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Semi-in
lusive DISCollision of leptons and hadrons
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Correlators�ij(x; ~pT ) = 1(2�)3 Z d��d2�T eip�~� hP; Sj �	j(0) L[+℄[0; ~�℄ 	i(~�) jP; Si
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Parametrization of Correlators (I)

� The 
orrelators �ij(x; ~pT ) and �ij(z;~kT) are matri
es in Dira
-spa
e.) De
omposition into the 16 
ovariant basis matri
es 1, 
5, 
�, 
�
5, ���/i���
5.(�[�℄(x; ~pT ) � 12Tr[�(x; ~pT )�℄)�ij(x; ~pT ) = 12�[
�℄
� � 12�[
�
5℄
�
5 � 14�[i���
5℄i���
5 + 12�[1℄1� 12�[i
5℄i
5+CoeÆ
ients are the transverse-momentum dependent (TMD) parton distributions / fragmentation fun
ti-ons.� Histori
ally, TMD 
orrelators were parametrized using an\unintegrated"
orrelator�ij(p;P; S) � Z d4�(2�)4 eip�� hP; Sj �	j(0) L[0; �jpath℄ 	i(�) jP; SiConne
tion to TMD 
orrelators: �ij(x; ~pT ) = R dp� �ij(p;P; S)jp+=xP+.+Parametrization of the\unintegrated"
orrelatorTRANSVERSITY2005, Como, Italy, Sept.7 - Sept.10, 2005 3



1. Ralston, Soper [Nu
l. Phys. B 152 (1979) 109℄:�(p;P; S) = A11+A2 /P +A3/p+A4
5 /S + A5[ /P; /S℄
5+A6[/p; /S℄
5 +A7(p � S) /P
5 +A8(p � S)/p
5Eight amplitudes Ai = Ai(p2; p � P ), stru
tures are 
onstraint by ( �A = (A0;� ~A))�y(p;P; S) = 
0�(p;P; S)
0 (Hermiti
ity)�(p;P; S) = 
0�(�p; �P;� �S)
0 (Parity)��(p;P; S) = (�i
5C)�(�p; �P;� �S)(�i
5C) (Time reversal):=) �[
+℄(x; ~pT ) = 2P+ R dp�(A2 + xA3) � f1(x; ~pT )2. Mulders, Tangerman [Nu
l. Phys. B 461 (1996) 197℄:Addition of three more stru
tures ���P�p�, (p � S)i
5 and "����
�P �p�S� whi
h do not obey timereversal 
onstraint + one T-even stru
ture A9(p � S)[ /P; /p℄
5+Parton Distributions whi
h are extra
ted from these stru
tures: T-odd PDFs!TRANSVERSITY2005, Como, Italy, Sept.7 - Sept.10, 2005 4



Gauge links� In
lusion of gauge links preserves 
olor gauge invarian
e.L [a; bjpath℄ � P exp(�ig Z ba ds� A�(s))� Gauge link a�e
ts observables.Single Spin Asymmetry AUT : [Brodsky, Hwang, S
hmidt, Phys. Lett. B 530, 99 (2002)℄Model 
al
ulation:leading order:
(a; 0)P

q

p2
p1

AUT = �" � �#�" + �# = 0

loop 
orre
tions:
(a; 1)P

q

p2
p1

AUT / J(a;0) Im[J(a;1)℄ 6= 0

=)Entire e�e
t due to res
atteringTRANSVERSITY2005, Como, Italy, Sept.7 - Sept.10, 2005 5



� Non-vanishing asymmetry) Explanation [Collins, Phys. Lett. B 536, 43 (2002)℄: T-odd Sivers-fun
tion f?1T 
ontains a gauge link,makes f?1T non-vanishing.
~� = [��; 0; ~�T ℄

~�T

��0

::: :::

� Consequen
e for the parametrization of �(p;P; S):Time reversal 
onstraint ��(p;P; S) = (�i
5C)�(�p; �P;� �S)(�i
5C) doesn't hold.� T-odd stru
tures not the only 
onsequen
e of the gauge link.Goeke, Metz, Pobylitsa, Polyakov [Phys. Lett. B 567 (2003) 27℄:TMD 
orrelator �(x; ~pT ) depends impli
itly on a light 
one ve
tor n due to the gauge link.) The unintegrated �(p;P; S) also depends on n!+Parametrization has to take this into a

ount, addition of light 
one dependent, spin independent stru
tures/n(P �n), [ /P;/n℄(P �n) and [/p;/n℄(P �n).TRANSVERSITY2005, Como, Italy, Sept.7 - Sept.10, 2005 6



Twist-3 observables� Gauge link also a�e
ts the longitudinal single spin asymmetries AUL and ALU due to\res
attering"Model 
al
ulation: [Afanasev, Carlson, hep-ph/0308163℄

(a; 0)P
q

p2
p1

(a; 1)P
q

p2
p1

=) non-zero result for the beam spin asymmetryALU.� Model 
al
ulation not 
omplete [Metz, S
hlegel, Eur. Phys. J. A 22, 489 (2004)℄Ele
tromagneti
 gauge invarian
e demands additional diagrams:

(b; 0)P
q

p2
p1

(b; 1)P
q

p2
p1

Gauge invarian
e 
ondition at tree-level: q�(J�(a;0) + J�(b;0)) = 0Gauge invarian
e 
ondition for imaginary parts: q�(Im[J�(a;1)℄ + Im[J�(b;1)℄) = 0TRANSVERSITY2005, Como, Italy, Sept.7 - Sept.10, 2005 7



