Structure of the Nucleon in the Valence Quark

Region

Z.-E. Meziani
Temple University

* Structure of the nucleon; Inclusive spin responses
Valence region and quark orbital angular momentum

Moments of spin structure functions
** Burkhardt-Cottingham sum rule
= Color polarizabilities

* Structure of the nucleon; Semi-inclusive spin response
Transversity, Collins, Sivers, etc...
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Introduction

Understand the nucleon structure in the valence quark region

Complete knowledge of parton distribution functions (PDFs).
™= Unpolarized, and transversity distribution functions...
Why large x?

= large x exposes valence quarks
0.6

- free of sea effects

> x->1 behavior - sensitive test of

spin-flavor symmetry breaking

fix,Q)

= important for higher moments of

PDFs - compare with lattice QCD ~

= intimately related with resonances,

quark-hadron duality
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Inclusive DIS

* Unpolarized structure functions
Fi(x,Q%) and F,(x,Q?)

Proton & neutron measurements
provide d/u distributions ratio

Hadrons

» MNucleon

d’oc . Balcost(6/2)[Fux,QY) 2F\(z.Q%). ..,
U I:_IJ'F.IEH}(P + |£|~_-' —_ o E{C:Id}llﬁf :I[ [ "H.; J -+ I‘l_‘f TF!I-Hﬁl_H,I"I.L}]]

® Polarized structure functions
()? :Four-momentum transfer

91(X:Q2) and 92(X,Q2) x : Bjorken variable
Proton & neutron measurements ZJ:_EI:‘"'”?Y ;’":1"552"'"
: . . , : Nucleon ma
combined with d/u provide the spin- W Final state hadrons mass
flavor distributions Au/u & Ad/d
d*o ja” E' o .
(1= 1) = (B + E cos®a (2. 0%) — X -golz. O%)
L ”,.E;{H}L] f [ MQ vE (E+ E cos@)g(x, ) 2 galx, Q) ,}
d*a {a”sinf E" : "
(| = — T=} = (r ol 2R aala *
T “rE;d””ﬁ =3 MO® °E [H.rlr_t.i'.f,;-' )+ 2Egolx, C)°)
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Virtual photon-nucleon asymmetries

A = g1z, Q%) - ,.I_.;zl?__?[lrl 02
Fi(z, Q?)

A, 1 (91 (2, Q%) + go(x, Q%))
” Fi(z, Q?)

where + = Q*/v

« Positivity constraints
|4;] <1 and [Ag| < (R(1+ Aj)/2

In the quark-parton model:
1 1
Fl(xa Q2) — EZ ef" qf(xa QQ) gl(xa QZ) — EZ e?" AC]f(CE, QQ)
f

f
’fi’_,n"(-'f) == fi’!*(i) + '%"_,'r'(l' ) Agfz)= qullf-(.'l:) — qr]',(,x)

q;(x) quark momentum distributions of flavor |
1(|) parallel (antiparallel) to the nucleon spin
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Polarized quarks as x--> 1

. = °  SU(6) symmetry:
Y AP=5/9 An=0  d/u=1/2
& & Au/u=2/3 Ad/d = -1/3
§ &
fj ‘1 ® Broken SU(6) via scalar diquark
! / s | dominance
*‘E : AP—>»1 A1 d/u—0
' Au/u — 1 Ad/d = -1/3
Broken SU(6) via helicity conservation
AP 1 AN —1 d/u—»1/5
Au/u —1 Ad/d— 1

symmetry breaking effects than A,

0.8 1

.0.4 !
0 0.2
X
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Hall A Experimental Setup

Left HRS

EIF“EFIII.!EHTAI. HALLS

©®
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Rejectors
(Pb glass)
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o Y Compton Raster Pol. 3He
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" - ] ; To Beam Dump
= AHE EIEI‘LH eP BPM

Preshower
/ Shower
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SOUTH LINAC
HORTH LINAC

Jefferson Lab
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Hall A at Jefferson Lab
g 1 3

+n
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Hall B Experimental Setup

Electron Beam

CEBAF
~ Electromagnetic Lal’ge
s Calorimelers
[ Acceptance
Torus—_ ; ooy Spectrometer

' a Counters

WETEES T|mt uf[‘llghl .-f"ll

''''''

il ettt Sciniillators — '“-- = g

* Large kinematical coverage

- detection of charged and
neutral particles

*Multiparticle final state
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JLab Polarized 3He target

Polarizing ]
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Polarized 3He Target

