Transverse structure of the nucleon
Part 4: Advanced topics
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pp to hadrons

+ several others

Bomhof, Mulders, Pijlman, PLB 596 (04)
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Low and high transverse momentum

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

AB, D. Boer, M. Diehl, P.J. Mulders, JHEP 08 (08)
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M2

Two distinct mechanisms are involved
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All structure functions

AB, D. Boer, M. Diehl, P.J. Mulders, JHEP 08 (08)
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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)
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Fig 3 Broadening of the QT distribution

Collins, Soper, Sterman, talk at Fermilab
Workshop on Drell-Yan Process, Batavia, .,
Oct 7-8, 1982
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Resummation results

Fyur(z,2,b,Q%) = Zeg (f1 ® Ciq) (Caj @ D)) e Fe N7
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PA =-> 28 X Ecm = 2088 GeV

Q=50 GeY, y =@

(c)» Online plotter of
resummed cross sections

Author: P. Nadolsky, 2661

di{sigmal/(dQ#¥#%¥2 dy dgT>, pb/GeV¥#¥3




Resummation results

FUUT(Q7Z[)Q2 —CUZ [f1®Cw ]

/')W/'\

collinear PDF and FF calcu||ab|e with pQCD nonperturbative
part of TMDs

Author: P. Nadolsky, 2661




Resummation results

FUUT($Z[)Q2 —CUZ [f1®Cw ]

/')V’/'\

collinear PDF and FF calcu||ab|e with pQCD nonperturbative
part of TMDs

PA -> 28 ¥ Ecm =
Q =58 GeY, y =8

Author: P. Nadolsky, 2661

High |
(fixed-order pQCD) |




Resummation results

e [(ff ® Cia) (Cay
collinear PDF and FF_ calculable with pQCD nonperturbative
part of TMDs

Intermediate
(resummation)

PA -> 28 X Ecm =

Q =58 GeY, y =8

Author: P. Nadolsky, 2661

High |
(fixed-order pQCD) |

——




Resummation results

FUUT($Z[)Q2 —CEZ [f1®Cw ]

/')V’/'\

collinear PDF and FF calcu||ab|e with pQCD  nonperturbative
part of TMDs

Intermediate
(resummation)

PA -> 28 ¥ Ecm =
Q =58 GeY, y =8

or: P. Nadolsky, 2661

High |
(fixed-order pQCD) |

(nonpert') a I5 ia _h_:_s




Resummation results

FUUT(Q7Z[)Q2 —CUZ [f1®Cm ]

/')f’/'\

collinear PDF and FF calcu||ab|e with pQCD nonperturbative
part of TMDs

456808 - ‘

| | Intermediate
(resummation)

PA -> 28 ¥ Ecm =
Q =58 GeY, y =8

er of
resumme d cross sec tions
Author: P. Nadolsky, 2661

High |
(fixed-order pQCD) |

(nonpert.) -t

d
Fyur(z,z,q7,Q%) =x Zei T2,

a qT

[(ff R Ciq) (Coj ® D7) 6_S<1 — e_SNP)




—xample of resummation effects

Vs = 50GeV |




—xample of resummation effects

Vs = 50GeV |

Gaussian only




—xample of resummation effects

Vs = 50GeV |

Gaussian +

Gaussian only

9ummation




L eading-log formula

Ellis, Veseli, NPB 511 (98)

FUU,T(ZU,Z,C]?nQQ) — X Z ad 7 5 [f1( [ ])D?(Z'; [q%])e_s(l_e_SNP)

a




L eading-log formula
Ellis, Veseli, NPB 511 (98)

FUU,T(%Z,C]{QF,QQ) — X Z ad 7 5 [f1( [ ])D?(Z'; [q%])e_s(l_e_SNP)

a

2

Q d 2 2 2
pe as () Q)

S(g5, Q%) = —/ 2CF log —
q2 ,u2 27’(’ ,u

T




L eading-log formula
Ellis, Veseli, NPB 511 (98)

FUU,T(%Z,C]{QF,QQ) — X Z ad 7 5 [f1( [ ])D?(Z'; [q%])e_s(l_e_SNP)

a

2

Q d 2 2 2
pe as () Q)

S(g5, Q%) = —/ 2CF log —
q2 ,u2 27’(’ ,u

T

47
Oés(:LLQ) — ﬁO log(,uQ/AQ)




Nonperturbative part

Kulesza, Stirling, JHEP 12 (03)
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L eading-log evolution
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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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—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
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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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kT factorization

Fyur(z, 2z, Pr,Q%) =C[fiD1]
— /d2pT dsz d2lT 52 (pT —kr + 1l — PhL/Z)

vy €2 fi(x, 7, 1®) D§ (2, K, 1*) U7, 1) H(Q?, 12

A

TMD PDF TMD FF Soft factor Hard part

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

antilepton

rell-Yan
Collins, PLB 536 (02)
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Hadrons to hadrons
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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)




Two-gluon exchange

Collins, 0708.4410 [hep-ph/ Vogelsang, Yuan, 0708.4398 [hep-ph/
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A torest of gauge links
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Weighted asymmetries




Weighted asymmetries

A.B., D’Alesio, Bomhof, Mulders, Murgia,PRL99 (07)
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FIG. 5: Prediction for the azimuthal moment MY/ at /s =
200 GeV, as a function of 7., integrated over —1 < 7; < 0
and 0.02 < z; < 0.05. Solid line: using gluonic-pole cross
sections. Dashed line: using standard partonic 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).
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“Standard” universality
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FIG. 5: Prediction for the azimuthal moment MY/ at /s =
200 GeV, as a function of 7., integrated over —1 < 7; < 0
and 0.02 < z; < 0.05. Solid line: using gluonic-pole cross
sections. Dashed line: using standard partonic 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).
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“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




