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WILLIAM & MARY Introduction

Our tendency is to go from inclusive to exclusive reactions
f(ma Qz) f(.fU, Q27pJ_)

Our tendency is to go from low resolution (Q2) to high
>, of constituents  resolved constituents

Our tendency is to go from holism to reductionism

This talk is about going in the other direction:
f f(mv Qzapl)dpJ_ — f(ma Qz)

J f(@,@Q%)dz — f(Q%)

[ f(@*)dQ? — hyperfine splitting
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WILLIAM & MARY Global Properties

Energy-Weighted Sum Rule

S(F) = 2,(E,-Ey)I<alF|0>[? = <O[[F,[H,F]|0>

GDH Sum Rule

o dk 2mlak?
—Ac"™(k) =
[kﬂ F oo k) = 5
Ao™N = O'g;g — Jf;g

Sum over excited states is tied to property of ground state

19 June 2007 JLabUsers2007



, College of

“wiLiiamemary  High Energy Diversion

Gottfried Sum Rule  ®2™(Q2) = [} FP'"(z, Q?)dz

0.235(26) at Q2=4 Gev2  Fi(z) = 53, efai(z)
Y — 7 = L[u, — dy + 20 — 2d]

Bjorken Sum Rule e (Q2) = [ gP (2, Q?)dz

g1(z) = 532, € Agi()

2— 2 ;
0.176(7) at Q*=5 GeV I? —I'7 = 1[Au, — Ad, + 240 — 2Ad]

Complicating Factor

ACMS =1 — 2s 3583 (2s)” —20.215 (2=)° + ..,
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t_'u.m e
» e v «— scaling: InQ?
oss higher twist: (1/Q%)"
o no nice expansion
VERY PRELIMINARY
0.02 Jj
ol wrr i |
WL T — yPT: (Q32)n
0.0 -#'F- O EGlbData)
) —— DBurkert-loffe
—— Soffer-lerynev
Y T ==« GDH slope
\ -~~~ pQCD DIS |
Q*(GeV/e)
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WILLIAM =MARY SPin Structure with CLAS

e Long-standing program
In Hall-B at JLab to
measure longitudinal
double spin asymmetries
A, on 1°NH; and >ND,

« EG1: 0.05<Q?%<3.5 GeV?
— data (2001); anal (2007)

e EG4: 0.01<Q%<1 GeV?
— data (2006); anal (2008)

e EG12: 0.5<Q%<7 GeV?
— data (20127?); anal (2014)
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CEBAF

Large
Acceptance
Spectrometer

DC; Drift Chamber

CC: Cerenkov Counter
SC: Scintillation Counter
EC: Electromagnetic Calorimeter
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T T
_(TH—(TTT U127 032
A= T o1 Av= T T
12T 03p
A=D(A,+ nA,) _ g1(x,0%)— v*g,(x,0%)
Fl('xaQZ)

We can extract A; using
a model for A, (small), or g, 207
using a model for g, (small) A=

T T
Ot T3

We can extract A; and A, _ 7[81(~’C,Q2) "‘82(X,Q2)]
from A at multiple values - Fl(x,Qz)
of T](Ebeam)
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EG1 EG4 EG12

4 b crasiz

| W CLAS EGI and EG4
Hall A E94-010
Hall A E97-110
Hall A E97-113
Hall A E99-117

8 [ m Halla Eol-012

0 T i T T ' AR SN il P PEFEEFES B BT ST U B R B
0 01 02 03 0.4x0.5 06 0.7 08 09 1 0.8 I B R I 2 22 0 07 02 03 04 05 06 07 08 09 |

X

» Overlapping colors correspond to different beam energies
 CLAS measures a large range in x at each fixed Q2
* Different E,, for fixed (x,Q?) allows separation of A; & A,
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A” = D(Al + T]A2)

