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Outline

� Generalized pQCD approach with spin and � � -effects in distribution and
fragmentation functions and elementary dynamics;

� SSA in � ��� �	 : theory - helicity formalism;

� SSA in � ��� �	 : phenomenology of the Collins effect;

� Conclusions and outlook
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Unpolarized cross sections: � � -factorization ansatz

� The collinear pQCD factorization formula for 
� � 
 	 reads

���� � �� � �
� ��� ��� ���

� � �� �! � "# � � � � �! � " # �%$� � � � � � �$ & '$ ( " # ) � � � �!* "

$ & � &  �  � ' $ ( � (  � + * ' $ , � ,  � + *

� Including transverse momenta we have:

�
� ��� ��� ���

$� � �� �! � ' � � � "#
$� � � � �  � ' � � � "# �%$� � � � � � �$ & '$ ( " #
$ ) � � � �!* ' � �� "

$ & � $ & -. � � � � ' � � � " ' $ ( � $ ( -/ � � � � ' � �� " ' $ , � $ , -0 � � � � ' � �� "

+ Jacobian in FF + Cahn effect + Gaussian 1 � -depend.; + factoriz. ...
see U. D., F. Murgia: hep-ph/0408092, PRD in press & F. Murgia talk
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2 3 - effects

1. 2 3 alters 465 7 : small shift but important at large5 where PDF are varying rapidly.

8 enhanced higher-twist effect (up to a factor of 10 in a cross section);

2. the partonic scattering angle in the 9 9 c.m. frame might be much smaller than
the hadronic production angle, thus enhancing the moderately large 9: inclusive
production of particles;

3. spin and 2 3 -effects generated by soft mechanisms: SSA ( 9 9 8 ;< )

(a) Sivers PDF: =?> @BA C 2 3 D EGF HIJ @KL M KN E

(b) Collins FF: O D> @P D C 2 3 Q E
(c) Boer-Mulders PDF: O D> @BA C 2 3 D E

(d) polarizing FF: = Q> @P D C 2 3 Q E
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Polarized cross sections: Helicity formalism

R Helicity density matrices, in the 2 3 -factorization scheme, to describe parton spin
states for a polarized cross section:

STVU WL XYZ WL [\ ]Y^ F
_ W` Wa Wb W ced f

g _ hU WL Xd i Wdkj i
lm _ hU WL X @ 5 _ n 2 3 _ Eo g ` hZ WL [d p WdBj p
lm ` hZ WL [ @ 5 ` n 2 3 ` E

o lq d r Wd sut d i Wd p
lqwv dxj r Wd st dxj i Wdyj p o
lz d { Wd {d r Wd j r @6| n 2 3 ] E

} g _ hU WL Xd i Wdxj i : helicity density matrix of parton ~ inside hadron � with polarization �U

} b�� � i p � r sb� � � � d i Wd p Wd r Wd s��
lq d r Wd st d i Wd p��� (scattering amplitudes)

} lz d { Wd�j {d r Wdkj r�� �^ Wd �
l� d { Wd � t d r l�v dyj { Wd � t dxj r

i.e. the product of fragmentation amplitudes for the � 8 � � < process
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Helicity density matrices: phases from soft parts

R PDF at L.O. (and twist two) as the inclusive cross section for � 8 ~ � < .
Helicity density matrix of parton ~� to the helicity density matrix of hadron � .

g _ hU WL Xd i Wdkj i

lm _ hU WL X @ 5 _ n 2 3 _ EF � d X WdBj X gU WL Xd X WdBj X
l� d i Wd�j id X Wd j X

l� d i Wd�j id X Wd!j X� �^ X Wd �
l� d i Wd � t d X
l�v dxj i Wd � t d j X

� , � � � , �B� �

� , � � � , �� �

l� d i Wd � t d X @ 5 _ n 2 3 _ EGF � d i Wd � t d X @ 5 _ n�� 3 _ E  ¡ ¢ £6¤¥ U K _ ¦

§ l� d i Wd�j id X Wd!j X @ 5 _ n 2 3 _ EGF � d i Wd�j id X Wd!j X @ 5 _ n � 3 _ E ¡ ¢ £6¤ @¥ U M ¥©¨ U E K _ ¦

R and same for FF (pion case):

lz«ª d r Wdxj r F z«ª d r Wd j r   ¡ ¢ £6¤ @¥ a M ¥¬¨ a E K®­ ª ¦
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Partonic interpretation: a few examples

Spin and� 3 -dependent distribution and fragmentation functions of leading twist:
[vs. notation of P.J. Mulders, R.D. Tangerman Nucl. Phys. B461 (1996)]

} lm D h¯ F l� Y WYY WY � l�±° W°° W° : unpolarized PDF

} ² lm D h ¯ F l� Y WYY WY M l�±° W°° W° : long. polariz. PDF

} lzª h D F lz³ª Y Y : unpolarized FF

} lm D h¯?´ M lm D h¯?µ � ²·¶ m D h¯?´ F ¸¹º l� Y WYY W° » @� 3 ¼ q E m 3½: : Sivers funct.