QUARKS & NUCLEAR PHYSICS 2004, INDIANA, USA




JLab E99-117 A" Results

1 1
A';' [ ® JLab E99-117 (*He) [ ® JLab E99-117 (3He) 7
- O E142 (“He) - O E142 (°*He) ¥
081 A E154 (°He) 0.8 A E154 (°He) f{
L HERMES (3He) L ) HERMES (3He) - 5
i i &
0.6F 065 :
: I S
0.2k " Sofleretall

0.2 | }

0 L—+—+$
- . % 2
L 1 * A N
0.2 ' 0.2
0.4 | Ll | R S _ﬂr4_,.,|,,l|,,l|J,| .
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

Spokespeople: J.P. Chen,
Z.-E.M. & P. Souder

T Thesis student:X. Zheng

Phys. Rev. Lett. 92, 012004 (2004)
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Helicity-Flavor Decomposition

13
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Hall B EG1b preliminary results
PROTON

< HF perturbed QM

1.4 World data parm (¢ = 10 GeV”
Symmetric () wave function
1.2 - Helicity 32 suppression
- = Spin 32 suppression
T ® CLAS-EGIbQ'=1.4-4.52 [.'ex'{__,.-----""'
ogl 4 SMC

SLAC - E143
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Duality in the neutron spin structure

Helicity independent case

Proton and Deuteron
Niculescu et al. PRL 85 (2000) 1182

See W. Melnitchouk

ARy
' oL
: T e ILab EQ4010 (2 = 0,58 GeV')
\‘ ' s JLab ES4010 (7 = 0.74 GeV')
Hint of spin duality for the —( el
(.21 1 . ; ; ; .
heutron! 0 0.2 0.4 0.6

-
Al
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HRS+MAD spectrometers in Hall A
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A" at 11 GeV with MAD in Hall A

A
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A.” at 11 GeV with CLAS++
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Helicity-Flavor Decomposition
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Burkhardt-Cottingham Sum Rule

1
T2(Q?) = f go(z, QY dxz =0
()

Dispersion relation for a spin-flip Compton amplitude
Causality
Analyticity
Absence of a J=0 pole with non polynomial residue

Doesn't follow from Operator Product Expansion and is valid at all
Q? if valid at one Q2

Many scenarios of g,'s low x behavior which would invalidate the

sum rule are discussed in the literature.
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F Resulfs of Jlab E94 OlO

"o JLab E94-010
0.04 ¢ o JLab E94-010 + elastic fit

o JLab E94-010 + elastic fit +DIS{ estimate
m SLAC E155x
——MAID

0.02
B2
AR
&
ﬂ‘i o Q 5 JJK
e & @
=] BT S R 5 & yyses
0O 02 04 06 0.8 1 2 2 10

0’ (GeV)

M. Amarian et al. Phys. Rev. Lett. 92, 022301 (2004)
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Quark-Gluon Correlations and g

twist-2 twist-3
+1° ¢ 0 +1 5 ' 0

e

Carry one unit of orbital Couple to a gluon
angular momentum

@z, Q) =g " (z,Q%) + go(z, Q%)
a twist-2 term (Wandzura & Wilczek, 1977):
94 — I 5. dy
" @0 Q) = -0(e. @)+ [0 @)
Y

a twist-3 term with a suppressed twist-2 piece (Cur"fe.s Pire & Ralston, 92):

5 4 di
2(2,Q%) = f 5 ﬂm (4,9 +€(5, Q%) -
x’
transversity quark-gluon correlation

QUARKS & NUCLEAR PHYSICS 2004, INDIANA, USA

22
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World Data on ¢

Preliminary JLab E97-103
JLab E97-103 Systematic Errors
SLAC E155X

JLab E99-117

g™ from BRE scen. 1 @ 1.0 GeV’
g™ from B&B scen. 1 @ 5.0 Gev”
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Moments of Structure Functions

L.l I
Q3 /J[ dr— oy + Q_a’ g % o
leading twist higher twist
P ;) 1 1 1 | |
H}_’ {(2 } - '::+ E A B EH»,} + a_\ﬁ" + pQCD corrections

g4=1.257 and as = 1.OTY are the triplet and octet axial charge, respectively
AN = singlet axial charge

gr = Du—Ad
az = Au+ Ad — 2As
AY, = Au+Ad+ As

pQCD radiative corrections

Iqpl
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Study of Higher Twists (continued)

1a(Q?) _{l (a2(Q?) + 4dy(Q) + 4£,(Q?)