_ «/QY/E _1-€B'/E
"= 1 _¢E/E D=—1R .
-  Analysis Is In progress
£ L < to obtain both A, and
ot 2 A, from the EG1 data
& e Intercept gives A,
wt -  Slope gives A,
e v * A, is larger than EG1
e — SRETR ey 2 *°  model (MAID, AO) as is
" ‘ Hall C RSS experiment
A _: electron(NH3), 0.770 < Q* < 1.870 | A, electron(NH3), 0.770 < Q” < 1.870 |
-u.ei— PRELIMINARY ‘“"’;
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WILLIAM & MARY EG1 g,° (Q%<0.7)

E:_ a5 [ =5
S =005 }1 Q=0.1 = # Q=042
. éﬁl i 0 ‘MW‘)— : Jf\.‘\.
F 2 P
“ ¥
a5 - 05 |- 0°=0.2
— e wl _L! A iy
o szﬂ.[lﬁ szﬂ'l'z u_\/—& Qz:ﬂ‘s
i 0 . i ! s, .
0 v i .
05 |- 05 | " ooz & '\“Tﬁ'}‘r
s s W L= ot e e
“F Q’=0.07 Q=0.14 il = Q’=0.6
X 5
0 W%, . % N_/\gk."
o | Rl 5 } G " Mot
= s ! e ——
0s [ e 0=0.17 B \/ﬁ‘\.&_ Q=07
0 0 %ﬂu : v;,a_
. M
e i '
o5 - 05 |- t 0Q°=0.35 gt
e —————— . T - ' e
10 -1 10 -1 am o owa a1 u a M a1 w1 w wn ™ a
X X

» Atlow Q?the A resonance drives g, negative
o Extensive x-range at fixed Q2 allows integration over x
 Red curve is the EG1 model used for radiative corrections
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F{n}: lxng (.1:.' Qf)dx: a_n n—0,24 E“" @  Thiswork -loffe
! 0 LA 2’ R 0.2\~ A JiLab Hall A/Hall B --
. % CLAS EGla
1 | oy =
rﬂ;‘”:f x"gy(x,0%)dx = ——(d,—a,), n 24,..., el ¥ _
= 0 2ntl ! Ji et al
T
] 0.1 \w.s'
Bjorken Sum Rule: : ) f._.
I / J_',
2 3 p—n 0.05 -
pr=dal 23 (O"—) —2 21( ) SR o
1 5 - 3.58 - 0. + 0? + i i}
U < GDH slope
B M2 B B B B
py o= T(a§”+4d§“+4f§”) i
vl 1 .
. 0(GeV')
dg_n — / dx 3}2 (2‘9{}_” -+ SQg_n) 0.3 'l EGIb, 3 par. fit A Bag model Instanton (2002)
0 0.2 | % EGIb, 4 par. fit JLab A/B, 4 par. fit | Inst. (2006)

0.1 _<> JLab A/B, 3par fit QCD Sum rule O Stein etal.
l ZQ »=0.5 minF 0.6 zmin=0_8 Q]'zr"“zW 0 I

Q .
Fit I",P" to powers of of : L 3
1/ Qzland extract f,P-" —24 ﬂ} '}% ﬂ ﬁ The:y

-0.2 |-
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) 10 T T T T I
r4Q?) = fo @Bz, Qdr  T1(Q%) =aQ® +bQ* +cQ° +dQ* | — aupr

