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THE QUEST T HIGHER PRECISION

To increase the luminosity,
physicists decided to use heavy
nuclei to study the structure of
the proton instead of a hydrogen
target.

For nuclei,
binding energies << energy e-
scale of the probe

Expected
F7(x) = Z FA(x) + N F,"(x)

Nucleus
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. - Z / o= N /\'

Nucleus at rest
(A nucleons = Z protons + N neutrons)

Expected nuclear effects:
Fermi motion
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Aubert et al., PLB123, 275 (1983)
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Nuclear structure: /¢
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First measurement by the EMC
collaboration (1983) found an excess
of low-x quarks, deficit of high-x
quarks in heavy nuclei

Jefferson Lab




e-
i vk
110 M2 SRR EALSS RS RIS R LS R BN RS R
; EMC (Cu) | ~
: BCDMS (Fe) -
. 1.05 | Ferm -
Effects found in several ++ g =139 (Fe) ' motion -
eXperimentS at CERN 1.00 K19 At+l$ .......................................... . | I ——— _:
nti- ; :
and SLAC shadowin | ﬁ \ EMC effect | :
2095 | 5 fh | -
D i *\ ‘ i
= 2N P f :
The EMC effect correspond to the © 0.90 AN N -
region of depletion of high priadoung T + '
SSa 0.85 [ N +/' -
momentum quarks inside the :
HUCIGUS 080 Eeaasi beewilsene Uaadib sl waia ralia e Tagia Yo ay
00 0.1 0.2 0.3 04 05 06 0.7 0.8 0.9 1.0

X

Jefferson Lab



THEORETICAL MODELS

1. Conventional nuclear physics based explanations (convolution
calculations)

— Fermi motion alone clearly not sufficient

— Early attempts to combine Fermi motion effects and binding were fairly
simplistic

— Even more sophisticated approaches (spectral function) fail unless one
includes “nuclear pions”

Size of contributions from nuclear pions typically used in DIS
calculations inconsistent with nuclear dependence ot Drell-Yan

2. “Exotic” effects

— Medum etfects on quark distributions themselves: dynamical rescaling,
multiquark clusters, etc.

Uncertainties in 1 make it difficult to determine what role
mechanisms in 2 play in observed EMC effect
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EXISTING EMC DATA

J. Gomez et al, PRC49, 4348 (1994)
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LIMIT OF EMC DATA

= ‘He much lighter than “C, but
has similar average density
Compare A vs <p>

= SHe has low A and low density;
expect smaller EMC effect

= Both nucle1 allow for precise,
tew-body calculations

L 2
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<p> (nucleon/fm?)
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JLAB EXPERIMENT £03-103

JLab E03-103, “EMC effect in few-body nuclei’
J. Arrington and D. Gaskell: spokespersons
J. Seely, A. Daniel, (N. Fomin): Ph.D. students
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Isoscalar correction Gl
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£03-103: 1*C AND “He EMC RATIOS
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£03-103: 1*C AND “He EMC RATIOS
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EO03-103: 3HE EMC RATIO

J. Seely et al, PRL 103, 202301 (2009)
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A OR p~-DEPENDENCE ¢

Magnitude of the EMC effect for LZ_ . e -
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A OR p~-DEPENDENCE ¢
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A OR p~-DEPENDENCE ¢

Fit of the EMC ratio for

0.35<x<0.7 and look at A- and
density dependence of the slope

J. Seely et al, PRL 103, 202301 (2009)
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Density determined from ab
nitio tew-body calculation

S.C. Pieper and R.B. Wiringa,
Ann. Rev. Nucl. Part. Sci 51, 53 (2001)

‘Be has low average density,
but large component of

structure 1s 20+n most

nucleons in tight, a-like
configurations
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HEAVY NUCLEI AND COULOMB DISTORTION

Iixchange of one or more (soft) photons
with the nucleus, 1n addition to the one
hard photon exchanged with a nucleon

Incident (scattered) electrons are
accelerated (decelerated) in the
Coulomb well of the nucleus.