Twist -2 Twist -3 Twist -4
(TMC)

where ay dz and [, are higher moments of g, and g,

eg. dy(Q) =£ 222gi(z, Q) + 3p2(z, @)|dz = [ & galx, Q%) dx

()
i e 1 4 y
az(()”) = -{; r qilz, Q° ) dx
*To extract f,, d, needs to be determined first.

*Both d, and f, are required to determine the color polarizabilities

Iqpl
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Color "polarizabilities

How does the gluon field respond when
a nucleon is polarized ?

Define color magnetic and electric polarizabilities (in nucleon rest frame):

X .2M*S = (PS|Op£|PS)
where (O = L""i__q B

O p=ua x ,-:;..'_:_j W

Xr = (4dy +2f7)/3
X = (4dy — f3)/3

X,.and X;; represent the response of the color B & E fields
' to the nucleon polarization

Iqpl
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d, results of Jlab E94-010

Ul ="~ r = v
| —— HBXPT e 94010 Neutron
——- Bernard et al. (VM) o E155x Neutron
—-— Bernard et al. (VM+A) -

-l o MAID

-
|

Lattice|QCD

0 02 04 06 08 1

Iqpl
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Adding the elastic contribution

e E94010
© E94010 (elastic added)
O El155x
<] Lattice QCD
— MAID
—— Elastic Contribution
0.08 0 02 04 06 08 1

0.06 + |

P—.

10
E155x: d, =0.0079 + 0.0048 Q" (GeV')
Updated value using E99-117: d,=0.0062 + 0.0028
T’

QUARKS & NUCLEAR PHYSICS 2004, INDIANA, USA 29



1Ll
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| i | i & MaD b &
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=005 F ILadiice QCTY]
{30010 L
0,01 (.1 1)
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Semi-Inclusive/ Transversity

Three twist-2 quark distributions:
Density distribution: q(x,Q?)= q 1(x) + g(x)
Helicity distribution: Aq(x,Q%)= q '(x) - g*(x)
Transversity distribution: dq(x,Q?)= ¢*(x) + q,(x)

See N. Makins

- -._\_\_-.-

Some characteristics of transversity: <
0q(x) =Aq(x) for non relativistic quar'kg,f_'#_”‘ﬁ--

.
R SRS

-

8q and gluons do hot mix < ! e

o,

=

"= _-> Q2 evolution for 8q and Aq aréHHJﬁerent
) . I . .
Chiral-odd--> not accessible in inclusive

",
-,
.

It takes two chiral-odd objects to measure
transversity

<
Drell-Yan (doubly transversely polarized p-p collision) ““iqf{@pf y

Semi-inclusive DIS ~
= Chiral-odd distribution function (fransversity)
™= Chiral-Odd fragmentation function (Collins function)

QUARKS & NUCLEAR PHYSICS 2004, INDIANA, USA
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Semi-inclusive DIS

Spin-flavor decomposition of valence and sea
quarks by tagging hadron (e.g. m, K) in current
fragmentation region

el )

do = %ﬂje? qr() D?(z)

(2) quark-4 hadron

—

p 29,

fragmentation function

unpolarized or polarized beam and target
mass of unobserved X system, W, > 2 GeV

MApl
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All Eight Quark Distributions Are Probed in Semi-Inclusive DIS

Transversity " 17 =

Sivers s

£

in
11

{[1+Q- Y)Z]qqué f(x)Df(z RY)

2

Unpolarized

_ Pm I 21,1(2) 1 2
(1Y) 3y O S T OOH, @ RY)
IS 1)y SN S G OOH (2 RE)

Polarized

S 1d-y)) it Sin(¢L +¢E)EE§W(X)qu(Z, R

h

+15 |[A-y+- Y) i Sln(¢h ¢S)Ee fL(l)q(X)qu(Z’

N

target

3

3|\/||\/|

+S1(1-y) sin(3, - %)Eehl(z)q(X)H“‘(Z

R.)

2)

+2. 1S 1 y(1- *y) > eégf(X) D}(zRY)

Polarized beam
and target

+2e IS IY(l—*Y) ” cos(¢, - %)Ee 07" (X)D(z R}

N

S, and S;: Target Polarizations; A_: Beam Polarization

T
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* Transversity

"Collins effect™ Finding in a polarized target nucleon
a transverse-polarized quark, which fragments with a transverse
momentum correlated with that quark polarization

= Al ' LR . ' .
hl‘.i " ey ”I_mi___ ?
chiral-odd, T-even chiral-odd, T-odd

“Sivers effect™ Finding in a transverse-polarized target nucleon a
quark with correlated primordial transverse momentum

A

..J__ ) ;
tip= %_l;'-' X b = .