Q%) = (1 - 15wp) {T{@) +TT@)}  |ow Q2 fit
I (Q%) = — 252 Q? + 3.89Q* + ... > | i

: .\ 1 | |
F?(Q2) — _;ﬁQ2 -+ 315@4 + ... GDH XpT 0 0'.5 '1 1'.5 '2 2'_5 3

PRELIMINARY PREL IMINARY proton=1 deuteron=2

Q4 coefficient of T’y

» I i = f ]
e ] g /
i 2
015 |- f w M }
I = 1
1 Ja / g % /
iz e . / ‘;?‘ g a0s /
‘_,--" . =5 i il - A S " N B e S, -
...,o° Y = - ‘_‘ -._. 1 L : i..-i é‘ [ .
0.1 ke ¥ P
el - = e ot
__a‘ e X ; Fis 0oz 3 o N o
|I ’ L 3 .-.‘
_;{i '\. P ] . < -_'___-";...#"
0475 2 1 P A T N
"'i ".. - 3 aiseeas Burkert-loffe =
é .'.l -' oo 0 0 =
\ - E -==-- Soffer-leryaev ?
005 Vi .
¥ \ ® CLASEGLb E
Fio REEE Burkert-loffe .. -z 2
0025 f ---- Soffer-leryaev \ 5 O CLASEGla % GDH slope
é ® CLASEGID GDH slope g
o A HERMES L e DL Pt
, i O CLASEGIa R 04 .
i A HERMES O SLAC El43 t Bernard, 3Pt
O SLACEL43 | s=unen Hemarti bt —— EGLbFit
 — | * A
| \ | H |
0 1 2 EN ] 0.l 0.2 03 o 1 2 EN ] 0.l 0.2 03
e 2
2 2
Q7 (GeV/c) Q°(GeV/c)

19 June 2007 JLabUsers2007 12



The College of

«mﬁ; WILLIAM & MARY

Low Q? Fits of I,

0.02

0.01

-0.01
-0.02
-0.03
-0.04

-0.05

0.02

0.01

= -0.01
-0.02
-0.03

-0.04
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| T

{ —e— CLAS data

— fit to order Q8 "
............. xP’I‘ -to Ol.de]: Q .

§—e— CLAS data
§ = fit to order Q8

............. XPT .to Ol.der Q4

0

0.05

0.1

0.15 0.2 0.25
Q% (GeV?)

0.3

I (Q%) e=2.15(11) ¢;pr=3.15

-0.01 f

0021\ Amarian et al., PRL92(04)022301

-0.03 F .
%
-0.04
-0.05 F 5 i HalﬁlAdatg ——
-052Q°+cQ +dQ +eQ” —
GDH+XP’I‘ .............
-0.06 L L 1 . 1 : ) ]
0O 01 02 03 04 05 06 07 08 09
02 (GeV?)

X. D. Ji, C. W. Kao and J. Osborne, Phys. Lett. B 472,
XPT 1 (2000) [arXiv:hep-ph/9910256].

fit to aQ? + bQ* + cQ° + dQ°®

a fixed by GDH
b compared to yPT
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Forward Spin Polarizability

05

-1.5

1€ M?
T(Q°

/ drz* {g1(x,Q%) —7°g2(x, Q%)}
0

* EG1b Data E
e EG1b Datasextr. o °
PRELIMINARY i PRELIMINARY
. » - - .
g
L]
-2
. -4 Kac et al, 0@3)
real photon point Kao etal, 010"
-6 ——  MAID 2003 {imt up to W=2. Gev)
s Bernard et al.
-B ® EGIb Datatexir.
@  EGibData
10 s_rsr_frr_f.ﬂr
| sysi_err_expit |
[+ ] 3.2 0.3 o4 0.5 0.5 0.7 0 01 0.2 03 0.4 05 06 07
Q*(GeV/c)? Q*(GeV?)
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Pry2
x10-4 fm? Q@)

a =-0.97(11)
b =5.13(94)

Yop

S ©& ©
o =
r—-—-'.-—a

PRELIMINARY

EGI data —@— |

TR Rahday, o | Prok et al., CLAS EG1

/

1.2 . . . a+bQ
0 0.1 0.2 02 ((()}:Vz) 0.4 0.5 0.6
%'(Q)
- a =-3.643(1)
g b =20.180(8)
L e T | Amarian et al., PRL93(04)152301

0 0.1 0.2 0.3 0.4 0.5 0.6
0% (GeV?)
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WILLIAM =MARY Hydrogen Hyperfine Splitting @8y

