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Inelastic Scattering
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Lorentz invariants:
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z=—q-q/2p-q=(Q*/2MV)1p
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Unpolarized Cross Section:
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Polarized Cross Section:
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a = polar angle of target spin wrt the beam axis
¢ = azimuthal spin angle wrt the scattering plane
o: = 0° (longitudinal); o = 90°, ¢ = 0° (transverse).

v =4M?2? [Q? = QP /v
§=1—y—yy’/4
Parton Model
Fi(z, Q%) = z) + q(z) + 7' (z) + ¢+(z))
F2($:Q2) = 297F1(='L' Q2)
g(2,Q%) =3 Ee ei(q'(z) — ¢H(2) + q'(2) — ¢*(2))
92(3"1 Qg)
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* g, DIS measured for p, d and
3He
« CERN/HERA/SLAC
 (AAC: hepph0603213) NLO
fits to extract quark and gluon O 1
distributions +
« Notice the hole at high x and ;a;
Q2<10 GeV? Ny
« CLAS12 DIS coverage (red) ”551
 CLAS 6 covers this triangle in 0.1-
the resonance region
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Aq Ag AY
1 &2 Type 1 —0.05 = 0.01 0.31 +0.32 0.27 = 0.07
- YAGHL Type 2 —0.06 = 0.02 0.47 + 1.08 0.25 £ 0.10
2 2 z AACO3 —0.06 + 0.02 0.50 + 1.27 0.21 = 0.14
0.5 2
Qz =1 GeVz — DIS + x° (type 1)

0.4 ---- DIS (AAC03)

0.001 0.01 0.1 1

xAdv(x)

— DIS +7° (type 1) -0.03 _
--- DIS (AAC03) xAq(x)
-0.2 -0.04
0.001 0.01 0.1 1 0.001 0.01 0.1 1
x x
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* We've measured quite a lot about the proton in the last
50 years since Hofstadter observed its charge distribution
“Messen ist wissen” -- E. W. von Siemens

* The proton has proved to be quite complex
“Il'y a science des choses simples, et art des choses compliquees.” --
Paul Valéry

* There’s still a lot more work to be done
“Great art is never produced for its own sake. It is too difficult to be
worth the effort” -- George Bernard Shaw
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Our tendency is to go from inclusive to exclusive reactions
f(mv Qz) f(xa szpJ_)

Our tendency is to go from low resolution (Q?) to high
> of constituents  resolved constituents

Our tendency is to go from holism to reductionism

Much of his talk is about going in the other direction:
f f(xa Q27pl)dpl — f(xv Q2)

J [(@,@Q%)dz — f(Q%)

[ £(Q*)dQ? — hyperfine splitting
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Energy-Weighted Sum Rule

S(F) = 2 (E,-E,)l<alFl0>I? = <0I[F,[H,F]I0>

GDH Sum Rule
o dk 2mlak?
—Ag"N —
/kﬁ F oo k) = =30
Ao™N = crgfg — 01’;\;

Sum over excited states is tied to properties of the ground state
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Gottfried Sum Rule  ®™(Q2) = [ FP'"(z, Q%)d

0.235(26) at Q?=4 GeV2  Fi(z) = 33, elqi(w)
Y — @1 = L[u, — dy + 20 — 2d]
Bjorken Sum Rule I2™(Q2) = [ g7 (z, Q?)dz
g1(z) = 33, €2Aq;()

2_ 2 7
0.176(7) at Q*=5 GeV I? —T7 = Au, — Ad, + 2A4 — 2Ad]

Complicating Factor

ACMS —1— 2s 3583 (2s)? —20.215 (2=)° + ...
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t_.u.m e
0.12 r,‘_____-_.- 4/ SCa“ng |nQ2
. /3 \ higher twist: (1/Q2)"
" No nice expansion
: VERY PRELIMINARY
0.02 '
0 r _:.'i- Il !
H« ® EGLData+DIS) XPT (QZ)n
om [ O EGlbData)
; ' —— Burkert-loffe
' - Soffer-Tervaev
fi _‘.I === GDH slope
\ -~~~ pQCD DIS ,

