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High precision asymmetry data in deep-inelastic

�� � �� � ��� 	 
 (� � 
��� , � � ��� ��� � ).

� Double-spin asymmetry ��� �� and the combined asymmetry ��� � ���� .

� ! " # , ! $ # from �&% ' (% )
�� at LO and NLO (Christova-Leader method).

Sensitive to !+* "-, ! * $ when combined with inclusive data .0/ �, .21 � .

Built-in measures of systematic uncertainties:

� Measure the violation of LO 3 - 4 factorization using � % ' 5% )
�� , � �� .

Approved for 25 days of 6 GeV beam in Jefferson Lab Hall C.
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Motivation: the Nucleon Spin Structure
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Global QCD fits to the inclusive DIS data.

� Have to assume the sea behavior. As in
BB: ! * 687 !+* " 7 ! * $ 7 !* 9 .

� Inclusive data can not distinguish be-
tween 6 and

* 6 since : 7 ; �=< ; 6 ; .

� Only one flavor non-singlet accessible:

! 6> 7 � ! " ? !+* " 
, � ! $ ? ! * $ 
 .
� Can not access !+* "-, ! * $ .

Semi-inclusive deep inelastic scattering (SIDIS) offers extra handle of 6 vs

* 6 due to

flavor tagging. Provide access to the valence and the sea structure of the nucleon

spin.
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Flavor Tagging in Semi-Inclusive DIS

N

(E, p)

h

π

π

q

e

+

(E, p )’ ’

π

u

d
u

*γ

@BA

@

CD E F GIH

1

Detect the leading hadron from the cur-
rent fragmentation and measure the
double-spin asymmetry:

�� J7 K� L M L NPO Q RS 1 O �� ��

Assume leading order naive 3 - 4 factorization (HERMES):

�� �� � 3 �T < � 4 
VU ! :� � 3 �T < � 4 


:� � 3 �T < � 4 

7 ; �B< ; ! 6 ; � 3 �T < 
O W � ; � 4 �T < 


; �X< ; 6 ; � 3 �T < 
O W � ; � 4 � T < 
Y

Each asymmetry measurement provides an independent constrain on ! 6 ; .
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HERMES Flavor Decomposition:

Z [ 	
K]\ ^ _a`

Z

From measurements:

�� 7 b �c%
'�/ � �% )�/ � �c% '� d � �c%
)

� d � �fe '� d � �fe )
� d � � �/ � � � d g

Solve for:

�T 7 h 3 ! " � 3 ! $ � 3 !+* " � 3 !
* $ � 3 ! 9 i .

Calculate “Purity” from a LUND based Monte Carlo:
Q � ; � 3 
7

�=< ; 6 ; � 3 
 jkl mkl < $ 4 W � ; � 4 


S �f< S 6 S � 3 
 jkl mkl < $ 4 W � S � 4 
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Assumes:
Leading order n - o factorization and current
fragmentation.
Isospin symmetry and charge conjugation.
“Purity” calculated from Monte Carlo.
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Flavor Asymmetry in the Nucleon Sea
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Systematic Uncertainty

x

d_
 - 

u_
j �k �
* $ , * " 
 $ 3 7 pY q q rs pY p qt .

Many models explain

uvxw uy , including
the meson-cloud model ( z ) which predicts

{ uy}| { uv| ~ .

Many other model predicted large
{ uy w { uv . In Chiral-quark soliton

model, { uyw { uv appears in LO (�=� � )
while

uvw uy appears in NLO (� � ).
Pauli-blocking model: j �k � !* " � 3 
, ! * $ � 3 
 � $ 3 7 �> O j �k �
* $ � 3 
, * " � 3 
 � $ 3� pY t .
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Interpretation of SIDIS Beyond the Leading Order
What if the naive LO � - � factorization doesn’t hold exactly ? Are the NLO terms large enough

to ruin the parton density interpretation ? Recent theoretical developments have extended the

interpretation of SIDIS data beyond LO.
� �� � � ��� � ��

� � ��� � �� � � � � � ��

� At NLO the naive 3 - 4 factorization is violated in a calculable way.
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SIDIS Cross Sections at the Next-to-Leading-Order
6 � 3 �T < 
O W � 4 �T < 
�� $ 3 �
3 �

$ 4 �
4 � 6 b

3
3 � g� � 3 � � 4 � 
 W b

4
4 � g 7 6� � � W

� are well-known Wilson coefficients (D. Graudenz, NPB432, 351(1994)).

! :� 7

S
��< S ! 6 S � q ? �
� �

t � ! � � �� � W
� ��

?

S
��< S ! 6 S � � �

t � ! � � � � W � � ? ! � � � �
t � ! � � �� S
��< S W � � �

Isospin symmetry and charge conjugation: W � � 7 W �� � , S � < S W � � � 7 S � < S W
�� � � .

