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Inelastic Scattering
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Lorentz invariants:
v=p-q¢/M=(E— Ea
Q?=—q-q= (4EE'sin® Y
z=—q-q/2p q=(Q*/2MV)a,

y=p-q/p-k=(v/E)ap
W?=(p+q) =(M>+2Mv — Q)1
s=(k+p)’=(2EM + M),

Q2 increases =———>
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Unpolarized Cross Section:

d’o 8maly [
dde2 e

Polarized Cross Section:
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a = polar angle of target spin wrt the beam axis

¢ = azimuthal spin angle wrt the scattering plane
a = 0° (longitudinal); o = 90°, ¢ = 0° (transverse).
¥ = AM22% Q% = Q[

§=1-y—yy*/4

Parton Model:
Fl(w, Q) = Tied(g'(z) + ¢ (z) + 3'(z) + ¢4 ()

(
Pyl Q2)—2wF1( , Q%)
g1(z, Q%) = 3 xi€}(q'(z) — ¢*(2) + T'(z) — ¢*(z))
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F,(x,Q%) and g,(x,Q?)
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NLO Fits
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Ag Ag A
Type 1 .05 £ 001 031032 027 £007
Type 2  —0.06 £ 0.02 047 £1.08  0.25 £ 0.10
AACO3 —0.06 = 0.02 0.50 + 1.27 0.21 + 0.14
2
— DIS + =’ (type 1)
- DIS (AAC03)
1
0
xAg(x)
. 0001 0.01 0.1 1
0 0.01

x.f_\.dv(x)

— DIS + i’ (type 1)
--- DIS (AAC03)
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* Infinite Q> Parton Model, PDF(x)
- Large Q2 pQCD, PDF(x,log(Q?))
« Medium Q? Higher twist, target mass correct.

* Low Q? Resonances (complexity)
* Tiny Q? Chiral perturbation theory
« Zero Q? Real photons

» Complexity, as measured by vy,, §,1, d,and T,
disappears rapidly at high and low Q2
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JLab
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The CEBAF Accelerator f\
y Recirculation

North LINAC Arcs /

South LINAC

lnjectoi

Beam Switchyard

Separator
End 7
Stations 4/
Left HRS v
Hall A Floor Plan
Cerenkov
VDCs Pion
7 Rejectors
e _T_,He (Pb glass)
= Scintillators
Pol.’He
Target

To Beam Dump

Compton Moller 02
Polarimeter Polarimeter
Preshower
Hall A oo o
(Pb glass)

Right HRS
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Acceptance
Spectrometer
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DC: Drift Chamber
CC: Cerenkov Counter
SC: Scintillation Counter
EC: Electromagnetic Calorimeter
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« Atlow Q? the A resonance drives g, negative

« Extensive x-range at fixed Q2 allows integration over x
« Red curve is the EG1 model used for radiative corrections
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At higher Q?, g, becomes positive everywhere
- g,/F, falls far below the DIS extrapolation at low Q?
* Red curve is the EG1 model (dashed: DIS extrapolation)
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« Error envelopes for PDFs from LSS05 global analysis (green)
« CLAS EG1 data significantly improve errors on Au, Ad, Ax and AG (blue)

« CLAS EG12 (12 GeV upgrade) will especially improve AG (red)
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7@ = [ e Qs CLAS EG1 Data

” TS0 «— scaling: InQ2
. P '\ higher twist: (1/Q2)"
" NO nice expansion
L VERY PRELIMINARY
0.02 '
“¢<-. ® EGLbData+DIS) XPT (Q2)n

am [ O EGlbiData)
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— Soffer-leryvaev

-0.04 —1: === GDH slope
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Hall C

PRL85(00)1182

Global duality to 10%

Local duality to 10%
W=1.232, 1.535, 1.680 GeV

Duality - structure functions
averaged over resonances
behave according to DIS
systematics

Global - all resonances
Local - one resonance
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Polarized Duality

Hall C !
RSS, Wesselmann, Slifer 0.3
Q?%=1.379 GeV? -
Target Mass Corrections 025

applied to PDFs
No duality for A

PRL98(07)132003 gP 0.15

GRSV: Phys. Rev. D 53, (1996) 4775 !