QE(GEWE)Z
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* Long-standing program
in Hall-B at JLab to
measure longitudinal
double spin asymmetries
A, on PNH; and >ND;

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

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

« EG12: 0.5<Q?%<7 GeV?
— data (2012?); 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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i South LINAC

\ Beam Switchyard
Separator

* Electron beams up to 5.7 GeV with >80% longitudinal
polarization

« Beam currents of 1-50 nA in Hall B
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« Dynamic nuclear polarization of NH; and ND,
» Polarizations of 70-80% for p and 20-30% for d
« Luminosity 103° cm2s™
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T T
_CTH_(TTT 017 032
e g A= —7 T
0127 O3p
A=D(A1+ nAj) _81(x,0M)— ¥*gx(x,0%)
Fl(-xan)

We can extract A, using
a model for A, (small), or g, 2017
using a model for g, (small) Ay=

T T
Oipt O3

We can extract A, and A, . ’)’[81(17,Q2) +82(X,Q2)]
from A at multiple values - Fl(x,Qz)
Ofn(Ebeam)
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EG1 EG4 EG12

| EG1b kinematic range |
10 -
[C| ======* DIS threshold

4 b cLasiz

| W CLAS EGI and FG4
Hall A E94-010
Hall A E97-110
Hall A E97-113

Hall A E99-117
Hall A EOI-012

%)
——
|

0 01 02 03 04 05 06 07 08 09 1
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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« 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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x Q? (GeV?)

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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PDFs and CLAS

« 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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A” = D(Al -} ?7142)

. e/@Q/E _1-eB/E 10.

o e 50 « Analysis is in progress

1 2.0 .

o . & 10 to obtain both A, and

= 2 05 A, from the EG1 data

S 02 * Intercept gives A,

ark [ 01 * Slope gives A,

A5 L 12 0.05 o A2 IS |arger than EG1
e | ot e 2The 0 model (MAID, AO) as s
Hall C RSS experiment

A electron(NH3), 0.770 < Q° < 1.870 |

A,: electron(NH3), 0.770 < Q> < 1.870 |

0.6 ”E
04l 0.42
n_z:— 0.2

o;—r 0
-u.zz— 0.2
-0.45— 0.4
«f  PRELIMINARY «f  PRELIMINARY

3 S ¥ NS T E— e S T R

W (GaV W (GeV)
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A, Data from EG1
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02 [
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Isgur, PRD 59, 034013 (2003)

[~ []  HF perturbed QM B
-=-  World Data parm Q= 10 GeV” W > 2; QZ > 1
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Close and Melnitchouk, PRC
68, 035210 (2003)
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HF perturbed QM

World Data parm Q2 =10 GeV*

World Data Parm + d WF Q= 4.2 GeV?
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Ay(z,Q?) = %8*2??5@’52? Simulated Data for EG12
P Extracted from AP, A,9and d/u

EG1 Existing Data

T | T T T
— GRSV CLAS 06
e ———— . AAC 4 JLab/Hall A
i - —— @GS ® CLASI2 projected
075 | 05 [ - LSS :
2 05¢
2 & This work
025 | 0O HERMES
r A JLab/HallA E
=
<]
o
=
< .
I L Lol ]
0 0.2 04 0.6 0.8 1 -1 I L ! !
X 0 0.2 0.4 0.6 0.8 1
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Proton Deuteron
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Higher Twist from g,

0.05 |-

g 2
bh 1(x)GeV

0.1 |

0.2

0.1

2ed)]

LSS06 (CLAS06 included) -
® LSS/CLASI12 projected ]
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Fl(fﬂ, Qz)exp = g1 (5'3: Q2 exp — 91 (339 Qz)LT + h¥! (m)/Qz