DWBA
0 4ot

PWBA — ~PWBA e . .
T tot = Tifatt Dot ( |(ﬂ w,0) & | Focusing of the electron wave function
- Change of the electron momentum

Effective Momentum Approximation (EMA)
Aste and Trautmann, Eur, Phys. J. A26, 167-178(2005)
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COULOMB DISTORTION EFFECT ON £03-103

no Coulomb corrections applied
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COULOMB DISTORTION EFFECT ON £03-103

Coulomb corrections applied
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HEAVIER NUCLEI DATA FROM £03-103
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EXTRAPOLATION TO NUCLEAR MATTER

Exact calculations of the EMC effect exist:
e for light nuclei
e for nuclear matter

x=0./
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EXTRAPOLATION TO NUCLEAR MATTER

Exact calculations of the EMOC effect exist:
e for light nuclei
e for nuclear matter

x=0./
(7p) ®
"-‘; Coulomb corrections applied
O Y
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Non-negligible effects on SLAC data
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EXTRAPOLATION TO NUCLEAR MATTER

Exact calculations of the EMOC effect exist:
e for light nuclei
e for nuclear matter

x=0./

Coulomb corrections applied

0.9

JLab EO3-103 prel.
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EXTRAPOLATION TO NUCLEAR MATTER

EMC effect in n&(Ci/edI‘ maller

O Sick & Day, PLB274 (1992)
® All world data (cc)

A  including E03-103 prel. (cc) i
12 |- Cloet et al, PLB642, 210 (20006) 0 —
——  Smith & Miller, PRL91, 212301 (2003) '
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R(X,&)

Dasu et al., PRD49, 5641(1994)

e This Expt o CDHS
< BCDMS X EMC
do

LR 1 i llTIIl] L IR
o = T[or(.0) + £0, (x.07)] | + c-02

0.2r'\
= 3
R(Iv (22) — O-L(’l‘? Q ) ) mEunl Lol T

op(z, Q%) \.\* 0.35

In a model with: i &\:
a) spin-1/2 partons: R should be Ol il
small and decreasing rapidly with Q? . i | 0.5 |

b) spin-0 partons: R should be large
and increasing with Q?
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ACCESS TO NUCLEAKR DEPENDENCE OF K

Dasu et al., PRD49, 5641(1994)
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0.8 rors on the cross section include statistical

and point-to-point systematic contributions
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ACCESS TO NUCLEAR DEPENDENCE OF K

Iron-Copper

No Coulomb corrections applied

x=0.5
0n1.05 ——
= ® SLAC E140 Fe Q*= 5 GeV
) B SLAC E139 Fe Q%= 5 GeV?
Q A JLab E03-103 Cu Q%= 4,4.4 GeV?
<
ST B R
-4 ;.
09 - | 1
?(e\‘\m\oa(
0_85...I...I...I...I...
0 0.2 0.4 0.6 0.8 1

e/(1+cRp)

slopes = Ra-Rp

Nuclear higher twist effects and
Recfo=ll = spin-0 constituents in nuclezi:

same as 1n free nucleons
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ACCESS TO NUCLEAR DEPENDENCE OF K

Iron-Copper

No Coulomb corrections applied Coulomb corrections applied

x=0.5 x=0.5
0n1.05 —— 0n1.05 ——
— ® SLAC E140 Fe Q*= 5 GeV — ® SLAC E140 Fe Q°= 5 GeV
) B SLAC E139 Fe Q%= 5 GeV? ) B SLAC E139 Fe Q%= 5 GeV?
Q A JLab E03-103 Cu Q°=4,4.4 GeV? Q i A JLab E03-103 Cu Q°=4,4.4 GeV?
< <
T B o1
0.95 0.95
0.9 0.9
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0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
e/(1+cRp) e/(1+cRp)

New data from JLab E03-103: access to lower €

After coulomb corrections: Ra-Rp=—0 .08 +0 .04
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EXTRACTION OF Rum

v' Need several € values with enough nuclei coverage

v/ Remove 3He data from the extrapolation

At constant Q% and x:

= at cach €, fit the cross section ratios G/ O vs. A1/ or @

= cxtrapolate the fit to infinite nuclear matter: A-'/3 —0 or ¢ —0.17.
Get Ow/ O for each &.