L

chiral-even, T-odd chiral-even, T-even

(Boer & Mulders) Finding in an unpolarized target nucleon a quark
with correlated transverse polarization and primordial transverse
momentum

i=3)-) m-)- &

chiral-odd, T-odd X chiral-odd, T-odd



Jlab Hall A E03-004 / 3He' (e,e'm)X

Beam Spokespeople: J.-P Chen, X. Jiang & J.-C. Peng

Polarized (P~80%) e-, 15 LA,
helicity flip at 60Hz

Target

Optically pumped Rb+spin
exchange 3He, 50 mg/ cm2,~B
40% polarization =

Transversely polarized with
tunable direction

BigBite at 30

Electron detection
Bigbite spectrometer, Solid
angle 60 msr, 6=30°
Charged pion detection

— HRS spectrometer, 6=16°
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Disentangling Collins and Sivers Effects

Monte Carlo assuming 1.0% asymmetry due to Sivers effect

Asymmetry versus Sivers angle Asymmetry versus Collins Angle
0.04 A=B sin(p, -d,) 004 A=Agsnip +4)
. 003 = 0.03 %I NDF = 391.4783/ 15
g 0.02 g 002
E 0.01 & E 0.01 00 g T
o - [}
5 DLL-.-N-- & D /,”M\ ----------- --.--“-______.
200 TTre R E -0.01
= -0.02 s -0.02
€ -0.03 @ -0.03
-0.04— -0.04-
" =17 L P R T -0.05 I I B M L & ; R ey
005 450 <700 50 ©0 5° 100 150 R B 1m0 180
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Expected result from JLab at 6 GeV

20 | x=0.19 Q%177 W=288 0 x=0.24 Q°-200 W=278 55 1E
15 Caffer Bound 15 -:_T: - JLAB en—em X projected
I 1=(F9, + g%, )2 " & 0.37<2<0.42

e - ——— 10 | w  J.49<7z<0.56
E 3 _————____j______f— = —‘___r_______t———‘____ 0.751- HERMES ep—en'X projected
- it Gt gl st Sunpne [ e 0.1<z<02
a 5 2} e - . O 0.2<2<0.3 I

i W J.3<z<0.5
N —"'";,,-.'-. I r."l:_.-g"“_ 15 - A 0.7<z<1.0 -
E Eﬂ _. hdhl:glljlu I-'ull'zlgull'. g —2':] : -::l |__|_ L
™ 20 [ x=0200%241 W= 263 200 =034 0=271 W=240 [] Ei u A
b i P *i |
T 15 e ——— 15 e ——— T &
s et A— 5
5 10 I L A
g S e | & ___d____-——-"‘_ {.}'_ G f &
Dr:_'_"'+"'_'f'_"_' ‘]L__:""+"':'_+Z'_' ) ..*|.T..*| : T o BT

= = 0 0.1 0.2 0.3 0.4 x

-10 _ -10p

15 _____———_15 o

-20 , 20

03 04 05 06 03 04 05 06
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10

A(p) > 100

Adn)x 100
£n

I
=]

Jlab 12 GeV projections

(a)

n |

[ S —

Brea._ I‘-.-.h -
x=0,2 - x=0.3
*=2.5 GeV* Q*=3.0 GeV*
1000 h on NH, target 1000 h on NH; target
() (d)
n 4 o ~tn
+___..---'+_“-d +-"'+
0] l : I L |
ok . GUn | |
o = N
— 1 ?tf --_____- i
x=0.2 1 ] w=03 1 __ J
*=2.5 GeV* Q*=3.0 GeV* i SN "
1000 h on *He target 1000 h on *He target
0.2 0.3 0.4 0.5 0.6 0.2 0.3 0.4 0.5 0.6

Fid
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Summar

Neutron A, crosses zero around x ~ 0.4 and becomes positive at
large x.

Ad/d is negative up to x= 0.6 consistent with RCQM models but not
with hadron helicity conservation assumption.

The Burkhardt-Cottingham sum rule seems verified within errors
for Q 2<1GeV?2.

Neutron d, is small but finite in the resonance region. Precision
measurements of g, in the range 1 < Q? < 4 GeV? are required for an
accurate extraction of color polarizabilities.

11 GeV at JLab will allow to extend the investigation of the nucleon
spin structure in the large x region through inclusive and semi-
inclusive reactions, this includes ftransversity and other fransverse
momentum distributions.
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Kinematic Acceptance
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