The last two terms vanish in � 5 , � ( . ��% ' (% )
�� is theoretically clean.
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From � 5, � (q � to ¡ ¢ , £ ¢ and

¤¡ ¥ ¤
£

E. Christova and E. Leader, NPB607,369 (2001):

! :% '/ , ! :% )
/

:% '/ , :% )/

7 � ¦ ! " #, ! $ # 
 � q ? � � � � § t � 
 ! � � �� � W % ' (% )¨

�¦ " #, $ # 
 � q ? � � � � § t � 
� � �� � W % ' (% )¨

! :% 'd , ! :% )
d

:% 'd , :% )d
7 � ! " # ? ! $ # 
 � q ? � � � � § t � 
 ! � � �� � W % ' (% )¨

� " # ? $ # 
 � q ? � � � � § t � 
� � �� � W % ' (% )¨

{ y © and { v © are non-singlets do not mix with the other quark and gluon densities.

� !+* "-, ! * $ 
 ª« ¬ 7 q
t � ! 6> ? ! $ #, ! " # 
 ª « ¬

where { ­® | { y ¯ { uyw { vw { uv| ° ±²´³ µw ²2¶ µ · from inclusive data.

“Bjorken-type Sum Rule” links the moments at all orders of QCD (Sissakian et al. PRD68, 031502 (2003)).

t
�

k � !+* "-, ! * $ 
 $ 3 ?
�

k � ! " #, ! $ # 
 $ 3 7 ª .¸.¹ ª7 qY t º» ps pY p p¼½
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LO and NLO Theory Predictions of 	 q � \ ^ ¾À¿ _

G. Navarro and R. Sassot private communications, D. de
Florian and R. Sassot, PRD 62, 094025(2000)

LO and NLO curves are close:
At Á�Â ÃÄ Å :

Æ]Ç ÈÉ Ê�Ë Ç É Ê Ì Í Ç É Ê Â

ÎÄ Ï Ð (Ç�Ñ ÒÓ Ô ), 7.6 Ð (Ç Ñ ÕÓ Ô ).

ÇÑ ÒÓ Ô andÇfÑ ÕÓ Ô depend on Á .

ÇcÖ Ó × and Ç�Ñ Ò ØÑ Õ
Ó È are Á -

independent.

ÇÑ Ò ÙÑ Õ
Ó È ÆÛÚ Ü Á ÌÞÝ Ç Ó È ÆÛÚ Ì .
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Tests of LO ^ -¿ Factorization: � 5 ? � (q � [ q �?
��% ' 5% )
�/ � 3 � 4 
7 ! :% '/ ? ! :% )
/

:% '/ ? :% )/
7 ¦ � ! " ? !+* " 
 ? ! $ ? ! * $

¦ � " ? * " 
 ? $ ? * $ U � �/ � 3 


�ß% ' 5% )
� d � 3 � 4 
7 ! :% 'd ? ! :% )
d

:% 'd ? :% )d
7 ! " ? ! $ ? !* " ? ! * $

" ? $ ? * " ? * $ U � � d � 3 


As shown in HERMES data ( ~àá â � â ~à ã , J. Wendland, Ph.D. thesis 2003 ).
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The Semi-SANE Experiment:

Z
\
Zä ¾ äæå ç _

� Ek 7 º GeV, I=80 nA P M 7 pY r p .

� � -Arm: a large calorimeter+gas Č,

!è � t p p msr, é ¼ pëê .

� 	 -Arm: HMS@10.8ê , 2.71 GeV/c,

4� pY ½ . Gas Č + aerogel for � §íì

identification

� Target: longitudinal polarized NH>

and LiD (SLAC and Hall C).

Well-controlled phase space and hadron PID

�&% ' �% )
�� 7 ! :% '� s ! :% )
�

:% '� s :% )�
7 �% '�� s ��% )
�� O î

qs î � î 7 :% )
:% ' 7 pY t » ï pY º ¦Y

(Method not applies for low- ð experiments where ñóò]ô õ ñò÷ö ø ùú û )
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The Standard Hall C Polarized Target
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� Use longitudinal spin only.

� ü ý (NH® )= ã ~ þ , ü ý (LiD) ÿ á ~ þ ,� ü ý � ü ý | �á à � þ

� Dilution factor: K� 7 pY q» ï pY t t (NH> ),
pY ¦ p ï pY ¦½ (LiD). � K� § K� 7 s t Y ½ � .
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Kinematics and Phase Space Coverage
~à� á á â � â ~à� � � , 	
� �| á à á GeV� .

PHMS=2.710 GeV/cPHMS=2.710 GeV/cPHMS=2.710 GeV/cPHMS=2.710 GeV/c

� � ~à � . Only shown 
�� � � à � GeV.

14



Angular Coverage in\ � 6 	 ¾ 	� _

We cover at least q r pëê in �� � .

Related terms in �� � :

see Boer and Mulders, PRD57, 5780 (1998)

� ��� �t �� � 
 term in $ :� aver-
aged out.