= plot nuclear matter cross section ratios vs. €/(1+€&Rp)

= slope of the fit gives Rnvm-Rp

Jefferson Lab



Ram: X=0.8, NO COULOMB CORRECTION

A-dependence
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Ram: X=0.8, NO COULOMB CORRECTION

A-dependence
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Rum: X=0.8, COULOMB CORRECTION

A-dependence
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Rnm: X=0.85, COULOMB CORRECTION

A-dependence
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X-DEPENDENCE OF Ruu—Rop

A-1/3

Wiringa & Pieper

0.5 0.5
m-c I O no coulomb corr. n-_'-o - O no coulomb corr.
|E I ® coulomb corr. |E ® coulomb corr.
Z - Q! z o
@ 0.25 |- A\ e C 0.25 + \‘\({\\(\a \’
i Qe % (e %;

0 % ........... % ........... % ........... o S i .......... i ........... % ........... S —

After Coulomb correction, indication of a small but non-negligible
nuclear dependent of R and Rnm <Rp
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X-DEPENDENCE OF owuw/0op AT €'=0

deE, Moy (x.0" + eGQ) |

at €=0=¢

Onm)y .. Or(nm)
>
O OT @)

and

— Mor(x, Q%)

T

P, @) =

OnM o Fiowwm
>
O @) Fi1 (D)

2xF1(x) =x ) €:(q(x) + G(x))
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X‘“@EPENBENCE O+ O'NM/ op AT e'=0
AYE {7 e ]

—— Cloet et al., PLB642, 210 (2006)

12+ — — Smith & Miller, PRL91, 212301 (2008) —

09— T{o,(v.0") + 52650

at €=0=¢

Onm)y .. Or(nm) |
) | | | | |
O-(D) O+ (D) 0 0 04 06 03 1

X

and

WE,T‘ EA’\SO\ &- ‘PLQ FET‘ |1 O extrapolation to €=0 (no cc)

® extrapolation to €=0 (cc)

—— Cloet et al., PLB642, 210 (2006)

9 12 — — Smith & Miller, PRL91, 212301 (2008) —
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00 05) — Ay
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SUMMARY

JLab experiment F.03-103 brings a wealth of new results:
Light nuclex:

contain key information on the EMC effect

funt of local density dependence of the EMUC effect

can be compared to realistic calculations

Heavy nuclei, low € data and Coulomb distortion:
affects the extrapolation to nuclear matter which 1s key for comparison with theoretical
calculations

has a real impact on the A-dependence of R: clear e-dependence

Some of these conclusions depends mostly on the re-analysis of the SLAC data
ncluding Coulomb corrections.

No solid Coulomb correction prescription exists in DIS

Inclusive future Jl.ab 12GeV experiment:

E12-06-118: "He/’H: key measurement to understand nuclear medium effect
E12-10-008: detailed study of the nuclear structure effect with H, ?H, *He,
‘He, 6Li, 7Li, 9Be, 0B, 1B, 12C
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£12-10-00%: DETAILED STUDIES OF THE
NUCLEAR DEPENDENCE OF F; IN LIGHT NUCLEI

V' Higher Q?, expanded range in x (both low and high x)
DIS extends to x=0.8, W2>2 extends to x=0.92

: . Kinematics
V' More complete set of light nuclei dotted black lines (E03-103)
20

5 ! ' 5 — 20 degree ! ] L |
Test models of A-dependence: Epam11GeV | osepe| . W4 [ whs

2 3 4 0] =0T TR ! : : : 30 degree : -
BRIl e e, °La, ‘i, j | | A » it =
9 L7 1T e e B G T | M— I — ) - - WU 15— 5y -

Be, ‘"B, ‘'B, '-C | ~ = “. j ¥

v *Ca, *¥*Ca comparison
Isospin-dependence

Jefferson Lab



£l2-10-00%: DETAILED STUDIES OF THE
NUCLEAK DEPENDENCE OF +: IN LIGHT NUCLEI

= Map out A-dependence in more detail

“Local density” works well, provides different predictions (use ab initio GEMOC cale. of 2-body

correlation function to calculate average nucleon ‘overlap’)

1.2_ T T o R e g I T 1.2_ T e E i T T
w | w
~ 1.0 41+ 10 F e
- K L 1 e K
~ : b ]l; E 1 & : } ?
> 0.8 -1 1 2 08 o u 7
= 06 Pl N 1€ o8k :
3 : ¥ 3 - [ - ’
, 04 F 1 o %4 F - EMC - (Ao 1 .
B x o _ - ] E oo — Ol — 3
N ‘ EMC ~ density s b e 1 ( ) :
00- !11111 0.0 !11111
0 2 4 6 8 10 12 0 2 4 6 8 10 12
A A
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£l2-10-00%: DETAILED STUDIES OF THE
NUCLEAK DEPENDENCE OF +: IN LIGHT NUCLEI

= Map out A-dependence in more detail

“Local density” works well, provides different predictions (use ab initio GEMOC cale. of 2-body

correlation function to calculate average nucleon ‘overlap’)
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n : 1 :
= 1.0 | l I .- E 1+ 1.0 F - ? .
= : s. | ] & | } } 5
S 08 | I "R 4 P 08 F I o o =
T, 06 f S T . vt 18 06k i E
© E $ L gl 1 @© E .