} lm D´ h¯ M lm Dµ h¯� ²·¶ m D´ h¯ F ¾¹º l� Y W°Y WY » @� 3 ¼ q E ; 3 ½ : Boer-Mulders funct.

} lz Q h D´ M lz Q h Dµ � ²·¶ z Q h D´ F ¾¹ º z QY ° » @� 3 ¼ q EB¿ 3½ : Collins funct.
and gluons...
see also hep-ph/0410050, (“the Trento conventions”)
A. Bacchetta, U.D., M. Diehl, A. Miller
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The master formula

STÀU WL XYZ WL [Á\ ]Y^ F � _ W` Wa Wb W ced f gU WL Xd X Wd!j X
l� d i Wd j id X Wd j X @ 2 3 _ Eo gZ WL [d [ Wd!j [
l� d p Wd�j pd [ Wd j [ @ 2 3 ` E

o lq d r Wd set d i Wd p
lqÂv dkj r Wd sÃt dkj i WdBj p o
lz d { Wd {d r Wdxj r @ 2 3 ] E

On summing over Ä¥ ¨ Å Æ we get all combinations of spin and 2 3 - mechanisms in
Single and Double Spin Asymmetries for unpolarized particle production.

Notice: even for =U F =Z F Ç 8 gU WL Xd X Wd!j X F @BÈ ¼ ¾ EÊÉ d X Wd!j X (same for Ë ) the

unpolarized cross section would develop Boer-Mulderso Collins effects ( ; 3 ½ o ¿ 3½ ):
negligible (checked numerically!).

[M. Anselmino, M. Boglione, U.D., E. Leader, S. Melis, F. Murgia, in preparation]
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Single Spin Asymmetries: ÌÎÍ Ï 8 ÐÑ , �¶ F @ ST Í M STÓÒ E ¼ @ ST Í � STÓÒ E

} Configuration ( � Ë� 9 9 ):

� Ë center of mass frame - � along �Ô -axis, Õ in the< Ô plane with

P : parallel to � < -axis. �U F Ö or × along Ø -axis, �Z F Ç .

} 2 Ù ’s imply: non-planar ~Ú 8 � S scattering; different Û directions.
Parton hel. amplit.s in 9 9 c.o.m in terms of hel. amplit.s in partonic c.o.m. frame.
1) Boost alongP _ � P ` : � 8 �¨

2) Rotation to putP¨ _ alongÔ axis: �¨ 8 �¨ ¨

lq d r Wd st d i Wd p F lq¬Ü d r Wd st d i Wd p @ lÅ n lÝ E ßÞ à á d á â á  ßÞ ãd i° d päå j j r

where æç are functions of 2 3 ’s: phases in hard scattering

§ Let’s focus on Collins effect

�¶ F è Sé � £Bê @ Ö n Ç E M ê @ × n Ç E ¦ ] ¼ è Sé � £Bê @ Ö n Ç E � ê @ × n Ç E ¦
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On summing over Ä¥ Æ [¥ _ ëF ¥¨ _ and¥ ` F ¥¬¨ ` ] we get (Ú F ì nîí ì n ï )

£Bê @ Ö n Ç E M ê @ × n Ç E ¦ D ` F � Y °Y ° @ 5 _ n � 3 _ Eðñ H £K _ � K¨ ¨ a M æ _ M%ò æ _ � æ a � ò æ a � Kó­ ª ¦

M � Y °° Y @ 5 _ n�� 3 _ E ð ñ H £K _ M K¨ ¨ a � æ _ � ò æ _ M æ a M%ò æ a M Kô­ ª ¦

C lm ` hZ @ 5 ` n�� 3 ` E õ
lq©Ü ½ lq©Ü � @ 5 _ n 5 ` n | ö 2 3 _ n 2 3 ` n 2 3ª E ÷ D `

C £ ¾ ¹º zøª Y ° @6| n�� 3ª E ¦

@ lq Ü ½ E D `� lq Ü Y WY t Y WY F lq¬Ü ° W° t° W° @ lq¬Ü � E D `� lq¬Ü ° WY t° WY F lq¬Ü Y W° t Y W°

The product

lqùÜ ½ lq Ü � , is, for a collinear collision with scattering plane� < Ô , related
to the spin transfer cross section:

È
È ú Õ lÅ� õ

lq¬Ü ½ lq¬Ü � ÷ D ` F
S lT D´ `\ D´ `

S lÝ M S lT D´ `\ Dµ `
S lÝ
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Maximization of the Collins mechanism inP Í P 8 ÐÑ