� ��� � �� � 
 term in � « « is small
( � � N ), reverse sign when tar-
get spin is reversed.

� Unexpected� �� � �� � 
 term in

� « « can be checked with data.

� Extra free physics: large enough
coverage in �� � even allow ex-
traction of single-spin asym-
metry � � « for� �� �� � and

� �� �t �� � 
 moments.
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Kinematics Strongly Favor Current Fragmentation

Center of Mass rapidity

�� � 7 �< ��! " 5# "$ " (# "$
and 3 % 7 # "$# "$ &'( (P. Mulders, hep-ph/0010199.)

 N  (  )η

x F

π
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0
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For z*) , +,- . á à ã ( { +, - / �à ° ),� 0 . ~à � .
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The Expected Results: Double-Spin Asymmetries 	 q �

Significant improvements on the statistical accuracy of 1*2 345 . First data on 176 34 8 .

Systematic of9;: <= :>?@ A B relative ( CD E FD EHG >I @ J B , CD K FD K G >I@ L B , dilution factor C M: F M: G >I @ J B , rad. cor. and smearing>N @ J B ).
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The Combined Asymmetries: � 5 ? � (q � and � 5, � (q �
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This Experiment: Methods of Spin-Flavor Decomposition
Four leading-order methods:

� The LO Christova-Leader method: � % ' (% )
�/ , ��% ' (% )
� d � ! " # � ! $ # . Use

./ � � 3 
, . 1 � � 3 
 as inputs to obtain !+* " , ! * $ .

� “Fixed- 4 purity” method: calculate purity (inputs: PDFs and ratio of W ( � 4 
 § W 5 � 4 
 )
for well-localized 4 -bins. Solve linear equations

�� � 3 � 4 
7 Q � 3 � 4 
 �T � 3 
 .

� Monte Carlo purity method (HERMES). Purity from LUND Monte Carlo.

� LO global fit method (supports from: D. de Florian, G. Navarro and R. Sassot).

Two next-to-leading order methods:

� The NLO Christova-Leader method (inputs: PDFs and W 5 � 4 
, W ( � 4 
 ).

� NLO global fit method (D. de Florian, G. Navarro and R. Sassot).

Consistency checks between different methods provide clear measures of systematic
uncertainty associated with the flavor decomposition methods.
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The Expected Results on O : Two LO Methods
Statistical uncertainties dominate.

Also included in the statistical uncertainties
of � ± { uy w { uv ·QP � ²³ µ | ~à ~ ~ �R

(projected SANE and this experiment),

� ²2¶ µ | ~à ~ ~ �S (Hall A polarized ® He
data).

Systematics in Christova-Leader
method, ï » p % each from:

� � �&% ' (% )
�/ and � �&% ' (% )
� d

� Uncertainties in unpolarized PDFs
(CTEQ6).

� � � 3 ! " # 
 � � T �� pY p qt ,
� � � 3 ! $ # 
 � � T �� pY p t º ,

� � � 3 � !+* ", ! * $ 
 � � T �� pY p q½ .

20



Is the Polarized Sea Asymmetric ?

� Much improved statistical
accuracy.

� Could be the first clear ob-
servation.

Test a wide range of model pre-

dictions of j �k � !+* "-, ! * $ 
 $ 3 :

� Meson cloud ( � ): 0.

� Chiral-quark soliton: 0.31.

� Pauli-blocking: pY t ï pY ¼ .

� Instanton: 0.2

� Statistical: 0.12

j �k �
* $ , * " 
 $ 3 7 pY q q r s

pY p q t (E866)

One expects at least !+* "-, ! * $ U �
* $, * " 
 !!!
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Five-Flavor O : the
Fixed-¿ Method

Systematic uncertainties are
expected to be similar to that of
HERMES.

Except that:

� Only the ratios of fragmenta-
tion functions are involved
in the purity at fixed- 4 .
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An Extra Cross
Check:

Will ! " § " and ! $ § $ agree
with the inclusive data at large-3 ?

A clear demonstration of the va-
lidity of the SIDIS method.
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Summary
Experiment E04-113 will start a new generation of spin experiments at Jefferson Lab:

� High precision asymmetry data are interesting by themselves. First data on � % ' (% )
�� .

� Could be the first experiment to observe !+* "-, ! * $ V7 p .

� Provide strong constrains on polarized PDFs in pY q t W 3 W pY ¦ q . Feed into a
global QCD fit that provides moments of polarized PDFs to confront with Lattice.

� Complimentary to other high-energy spin physics experiments.

� Lead to new physics with the planned 12 GeV upgrade at Jefferson Lab.
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Leading-Order ^ -¿ Factorization at JLab 6 GeV ?
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X*Y 'µ³ agree with HERMES, SMC, fall on
the same curve of inclusive X µ³ . No clear� -dependence observed for � � ~à � .

LO 3 - 4 factorization is not violated much at 6 GeV.
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