Frrs (e p) = 1.4204057517667(9)GHz = (1+Agpp+AL+Ag)EY

i ! As =Az + onl o7 1= %[2111 ff}lz - 4412101}

Unperturbed 7
/

\ 2 Zemach: Ay —  2ame(r)z(1 + 6589
\ Singlet i )
. 4 co d(n? —~ —~ 2" Crf ((‘._:)“

(rz =2 [° 5 |Ca(@)EHE -1

Ag — —38.62(16) ppm Az — —41.0(5) ppm A, — 2.38(58) ppm

Apol = i erz (A1 + Az) = (0.2264798 ppm)(A; + As)

By :/0 th dz B(m)g1(z, Q7)

(%) 2 8 2
a1 %{FE(QQH%&(QQ)}
0 BQZ/ dmﬁQ(T)QQ(man)a
o [ dQ? 2 .
AQ = —24'm,p ﬁBQ(Q )
0
Bl = %(—37‘—{—27‘2—0—2(2—7")\/7'(7'—0—1))
e 1/2/Q2 9
Ba(T) = 1427 —2+/7(74+1),
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Comparisons between ['; — | ¢,d» and
and between T'; = [ godr and
PRL96,163001
Nazaryan, Carlson, KG

® 0.15 }

# Experimentally,
errors on ', are

X

understood; we N
exploit this fact. T 00
r Fg:fggd;;s%ﬂ

at low Q>.

Apol = (1.3 £0.3) ppm | : . . . g
(from EG1: too small by 1 ppm?) Q" (GeV?)

Nucleon structure is the largest uncertainty in calculating HFS.
Better g4, 0., G,;, Gg data at low Q? required to resolve discrepancy.
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FE\;)(QQ):/(; $N91,2($, QQ)dSL' I‘g{\;) ~ (QZ)N—I-I

16am?2 [Zth Am2 12
Fgg) — ’}’DQG/(lﬁamg) %(Q%) = g;%/o T? (91 ﬂg’: gg) dx

Y = —k2Q?/(8m2) + c1Q* +

By =T —10m2r{? /(9Q2)+.

3 5
Al[O,Q%] = {ETQPH: + 18m? pCl — E%} Q%

A2[0, Q3] = 3m2Q3 (vo—drr)/2a |5, (02 = (o) [ K. 0) LA ) 4

16aM? [x
B o j; xz[gl(x) QZ) + gZ(x) Qz)]dx

Q6
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pol

Az[0, Q3] = 3m2 Q3 (vo—dLr)/20x

1000 - {-Yiet s10m Skt 0= -LO1XI0* fm (photons)
. = 0.878(15) fm (Kelly)
¢, = 2.95-3.89 (fits/yPT)
8.+ = 1.35x10 fm* (MAID)
term Q? (GeV?) from Kelly’s Fs
Ay [0,0.05]  F:and gu 0.45 £ 0.30 i :
0.05,20] E; 7.01 % 0.22 go = g{,’vw —> I‘gN) — _NFgN)/(NJrl)
9 ~1.10 £ 0.55
120,0¢] Fy 0.00
o 0.12 £0.01 A2[0’0_05] =
total A, 6.48 = 0.89
As [0,0.05] gz —0.24 = 0.24 '0-40(05) [g ZWW]
0.05,20] g2 —0.33 +0.33 -1.4 [|\/|A| D]
120,0¢] g2 0.00
total As —0.57T £ 0.57 '024 [EGl MOdel]
Ay + As 5.91 = 1.06
Apol 1.34 £ 0.24 ppm
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B,(Q%) fit to -0.4564Q” + bQ* + cQ® + dQ®

0.02 , ; :
—e— CLAS EG1 data
0.015 } f(x) with b = 4.06(23)
0.01 }

0.005 } Various estimates

PRELIMINARY

_ 0 change A, up or

L0005 } down within the
-0.01 | quoted errors. New
0.015 | data at low Q2 are
002 } } 1 needed to improve

-0.025

0 0.05 0.1 0.15 0.2 0.25 0.3 this.