In the notations of P.J. Mulders, R.D. Tangerman Nucl. Phys. B461 (1996):
� Y °Y ° @ 5 n � 3 E F ; ½ @ 5 n � 3 E

� Y °° Y @ 5 n � 3 E F � � 3¾ q � ¯ ; 3 ½: @ 5 n � 3 E

¾ ¹º z¬ª Y ° @ | n�� 3 E F ²�¶ zª h D´ @ | n � 3 E F ¾ � 3
| q ª ¿ 3 D½ @ | n�� 3 E

The following positivity bounds hold [A. Bacchetta, et al. Phys. Rev. Lett. 85 (2000)]:

� ; ½ @ 5 n � 3 E� û È
¾ £ ì @ 5 n � 3 E � ² ì @ 5 n � 3 E ¦F ìY @ 5 n � 3 E

� � 3¾ q � ¯ � ; 3 ½: @ 5 n � 3 E� û È
¾ £ ì @ 5 n � 3 E M ² ì @ 5 n � 3 E ¦F ì° @ 5 n � 3 E

� ²�¶ zª h D´ @6| n � 3 E� û ¾ zª h D @6| n � 3 E

U. D’Alesio (Univ. and INFN, Cagliari) Can the Collins mechanism explain the large SSA observed? 11



Trieste, Italy, 10-16 October 2004

Let’s consider �¶ @ Õ Y E : ü n S active flavor for ; ½ and ; 3 ½: :

;ßý ½ @ 5 n � 3 EGF üY @ 5 n � 3 E ; b ½ @ 5 n � 3 EGF M SY @ 5 n � 3 E

� � 3¾ q � ¯ ; 3 ý½: @ 5 n � 3 EGF M ü° @ 5 n � 3 E � � 3¾ q � ¯ ; 3 b½: @ 5 n � 3 EGF � SY @ 5 n � 3 E

being the product of elementary amplitudes

lq Ü ½ lqùÜ � þ Ç , to get �¶ @ Õ Y Eÿ Ç

§ ²¶ zª � hý ´ @ | n � 3 E F M ¾ zª � hý @6| n�� 3 E

Contribution (maximized) of the sub-leading channel S� �� 8 S � � � (neglected in
former studies); since ; b ½ þ Ç , to add in sign, we use

²¶ zª � h b´ @ | n�� 3 EGF � ¾ zª � h b @ | n � 3 E

�¶ for Õ° ’s is maximized in size (by isospin invariance).

} helicity PDF: LSS01 and LSS-BBS ( ² S ÿ Ç at large5 § bigger� ; b ½� )

} pion FF: Kretzer (sea � @BÈ M | E valence) and K KP (sea suppressed)

U. D’Alesio (Univ. and INFN, Cagliari) Can the Collins mechanism explain the large SSA observed? 12



Trieste, Italy, 10-16 October 2004

-0.6

-0.4

-0.2

 0

 0.2

 0.4

 0.6

A
N

Kretzer - LSS01
E704 - pT = 1.5 GeV/c

π+

π0

π−

-0.6

-0.4

-0.2

 0

 0.2

 0.4

 0.6

 0  0.2  0.4  0.6  0.8  1

A
N

xF

KKP - LSS01

Kretzer - LSS-BBS

 0  0.2  0.4  0.6  0.8  1
xF

KKP - LSS-BBS

Maximized estimates
of �¶ @ Õ E for
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and 	 Å F ¾ Ç GeV.
Collins mechanism
full saturated: all terms
added constructively.
Data are from [E704]
D.L. Adams et al.,
Phys. Lett. B261 (1991)
and A. Bravar et al.,
Phys. Rev. Lett. 77 (1996).
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Maximized estimates of �¶ , all possible contributions:
keeping only proper phases.
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Conclusions and outlook

} A generalized pQCD approach to SSA and unpol. cross sections:
LO–pQCD + spin and new 2 Ù -dependent PDF and FF;

} �¶ @ 9Í 9 8 Õ < E : Complete 2 3 -helicity formalism and phenomenology.
True detailed microscopic dynamics (proper phases) §

Sivers effect results confirmed;
Collins effect suppressed (against former claims!);

} �¶ @ 9Í 9 8 Õ < E at5 
 þ Ç : strong suppression (of all mechanisms!!) by phase
conspiracy;

} 9Í 9 8 Õ �  � < : to extract Collins effect (less severe phase cancellations);

} � Ë 8 � < ( � F Õ n�
 n g E : Complete 2 3 -helicity formalism and phenomenol-
ogy for � � � , � : : , � �: ,é (in progress). Role of “T-odd” effects in � � � @ Õ E ;

} Azimuthal spin asymmetries in SIDIS: role of Collins & Sivers effect
(A. Prokudin talk + detailed 2 3 approach in progress).
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