� Leading twist asymmetry AUT : additional diagrams are suppressed with 1Q2 .Subleading twist asymmetries AUL, ALU : 
ontributions from both diagrams.) non-vanishing result : AUL 6= 0 , ALU 6= 0� Interpretation:Spe
tator model not 
ompatible with parton model, fa
torization.ALU and AUL should 
ontain additional terms.� Model-independent analysis: [Ba

hetta, Mulders, Pijlman, Phys. Lett. B 595 (2004) 309℄:Additional term in the parametrization of �(p;P; Sjn)�(p;P; Sjn) = MA11+ :::+B1M2 /nP � n +B2 iM [ /P; /n℄2(P � n) +B3 iM [/p; /n℄2(P � n) +B4 1(P � n)"����
�
5P�n�p�) generates a new T-odd, twist 3 PDF g?(x; ~pT) = 2P+ R dp�B4 !Con�rmation of the model result:

Asin�hLU;jet = M2Q 2yp1� y1� y + y22 xBg?(1)f1 Asin�hUL;jet = �M2Q 2(2� y)p1� y1� y + y22 xBf?(1)Lf1
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Parametrization of Correlators (II)� Up to this point: only spin-independent light-
one stru
tures of the parametrization of �(p;P; Sjn)have been presented.What happens if spin is in
luded? [Goeke, Metz, S
hlegel, Phys. Lett. B 618 (2005) 90℄:+16 additional stru
tures in
luding the light-
one ve
tor n and spin ve
tor S.Altogether, there are 32(!) stru
tures of �(p;P; Sjn) restri
ted by hermiti
ity and parity, 12 T-oddstru
tures.� In order to avoid redundant terms, make use of the identityg��"���� = g��"���� + g��"���� + g��"���� + g��"����� Twist 
lassi�
ation: 
onvenient to use Sudakov de
ompositionP� = P+n�+ + M22P+n��;p� = xP+n�+ + p�n�� + p�TS� = �P+M n�+ � � M2P+n�� + S�TTRANSVERSITY2005, Como, Italy, Sept.7 - Sept.10, 2005 10



� Result: two new twist-3 parton distributions e?T and f?T /f?0T , all T-odd!Twist-2 parametrization:�[
+℄(x; ~pT ) = f1 � (~pT � ~ST )M f?1T�[
+
5℄(x; ~pT ) = �g1L + ~pT � ~STM g1T�[i�i+
5℄(x; ~pT ) = SiT h1T + piTM  �h?1L + ~pT � ~STM h?1T!� "ijT pTjM h?1Twist-3 parametrization:�[1℄(x; ~pT ) = MP+ "e� (~pT � ~ST )M e?T #�[
i℄(x; ~pT ) = MP+ 24piTM  f? � (~pT � ~ST )M f?0T !+ "ijT pTjM  �f?L + ~pT � ~STM f?T !35�[
i
5℄(x; ~pT ) = MP+ 24SiT g0T + piTM  �g?L + ~pT � ~STM g?T !� "ijT pTjM g?35�[i�+�
5℄(x; ~pT ) = MP+ "�hL + ~pT � ~STM hT#�[i�ij
5℄(x; ~pT ) = MP+ 24SiT pjT � piT SjTM h?T � "ijT h35
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� In [Mulders, Tangerman℄, the tra
e �[
i℄ 
ontains a term "ijTSTjfT .) Can be eliminated by means of the identity ~p2T"ijTSTj = �piT(~pT � ~ST ) + "ijT pTj(~pT � ~ST )� Number of PDFs = number of amplitudes=) no linear dependen
e between PDFs in terms of amplitudes,no Lorentz-invarian
e relations.� A little\
atalogue"of all PDFs and amplitudes# T-even # T-odd # totalTwist-2 PDFs 6 2 8Twist-3 PDFs 8 8 16Twist-4 PDFs 6 2 8Amplitudes Ai 20 12 32� Where do new PDFs show up?
P; S

q k
p

k
p

qPh; ShPh; Sh

P; S2MW ��tree = R d2pTd2kTÆ(2)(~pT + ~qT � ~kT)Tr[�(xB; ~pT )
��(zh; ~kT)
�℄e?T enters the double polarized 
ross se
tion �LT multiplied with H?1 .f?0T and f?T enter the transversely polarized 
ross se
tion �UT multiplied with D1.TRANSVERSITY2005, Como, Italy, Sept.7 - Sept.10, 2005 12



� For the \integrated" 
orrelator �ij(x) = R d2pT �ij(x; ~pT ), time-reversal 
onstraint holds. =) noT-odd\integrated"PDFs. +Constraint on some of the T-odd PDFs: Z d2pT eL(x; ~p2T ) = 0Z d2pT ~p2T �f?0T (x; ~p2T ) + f?T (x; ~p2T )� = 0Z d2pT h(x; ~p2T ) = 0:
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Summary

� The general stru
ture of the fully unintegrated 
orrelator �(p;P; Sjn) was derived. Thismade it possible to write down the most general form of the transverse momentum de-pendent 
orrelator �(x; ~pT ; S) appearing in the des
ription of various hard s
atteringpro
esses. Two new twist-3, T-odd parton distributions were found.� The gauge link whi
h is 
ontaind in the de�nition of the 
orrelators in
uen
es theirparametrization.1. It invalidates the time-reversal 
onstraint and enables T-odd stru
tures.2. It generates an additional dependen
e of the 
orrelators on a light
one ve
tor n. Thisadds new stru
tures to the parametrization.
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