0% (GeV?H

A4[0,0.05] = [-0.75r,2¢,2+18m, 2b]0.05 = 0.32
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0.4

p
Wt

Simon et al. ¢

p Price etal. *
Bergeretal. *

Hanscn et al. ©
polarisation data

01450

e " Friedrich and Walcher,_

Hoehler etal. -+
Janssens etal. '
Berger etal.’
Bartel etal "
Walker etal ™
Litt  etal

Gh“lp”“p

Andivahis et al. *
Sill

etal’
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0.1

0.05+
EPJA17(2003)
0

-0.05

-0.1

T TT

Simbn et all. :--IQ----
Price et al. ¢

Bergeretal.

Hanson et al. -- -~
polarisation data - -#--

Dot
v

0.1

0.05

-0.06

-0.1

-

Hoehler
Janssens
Berger
Bartel
Walker
Liit

Sill

il -

etal.
etal
etal. -
etal *-
etal

et al

l.
. Andivahis etal. -
i etal.

dedo L

0.00
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1 0.01

01 1.0
Q? (GeV?)
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G. Ron et al., nucl-ex 0706.0128

14 Hall A
D JLab Hall A ==+ = Frigdrich & Walcher Fit 1 05 mrimiimiin Friedrich & Walcher Fit
B wimimi J. Arrington Fit B =v===i=J. Arrington Fit
A Manzat L T T J. Kelly Fit
B e JL Kally Fit B Y e e Arrington & Sick Fit
{ Bawes BLAST s ek i —— . = Belushkin, Hammer & MeiBner Fit
¢ [ G.A. Miller LFCBM
F| A7 Bates OHIPS ) ) i
= Belushxin, Hammer & MeiSner Fit - J‘
101 77 Aasenbluth G.A. Miler LFGEM 1.00 ;\.:-- ‘.-I-I--:.-:_'._}_j) l - IO'
n(..gym 37 %u |
= tL iL ¥ % =
QLL*L 0.950
o i 3 5 ) v | O Jonesetal. I~
| O Bates BLAST N,
| @ This Work
1 ] I 1 | | I
L1 i | L1 1 | L1 1 | L1 | L1 1 0'0 0'2 2 0'24 0'6
0.0 0.2 0.4 0.6 0.8 1.0 Q [GeV ]

Q? [GeV?]

The diversity of fits reflects an inaccurate
knowledge of the form factors at low Q2
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Zemach Radius

(rz=—2[>% {G’ (Q2)%@) 4
Reference | r,(fm) | Az(ppm) | As- Az- Ay (PPM)
Kelly 1.069(13) -41.01 1.11
Sick 1.086(12) -41.67 1.77
Friedrich |1.048 -40.20 0.30
Dipole 1.025 -39.32 -0.58

Quoted errors on S,Z and pol are 0.16, 0.49, and 0.24 ppm respectively.
Quoted error on S-Z-pol is 0.57 ppm.
Largest uncertainty in hyperfine splitting comes from low Q2 form factors!

19 June 2007
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B (65— Expected stutistical uccuracy on l"fﬁ:ar EG4
A CLAS EG4 w/o large-w part (Simula param. )
0. 04 Full T p (Simula parameterization) .f Hl
' CLAS EGla /i
CLAS EGIb preliminary '
0.03 ~— Bemard et al, Xpt ;s
- Ji et al, Xpt _ / e
------------ GDH slope : .
G —— Burkert-loffe : #_..f' 1
------ Soffer-Tervaev ( 2004) i /1A
A P ¥
0.01 :
G
-0.01
-0.02
.0.03 -
10
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WILLIAM & MARY In Conclusion

Jefferson Lab, past, present and future, provides high-quality
structure function and form factor data that make the
experimental determination of moments possible.

e rigorous yPT calculations are often lost on us because our
QZis too high

e atomic physics with 14-digit accuracy, in which the nuclear
physics enters at the ppm level, is often lost on us
because our Q?is too high

e more structure function data at low Q2 are on the way

* before the 12 GeV upgrade, Jefferson Lab should do more
precise measurements at low Q?including G and G,,
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