BSB : Eur. Phys. J. C 41, (2005) 327 0.05

T

- — Stat. pdf
<« GRSV pdf
— AAC pdf
RZS data

AAC : Phys. Rev. D 62, (2000) 034017. ¢ *s o
¢
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X,
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) M2 3 M4 4
PO, Q) = OO + S () + 124?,5 0:(6) Hall C
O , Christy
hz(€,Q2)=/ du ————= - <

1+ /1 +422M?/Q?
92(€, Q%) = _/ du hs(u, Q%)

----- Structure Function + TM Fit 4+ E94-110 Duality Averaged
——  Structure Function Fit e DIS DATA
0.4

045

04 =

0.a3% -

nos |

)
|
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Hall C: Christy
hepph/0709.1775

----- Structure Function + TM Fit 4+ E94-110 Duality Averaged
----- Structure Function + T™M Fit 4 E94-110 Duality Averaged —— Structure Function Fit e DIS DATA
—— Structure Function Fit s DIS DATA
0.4

2xF.°
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Ay(z,Q?) = %8@2??5(%52;) Simulated Data for EG12
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CLAS EG1 Data

1 e T T T T T T T T T 1
— GRSV CLAS 06
T AAC 4 JLab/Hall A
i ] - —— GS ® CLASI?2 projected-
0.75 | : 0.5 - LSS 1
205 ¢ ]
2 e This work ]
025 O HERMES -
! A TLab/HallA

Ad/d

Ad/d

11 October 2007



; ”.. The College of
§) WILLIAM & MARY RSS g,°

W 1 Burkhardt—Colttingham Sum Rule
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Proton Resonance Fits
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1<W<3 GeV
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Small Angle GDH

Hall A
E97-110

Chen, Deur,Garibaldi, Sulkosky
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g," = - g," at low Q2
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R = o,/o; (Resonance)
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2
|:§?11((i:(§22)):|e}<p Fy(z, Qz)exp = g1(z, Qz)exp = g1(z, QE)LT + h9! (‘T)/QZ
oosf Proton 1<Q?<5GeV?, 2<W <3.5GeV
v EG1 {; ]
| [ aoh@) = gy 1
z T )= = 2 1+ J2
"20.05 @ @ @ 0 9

o1 R
0o | Newon 1 °F1from NMC fitto F, and 1998 SLAC fitto R
T {i 1 *g, (leading twist) from NLO fit at high Q2
: 1 <h from fit to all data, especially CLAS in
0.1 7 {; ) the pre-asymptotic region
' | ed,: twist-3, f,: twist-4
0| 59
0 02 04 06 08
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Bjorken Sum & Higher Twist

l"(ﬂ}: rlxﬂ (J: Q?}dx: a_ n—024 Eﬁ" - @ Thiswork 1 ﬁgﬁ,&:‘”
L E114 2° T 02| A JLab Hall A/Hall B .
- % CLAS EGla
o . - ¥ HERMES
i | @ El43
FE_:”: x"g5(x,0%)dx= E—l(d —a,), n=24,..., abr Yt T
Jo et ]
Bernar %{iiéﬂ
| CLAS: Deur  “ o [, oAb
Bjorken Sum Rule: : J: ;i
i p i
2 3 p—n 0.05 - oo
"= 24 1———358( ) —2021( ) +“2 SR [ E}j
6 T n @ [ e L
) 0 :Llﬂ%? == GDH slope
_ M _ _ _ -]
py o= T(a§“+4d’z’”+4f§”) o RSP
10 i .
Q’(GeV’)
1
dg_n — / dxr 3;2 (2931}_1]' -+ 39%}_”) 0.3 ‘WM EGIb, 3 par. fit A Bag model WV Instanton (2002)
0 0.2 % EGIb, 4 par. fit =7 JLab A/B, 4 par. fit | | Inst. (2006)
0.1 70 JLab A/B, 3 pr. fit /\ QCD Sum rule O Stein et al.
. " Q%=0.5]Q%,.F0.6]1Q%,=0.8]Q 2r1n=w.o I
Fit I',P" to powers of of J[ i B 5] ]
- 0.0}
1/Q? and extract f,r-" —2§ ﬂ} '}? ﬂ
-0.2 - Theory
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1
g2 x 1 M?%*x¢ .
Ml(Qz)Z/de{gl(x, Q2)(g -5 ) CLAS, Osipenko
0
a2 PLB609(05)259
_32(X,Q2)§ Q2 }’ 0.2 _ e . .
| e 2,
£ =2x/(14++1+4M2x2/0Q2?) 015: ]
2 2 o o R
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Q Q \‘: 0.1F -
2 2 2 E :
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] Clasticor My /Qi 1
f» =0.039 £ 0.022(stat) + 0078 (sys) e T He/ O
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0
—0.026 + 0.015 + 0021 ,
xe=2Qdr+ f2) X ) 0024 03
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SHe Higher Twist