04 - 04 F _-
T 4, EMC ~density 1 § | 7 EMC ~ (Ac—1) ;
G = ~ ity 1 O 0.2 .y i
o : I local density ] & : l ~ local density ;

00- !11111 0.0 !11111

0 2 4 6 8 10 12 0 2 4 6 8 10 12
A A
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WHY IS FN/F2F SO INTERESTING?

SU(6)-symmetric wave function of the proton in the quark model (spin up):

\p 1\> = %(3” ! [ud]S=O +ul [”d]5=1 -2u |, [”d]5=1 -+2d 1 [W]S=1 -2d| [“’“‘]S=1)

u and d quarks identical, N and A would be degenerate in mass.

In this model: d/u = 1/2, F,n/Fp = 2/3. U
| | l S symmetry
. | : N
PQCD: helxcﬂy conservation (c]T TP) ' : | [
=>d/u=2/(9+) =1/5,F /F P=3/7forx ->I ' -
S ¢ & & 5QCD
B ,L/
¢ T 4
SU(6) symmetry is broken: N-A Mass Splitting ) an/sz t
- Mass splitting between S=1 and S=0 diquark spectator. | + /T
m Whitlow et al
- symmetric states are raised, antisymmetric states are = . Scal
|o>\//vered (<300 Me\) 4 a Melnitchouk and Thomas dif;uaa';k i

e Bodek et al

- S=| suppressed

=> d/u = 0,F,F,p = 1/4,for x -> | SR R R L WL W
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£12-06-11%" m/p AT LARGE x

JLab E12-06-118:
G. Petratos, J. Gomez, R. J. Holt, R. Ransome

] 8 | l | I I | l I I | I I I | I | I I |
] ~ SU(6) .. _
1 7 4 i /symmetry g + -
] + | a | | + + I
6 — ¢ ' + | 6 - ¢ ' -
. ¢ 4 g . [PeEE ] ¢ ; i
4 " = + | & ] ++++ i
] + 'y ’ | N | +++ i
‘ L &, b
4 —4 | c‘\:l
- + L LI_ = -
1 F2n/F2p I 1 I
2 — s Whitlow et al. - 2 7 -
1 a Melnitchouk and Thomas I | ¢ JLab Projected Data I
| e Bodek et al. - Scalar di- 1 *H/3*He DIS I
| ~ quark _ i
C N 'fﬁ*r*r*r*]—'—r—T*’*"* : s l S—— O | | | | [ | I | [ | | | b I [ | |
0.2 0.4 0.6 0.8 10 PAC3O0: 0:2 0.4 0.6 0.8 1.0
X
X

Conditionally approved
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£12-06-11%: d/u AT LARGE x

JLab E12-06-118:
G. Petratos, J. Gomez, R. J. Holt, R. Ransome

6 | | l | | | | | | | | | | | | | | | | | |
8 0 | e BT SO IS l | P S SRS T B BINN PaE I S I — N B
a - SU(6) - i
| . _ fsymmetr - -
: / y Y : + g
| . g | ] + I
“ $ 4 + - - ! :
i F + | | + i
S | > +
1 + « + L B 7 + + * |
4 . ++
i F2n/F2p + I 2 — + + + —
9 s Whitlow et al. - . !
1 A Melnitchouk and Thomas i 2 i Wéh Broi S -
J ~ Scalar di- 4 e a rojecte ata -
e Bodek et al. | quark : %/%e DIS B
= B O | | l | | | | I | | | | I | | | | | I | | |
0 1 G L L L T, W O T 0.2 0.4 0.6 0.8 1.0
0.2 0.4 0.6 0.8 .0 PAC30: X

