman, NPB250 (85)




Perturbative corrections to TM
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Other TM

AB, D. Boer, M. Diehl, P.J. Mulders, JHEP 08 (08)




Expected mismatch

The leading terms in the two expansions

CANNOT and MUST not match!

M2

Two distinct mechanisms are involved




Cos 29 asymmetry
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see also Barone, Prokudin, Ma 0804.3024
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All structure functions

AB, D. Boer, M. Diehl, P.J. Mulders, JHEP 08 (08)
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—volution equations




Collinear evolution of transversity

NLO evolution
Q° =20 GeV”
p2= 0.34 GeV?
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Fig. 19. Comparison of the Q*-evolution of Apu(z, Q%) and Au(z,Q?) at (a) LO
and (b) NLO, from [72].
Barone, Drago, Ratcliffe, PR 359 (2002)
Hayashigaki, Kanazawa, Koike, PRD56 (97)




DS evolution
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Fig 3 Broadening of the QT distribution




Perturbative corrections to TM
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Resummation results
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—xample of resummation effects
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L eading-log formula
Ellis, Veseli, NPB 511 (98)
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Nonperturbative part

5 Kulesza, Stirling, JHEP 12 (03)
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L eading-log evolution
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—volution of Sivers function
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Collins asymmetry, b space analysis

D. Boer, NPB 806 (08)

Tree level: Ru2=1, R%= 3/2*F§u2

Sudakov

FIG. 6: The asymmetry factor A(Qr) at Q = 10 GeV (solid curve) and the tree level quantity A© (Qr) using R2 = 1GeV ™2
and R?/R2 = 3/2. Both factors are given in units of M?.

FIG. 5: The asymmetry factor A(Qr) (in units of M?) at Q = 10GeV and Q = 90 GeV. The solid curves are obtained
with the method explained in the text; the dashed-dotted curves are from the earlier analysis of Ref. [64].




—volution of transverse moment of Sivers function

Vogelsang, Yuan, talk at SPINO8
Kang, Qiu, arXiv:0811.3101 [hep-ph]
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FIG. 12: TW st-3 up quark-gluon correlation T, r(z, up) a function of x at pr =4 GeV (left) and pr = 10 GeV (ri
The factorization scale dependenc solution fth ﬂ r non-singlet evolution equation in Eq. (99). Solid and dotted
orrespo nd t o= 1/4 and 1/8, Whl th dashed curv obtained by keeping only the DGLAP evolution kernel Py,(z) in
Eq. (99).




Factorization and universality




Different processes

Drell-Yan

Whenever we measure transverse-momentum effects, we need
k-factorization and we need transverse momentum dependent

(or unintegrated) parton distributions
Collins, Soper, NPB 193 (81)




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




Consequences

The real part of the gauge link remains unchanged
The imaginary part changes sign

Observables sensitive to the imaginary part (e.qg.

single spin asymmetries) acquire an extra minus sign
(generalization of universality)

doprs = Hprs ® f

dol, ¢ —dot,s = Kpis®g




Generalized universality

antilepton

rell-Yan
Collins, PLB 536 (02)
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Hadrons to hadrons
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A slightly more complex example

parton with charge g Collins, Qiu, PRD 75 (07)

parton with charge g,

g1
|—IT + i€




Consequences

e Up to this order, the real part is unchanged, the imaginary part gets more than
just a simple sign change and depends on the charge of ANOTHER parton!

e Still possible to get around it: PDFs could still be universal, but the ones
sensitive to the imaginary part (those involved in single spin asymmetries)
have to be multiplied by g1/(2g2+g1)
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Two-gluon exchange

Collins, 0708.4410 [hep-ph]

Vogelsang, Yuan, 0708.4398 [hep-ph/
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A torest of gauge links

Bombhof, Mulders, Pijlman, PLB 596 (04)
Collins, Qiu, PRD 75 (07)
Vogelsang, Yuan, PRD76 (07)




Hadrons to hadrons
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Weighted asymmetries




asymmetries

A.B., D’Alesio, Bomhof, Mulders, Murgia,PRL99 (07)

“Standard” universality
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FIG. 5: Prediction for the azimuthal mbment MY at /s =
200 GeV, as a function of 7., integratell over —1 < 1n; < 0
and 0.02 < z; < 0.05. Solid line: usitg gluonic-pole cross
sections. Dashed line: using standard paltonic cross sections.
Dotted line: maximum contribution from the gluon Sivers
function (absolute value). Dot-dashed line: maximum contri-
bution from the Boer-Mulders function [absolute value).

“Generalized” universality