* Higher twist terms from world
neutron data

u, = 0.019(24)M?
ug = -0.019(17)M?
*Twist-4 term
= M?/9 (a,+4d,+4f))
SLAC E155x: d,=0.0079(48)
E99-117: d,=0.0062(28)
f, =0.034(43) (total)

* Color polarizabilities

v = 0.033(29)
vs = -0.001(16)
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1/0° (GeV™)

Hall A
E94-010
0.08
o JLab E94010 © SLAG E142
| CHERMES  ©SLAC E143
ASMC v SLAC E154
0.04 |
= | 2R R L.
[_‘ 0 — = I =
~0.04 |
0.08 a
I 15 2
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* Osipenko, CLAS, proton, PLB609(05)249
—f,=0.039(39)  y =0.026(27) xg =-0.013(13)

« £E94-010, Hall A, neutron
—f,=0.034(43) = =0.033(29) g =-0.001(16)

* Deur, CLAS, Bjorken (p-n)
—f,=-0.101(74)  xz =-0.077(50) xg = 0.024(28)

e More accurate determinations are needed.
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Baldin Sum Rule

000’1—|—O’3
a+ﬁ——f 2dv

KO'] + o3
2dv

2(02) + B(Q%) = —— f

2M

— 2F Hd
ﬂ'Q40 xl(st)x

o and f are E&M
polarizabilities

Unpolarized analog
to GDH
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CLAS Moments I',P4

Q%) = fo 1 g1 (z, Q) dz
Q%) = (1 = L5wp) {T1(Q*) + T7(Q%)}
[P(QY) = — o + 3.89Q% +
[7(Q%) = — g5 Q2 + 3.15Q% +
PRELIMINARY

e

0075 ﬁ.

005 % AT
------- Burkert-loffe (T~
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ﬁ h P
{ g
o 7
1.8 ] i
s || e . / A
et
.'._,- ll‘ g i ,’. ;
» = - - {“ -'l.
P ,"
:
,

0025 ; - - Soffer-lervaev
; ® CLASEGIb GDH slope
. i O CLASEGIa i s it

i A HERMES

; 0 SLAC E143 \ smen Bemard;yPt
0025 _ | — EGIbFit -

|
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[1(Q%) = aQ” +bQ* +cQ° +dQ°
low Q2fit ¢

? GDH + ypT

®  data
Ti,etal. xpT o

] ] ] 1 1
0 0.5 1 1.5 2 2:5 3
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Forward Spin Polarizability

 4e2M?

PRELIMINARY

real photon point

CLAS EG1 Data
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/ dr x° {gl(xaQQ) _7’292($=Q2)}
0

- Kaoetal, O(p’i+aie’)
Kao etal, O(p 1+0(p*)
MALD 2003 (1)
e RLALD 2003 (o)

Bernard et al.

s s &=

-~

| syst_err_expt

svst_err_exir
A DNlainz
| = EGLb Data
| ® EGLb Data+extr.
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3SHe Polarizabilities

0 |

« 2 X0
- 16Q24 f x*[g1(x, Q%) + g2(x, 0*)]dx
S
3
Hall A &
Amarian, el
PRL93(04)1152301
< 0.002
E
Q
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]
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——— Kaoetal 0(p3)+0{:p4)
I -