2 Conditionally approved
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THE TRITIUM TARGET CONCEPTUAL
DESIGN

E. J. Beise (U. of Maryland), B. Brajuskovic (ANL), R. J. Holt (ANL),
W. Korsch (U. of Kentucky), T. O’Connor (ANL), G. G. Petratos (Kent State U.),
R. Ransome (Rutgers U.), P. Solvignon (JLab), and B. Wojtsekhowski (JLab)

Tritium Target Task Force

e 1563 Ci of tritium gas

i Valves for filling cell
- with target gas

e 40cm long x 1.25cm diam.

e Aluminum (2219): weldable
and relatively high yield
Strength Carbon Foils /Heat Sink

e entrance, exit and side

windows: 0.018” thick

e 10 atm at room temperature

initially, with slow increase as |" —

trittum decays to "He | .

Jefferson Lab
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EMC EFFECT IN NUCLEAR MATTER

From A3 dependence From p-dependence

O Sick & Day, PLB274 (1992) 1 1 O  Sick & Day, PLB274 (1992) '
® All world data (cc) i ® All world data (cc) I
A including E03-103 prel. (cc) ST i A including E03-103 prel. (cc) £
12 |- Cloet et al, PLB642, 210 (2006) - 12 |- Cloet et al, PLB642, 210 (2006) —
—— Smith & Miller, PRL91, 212301 (2003) E " —— Smith & Miller, PRL91, 212301 (2003)

(OA/OD)is

using same method as In Sick & Day

World data: large € = L and T parts of the cross section
enter with the same kinematic factor
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COULOMB DISTORKTION: e-DEPENDENCE

1.1 | | | | | |
—o x=0.55, Q°=6 GeV"
The e-dependence of the e e
Coulomb distortion has effect 1.08 - o x=065 0=7 GeV®|
2 2

on the extraction of R 1n nuclei. = % x=0.69,Q’=7 GeV

P
Q
>
&
S 106 Kinematics at JLab —
9 12GeV
1 &= F=6.6 GeV
= =
€ — S
2 2760 = 1.4 _
14+ 21+ 5—2 tan (5) E £=8.8 GeV
=
— — =
© Iron-Copper
1.02}- PP . —
=0 —¢= E=11 GeV
—) O 1 ] | ] | ] | ] | ]
0 =180" — € = 0 0.2 0.4 0.6 0.8 1

€
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[Knm

Uniform sphere Wiringa&Pieper calcs

e oo

~0.059 +/- 0.068 | -0.007 +/- 0.070 | -0.009 +/- 0.073 | -0.0[[ +/- 0.0 S FE020EE SHERIs!

0164 +/-0.069 | -0.092 +/- 0.072 | -0.070 +/- 0.075 | -0.088 +/- 0.046" | =067 =EIEIE

001 +/- 0055 | -0.004 +/- 0.059 | -0.022 +/- 0062 | -0.005 +/- 0.077 | ~-C.C40=F ===

-0.132 +/-0.057 | -0.119 +/-0.060 | -0.118 +/-0.063 | -0.120 +/- 0.039 | -0.148 +/- 0.086

0036 +/- 0.053 | +0.025 +/- 0.055 | -0.012 +/- 0.059 | -0.032 +/-0:072" F=Ci0E= == Sui =)

-0.100 +/- 0.054 | -0.110 +/-0.057 | -0.128 +/- 0.060 | -0.157 +/- 0.036 | -0.169 +/- 0.08|

+0.125 +/- 0.053 | +0.1 14 +/- 0.056 | +0.063 +/- 0.059 | +0.150 +/- 0.073 | 0.063 +/- 0.08]|

0,030 +/- 0.055 | -0.042 +/- 0.057 | -0.076 +/- 0.060 | -0.076 +/- 0.033 | ~0.05 S ERE=E
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[Knm

Uniform sphere Wiringa&Pieper calcs

e oo

-0.05¢ +7 068 | -0.007 +/-0.070 | -0.009 +/-0.073 | -001" " 0091 | +0.020 +/- 0.100

>)0 20
Olo, +,-0069 | -0.092 +/-0.072 | -0.070 +/-0.075 | -00806 ,-0046 | -0.067 +/-0.100

-00"" *" 7055 | -0.00" "7 0.059 | -0.02° ' 2062 | -0.007 " 2077 | -0.04" " 0.085

>)0 20 20 30 20
O owmmr=00:057 | 0.1 ' 10=-0.060 | 0.1 | o10=-3.063 | =0. | 2ummm=r) 05T [ EEIRIRE e ST