1<Q?<5GeV?, 2<W <3.5GeV

1 4 )
/ dxh9 (z) = §M (d2 + f2)
0

F, from NMC fit to F, and 1998 SLAC fitto R
*g, (leading twist) from NLO fit at high Q2
*h from fit to all data, especially CLAS in
the pre-asymptotic region
°d,: twist-3, f,: twist-4
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Commensurate Scaling

Effective o vs. Q2

Brodsky, Lu, PRD51(95)3652

3 EGl data —@— ' 1|g g, (Q)
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x104 fm? Q)
02} ad — -097(11)
b = 5.13(94)
© PRELIMINARY
LD it o | Prok etal., CLAS EG1
%Q%)
- a =-3.643(1)
L s b =20.180(8)
Ll e T | Amarian et al., PRL93(04)152301

0 0.1 0.2 0.3 0.4 0.5 0.6
02 (GeV?)
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Proton Feynman diagrams
for the proton polarizability
term in the hydrogen
hyperfine splitting.

» see Brodsky, Carlson, Hiller and Hwang,

PRL94(05)022001,169902(E).
9

Engs(e p) = EL.(1+Aqep+AR+Ag+A]

1.4204057517667(9)GHz

® Aqggpp = 1136.09(14) ppm (& + ...)
AY, = 5.86(15) ppm (recoil)

Aﬁvp = 0.01 ppm (hadronic vacuum polarization)

9
»
» Al,, =0.07 ppm (muonic vacuum polarization)
9
»
X

hvp + A pvpt ‘&Weak )

AP . =0.06 ppm (weak interaction)

Ag = —38.62(16) ppm (nucleon structure; deduced)
Ag is the largest uncertainty in theoretical calculation

of Ehfs(e_p)
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EHFS(E_p) — 1.4204057517667(9)GHZ — (l—I—AQED—I—A —I—AS)E}Jr

I'riplet A — d __ ar: A7 4111
Unperturbed R - A AS - AZ + Ap":'l 5‘%& 3w [2 In m? 420 }
( : .
\ 2 Zemach: Ay = 2ame(r)z(1 + %)
Singlet |
' - . L >0 d(.«_) (_'_‘f ') \ C:‘U((.«_?L) 1
<Ir >Z — rJo Q7 |V ( 27) [

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

Apol = griierz (A1 + Az) = (0.2264798 ppm)(Aq + As)

e By — / " dz B(r)gn (2, Q7).
Ay = 2 2(Q%) + pB(@z)}
! 4/0 @2{ 1 B, = / 0 Ba(7)ga(x, Q?)

AQ = —24m / ﬂJBQ
. B(r) = g(—3T+2’r2+2(2—'r)\/’r(’r+1))
T—V/Q Ba(T) = 1427 —2+/7(7+1),
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Comparisons between I'; = [ gidzand B, = | 7,g,dx
and between ['s = fggd;B and By = f Gogadx
PRL96,163001

K Bl ~ Fl

® B>~0 0.15 }
# Experimentally,

errors on I’y are o1}

unhderstood; we
exploit this fact.

o ngfggdjz;éﬂ
at low Q.

Apol = (1.3+0.3) ppm ' . : . g
(from EG1: too small by 1 ppm?) Q*(GeV?)

FL,E

O‘OS ) P

Nucleon structure is the largest uncertainty in calculating HFS.
Better g,, 9,, G, G¢ data at low Q? required to resolve discrepancy.
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P (Q?) = / N g1a(z,Qdx| TV ~ (Q2)NH

16 2 2
Fgg) — ’yUQG/(lGCMm%) (Q?%) = am, ( P 92) dz

Y = —k2Q%/(8m}) + c1Q* +

By =T —10m2r{? /(9Q2) +

3 bm 2 5
Aq1]0,Q ]— —erﬁz + 18m? Cl_ﬂ'}’o Q1

A2[0, Q1 = 3myQi (Yo —drr)/200 |5,,09 = ;1) [~KE. L) ol 9,

16aM? (x
-5 L x*[g1(x, Q%) + g2(x, Q*)]dx

QG
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As20, Q3] = 3mQ3 (vo—drT) /20