E94010
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Lattice QCD
MAID

Bernard et al.
Bernard et al. (VM+A)
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A Deur For isovector (p-n) case
CLAS + Hall A A contribution cancels
S 6 S 6
"'.Li . B0 "'.Li Bemard et al.
= =
-— ~— 4
;ﬁ? ;9 B P-NEYMOIO+EGIH
2 2
|
[ |
2 n
;' {J@ —i-— =
2 2
- Kdo et al. - Kuao et al.
_60 01 02 03 04 05 06 07 08 09 llf _60 01 02 03 04 05 06 07 08 09 llf
O’ (GeV*) O’ (GeV*)
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vo Fits at Low Q?

x104 fm_4

02 F

04}

Yop

08

-1.2

Yo" (x 107 fm™*)
B

Y@

06 F

PRELIMINARY

EGldt —e— |
a+bQ + Q +d%ht 4]
g.”

) . ) , a+bQ
0.1 0.2 0.3 0.4 0.5 0.6
Q% (GevD

Y%(Q)

0

0.1 0.2 0.3 0.4 0.5 0.6
O (GeV )
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a =-0.97(11)

b =5.13(94)

[targets for ¥PT]
Prok et al., CLAS EG1

a =-3.643(1)

b =20.180(8)

[targets for ¥PT]

Amarian et al., PRL93(04)152301
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d(0%) = f dx x*[2g1(x, 0%) +3g2(x, 0?)]

CLAS EG1 (proton) Hall A (neutron)
Osipenko, PRD71(05)054007 E94-010
Model-dependent determination Amarian, PRL92(04)022301

0.01 r

d, fit to aQ"/(1+cQ%)

16 | ' Osipenko —&— - 0.005 - |
14 |
12 f
1o f S
5 Ll
6 L
_ ® EO40L0 Neutron
4 F -0.05 | O EL55x Neutton
< Lattice QCD
2 | -~ HBxPT
il P —— MAD
) gl - . . . N
0.1 1 10 0 02 04 06 08, 1 , 10

Q (GeV)
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EHFS(E_'P) — 1.4204057517667(9)@1—12 — (1—|—AQED—I—A —I—AS)E’?;r

Triplet AS — A A —I— Ap,:, 51‘3,{:1 _ _[2 111 A* —1412101}
Unperturbed I/ f _ p
\ e Zemach: Ay = —?amf< Yz(1 4677
\ I
Singlet : oo (Ir(.«_) —~ G M ((.«_:) )
5 Ge(@}) e

— 38, 62(16) ppm Az = —41.0(5) ppm
Apol = 2.38(58) ppm

Apol = )_(Tf’ Al + A2) = (0.2264798 ppm)(A; + Ao)

e I/2/Q2

0 Bi= [ doinn(e.@?),
a2 Qg{ 1@)+ 5@ = 6.48(89)

By = /Om dz B2(7)g2 (2, Q%) ,
Ay = —24m?> / Bz (@) =-0.57(57)

B(r) = g(—37+272+2(2—7)\/T(T+1))
| Ay = 1.34(24) ppm from CLAS | , © _ 7',
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WILLIAM & MARY
r,n moments of g,
I, moments of g,
Yo forward spin polarizability; moment of g, & g,
O 1 forward spin polarizability; moment of g, & g,
a, OPE twist-2 coefficients
d, OPE twist-3 coefficient
f, OPE twist-4 coefficient
YE color electric polarizability
XB color magnetic polarizability
o+ p electric and magnetic polarizability
A, + A, hyperfine splitting polarizability
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* A wealth of data exists for g4, g,, F; and F,,
* What's still missing:
— high x: g,»4n and F," (JLab12 and BoNuS)
— g,P on the proton (transverse target)
— precision and full kinematic coverage for 1< Q%<10 (JLab12)

— low Q? evolution of g,Pd (EG4)

* What's gained:
— understanding three regions

* Q2 near 0 (xPT)
* Q?from 0.1-10 GeV? (TMC, higher twists, resonances, the transition)

* Q2 near infinity (pQCD)
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