2

3 bm
A4[0,Q7] = {ZT?D% + 18’m32,61 - 4ap ’Yo} 1

Yo = -1.01x10-* fm# (photons)
r- = 0.878(15) fm (Kelly)
c, = 2.95-3.89 (fits/yxPT)

O, = 1.35x10-4 fm* (MAID)
term Q? (GeV?) from Kelly's Fs
Ay [0,0.05]  F:and g 0.45 £ 0.30 N N
0.05,20] F 7.01 +0.22 g9 = gng = I‘g ) _ _N[‘g )/(N+1)
o ~1.10 = 0.55
[20,0¢] F 0.00
g 0.12 £0.01 A2[0,0_05] =
total A, 6.48 + 0.89
WW
As [0,0.05) g2 —0.24 £+ 0.24 -0 40(05) [92 ]
(0.05,20] g2 —0.33 +0.33 -1.4 [|\/| Al D]
[20,0¢] g2 0.00
total A, _0.57 = 0.57 -0.24 [EG1 Model]
A+ Ay 5.91 + 1.06
Apel 1.34 + 0.24 ppm
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—

B,(Q) fit to -0.4564Q” + bQ™* + cQ° + dQ®

0.02 — CLAS EG1 data
0.015 f(x) with b = 4.06(23)
0.01
0.005 PRELIMINARY Various estimates

_ 0 change A, up or
-0.005 down within the
0.01 quoted errors. New
-0.015 data at low Q2 are
-0.02 | } 1 needed to improve
002 0 D..OS D..l 0..15 D..2 D..25 D..3 thIS
0% (Gev?h

A4[0,0.05] = [-0.75r52,2+18m, 2b]0.05 = 0.32
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o  hEL 2 T T, e e
Bergeretal. ~—¥ =p Price et al.: 2
| e 8 Roerete 3
polarisation data '~ ® 0.05 | polarisation data - -+ |
12} i 1 :
+%  Friedrich and Walcher, EPJA17(2003)
| n - . o

0

08
-0.05
06
0.4
_0.1 1 | L | ] 1 I L T 1
1.6 T T T T T
Hoehler et al. - 0.1 —r——Tr——
= ;_._'_.__
Gup/Ho Jeanssens gtta:. ' .7' G/l J:r?::éﬁrs g% ::' e e
erger al ' :
4] | Seer o2l &
Walker etal. e Walker etal. *-&
Litt etal ' 0.05 : e |
12} Andivahis et al. " Lit etal
. sill et gl —® + 1 Jﬁtndls'hi'ﬁ.hls g} ::. : i
0

-0.05

1 I i 1 i
0.4 I i T L bk

0 1 2 3 4 5 6 0.001 001 01 1.0 10.0
Q (GeV) Q2 (GeV?)
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G. Ron et al., nucl-ex 0706.0128

Hall A
14 1.05
[] JLab Hai A =omoe Frigdrich & Walcher Fit . imimes Friedrich & Walcher Fit
B mimem J. Arringten Fit B =+=+=i=:= J. Arrington Fit
My Mamzat | T T J. Kelly Fit
L o J Kelly Fit B Y e —  Arrington & Sick Fit
{) Bates BLAST L pington s Sex B = = Belushkin, Hammer & MeiBner Fit
- e O G.A. Miller LFCBM
Baisx CHIPE —— + Belushxn, Hammer & Meifner Fit J- l T
| i I
O -
| 7 Aosenbluth G.A. Millar LEGEM — — ]
1.2 K mm— i
L, W 0w
o o
= iL 3T =
I tL H §‘= 3¢
Lok B e 1 : 0.95 :
BISE kv Eﬁ—, T R s | O Jones et al. '
ki LLlT g J .
l s J [~ L] [ | ¢ Bates BLAST N,
‘ \j%\\# || @ This Work
] 1 ] | 1 ] ] | ] ]
MR BT RN AR 0.0 0.2 ) 0.51 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

Zemach: Ay = —2ame(r)z(1 + 629

(r)z =2 [ 5 |Ca(@) S -1
Reference| ry (fm) | Az(ppm) | Ag- 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 Q? form factors!

4 September 2007
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EG4 Expectations

S 0.05 - Expected stutistical accurucy on I’ —*ﬁw EG4
A CLAS EG4 w/o large-w part (Simula param. }
0.04 Full " ¢ (Simula parameterization) /T4
CLAS EG la /
CLAS EG1b preliminary [
0.03 Bemard et al, Xpt :
- Jiet al, Xpt _ /A
"""""" GDH slope ! A
BRE o Burkert-loffe z x i
------ Soffer-Tervaev ( 2004) 2 £ 4
0.01 | /¥

-0.01

-0.02

-0.03

10 10 QZ(GEVQ)
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EG12 Expectations

Ly

0.16

0.14

0.12

0.1

0.08

0.06

0.04

0.02

Ly

0.14

0.12

0.1

0.08

0.06

0.04

Expected T p for 30 days. CLASI2 data (Wmin=2 GeV)
® CLASI2 30days 11 GeV
— Burkert-Ioffe

CLAS EGla
SLAC E143
HERM.

SLAC EI155
CLAS EGIb

O%> <0

®
o ‘
0 1 2 3 4 jé 26
o (GeV?)
) Expected T p for 30 days. CLASI2 data (Wmin=2 GeV)
o O
@® CLASI2 30 days 11 GeV
F O CLASEGla
SLAC E143 ¥ SLACEI55
F O CLASEGIb
/\  HERMES
r —— Burkert-Ioffe
0
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S 0.06 -
~

0.05

Expected T d for 50 days. CLASI2 data (Wmin=2 GeV)

%

0.04
0.03
0.02 |
0.01
0F
@® CLASI250days 11 GeV
-0.01 O CLASEGIa
i SLAC El43c SLAC E155
002% | O CLASEGID
/\  HERMES
-0.03 —— Burkert-Ioffe
_ C | . . | |
0.04 2 3 4

r o

0.2

0.15

0.05

0.1

Expected Bjorken sum from CLASI2 data

CLASI12 11 GeV
30 days (NH3) + 50 days(ND3)

()

g5 JLab Halls AB O CLAS EGla
O EI43 Y% SLACEISS
[0 CLAS EGIb
/A HERMES

Nikhef
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0.8
0,
e 0.6
04

02

12

<o
oo

AY (D-state corrected )
]
(@)

Q%*=1-2 GeV?

Q%=25GeV?

Q*=5-9 GeV*

Q°>9

GeV?

| ccssrTTTTOUTEEETENNY. N

0.2

0.4

0.6

0.8 1
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CLAS, past, present and future, provides high-quality

A, data over a large and continuous range in x and Q? that

« significantly improve global PDF fits to Au, Ad, As and AG

e precisely determine higher twists

* rigorously probe duality over a wide Q? range

« quantitatively test ¥PT calculations at low Q?

 accurately yield the polarizability correction to hydrogen
hyperfine splittings
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» Our patchwork understanding of the nucleon is not elegant

and still incomplete
“If you are out to describe the truth, leave elegance to the tailor” -- A.
Einstein

* After 50 years the nucleon still captures our interest
“La nature, pour nous hommes, et plus en profondeur qu’en surface.” -
- Paul Cézanne

* The nucleon, boring on the surface, has a rich internal life
‘0 sweet spontaneous
earth how often
has the naugty thumb
of science prodded
thy
beauty
thou answerest
them only with
spring” -- e e cummings
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