0.03¢ "' 2053 | +0.0°" "'-0.055| -0.01™ " 2.059 | -0.0™™ " 7072 | -0.03F " .08

20 20 20 >A40 20
201 0wonn=20.054 | 0.1 yway=-0.057 | -0.120 4:-3.060 | 0.l vpmim=w:0365F 20FEC summend I8

+0.125 +/- 0.053 | +0.1 14 +/- 0.056 | +0.063 +/- 0.059 | +0.15™ ' * 0.073 | 0.063 +/- 0.08]|

20
0,030 +/- 0.055 | -0.042 +/- 0.057 | -0.076 +/- 0.060 | -0.07 vru=»J.0383 | ~0.05 S EREREE
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WORLD DATA RE-ANALYSIS

Experiments E (GeV) A X-range Pub. It author
CERN-EMC 280 56 0.050-0.650 Aubert
12,63,119 0.031-0.443 Ashman
CERN-BCDMS 280 |5 0.20-0.70 Bari
56 0.07-0.65 Benvenuti
CERN-NMC 200 4,12,40 0.0035-0.65 Amaudruz
200 6,12 0.00014-0.65 Arneodo
SLAC-E6 | 4-20 9,27,65,197 0.014-0.228 Stein
SLAC-E87/ 4-20 56 0.075-0.813 Bodek
SLAC-E49 4-20 27/ 0.25-0.90 Bodek
SLAC-EI39 8-24 49,12,27,40,56,108,197 0.089-0.8 Gomez
SLAC-E 40 3.7-20 56,197 0.2-0.5 Dasu
DESY-HERMES 27.5 3,14,84 0.013-0.35 Alrapetian

Jefferson Lab



£03-103: @-DEPENDENCE
J. Seely et al, PRL 103, 202301 (2009)
a 1.2 .
@) - A Q°=2.32 +
~ - 0 Q°=2.69 l T
B - & Q%=3.03
- % Q°=3.33 )f
1.1 ¢ @%=3.68
/ v s l T
at x=0.6 i + |

1 " """"" : '*'#'Jr'q.";'f""':ﬁ' """""" é ﬁ'ﬂ'ﬂi';; """""""

0.9 _—- Q’=5.33

02 03 04 05 06 07 08 09 1

X

Small angle, low Q2 =» clear scaling violations for x>0.6-0.7
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£03-103: @-DEPENDENCE

J. Seely et al, PRL 103, 202301 (2009)

a 1.2
B - & Q°=3.03
~ - % Q°=3.33 T
) - 0 Q°=3.68
- v Q%=4.06 1

1.1 4 @*=4.50

I i
oo

02 03 04 05 06 07 08 09 1

At larger angles = indication of scaling to very large x

Jefferson Lab



£03-103: @-DEPENDENCE

J. Seely et al, PRL 103, 202301 (2009)

a 1.2
B - Q%=3.03
~ - % Q’=3.33 T
o) - 0 Q°=3.68
- v Q%=4.06 g

1.1 4 @*=4.50

Used the combined
two highest Q*

: ; ......... fi*."""-uuuuuuuuuuuuiﬁi* .............

02 03 04 05 06 07 08 09 1

At larger angles = indication of scaling to very large x

Jefferson Lab



MORE DETAILED LOOK AT SCALING

C/D ratios at fixed x are Q2
independent for: T 1.6
AL ’ - - W2>2 GeV?
W2>2 GeV?2 o , 44 4ot x=085
and +o ‘ ",.
7 2 14 e
Q>3 GeV % _ 1T ot X075 - .
© 3 { ‘_."' W2>4 (GeV?
l’ | Adoat d 2 X0
o 1.2
limits E03-103 coverage _ Fev e e
to x=0.85 2Rk K :_,.xé x=0.6 5
foet it o x=05 g F0303
. . L 0 SLAC el39
Note: Ratios at larger x will be L 4 | e 5 x=04
shown, but could have small HT, T — 1 N . | N I
scaling violation 2 4 6 8 10
Q? (GeV?)
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DENSITY CALCULATIONS

0o Calculation from R.Wiringa & S. Pieper 0.14 Calculation from S. Pieper — Ele
o "He 168
— 0.12 2TAl
» _ 0,
é 0.1 —— p-density (Wiringa) 01 Fe
o I —— n-density (Wiringa) ' zzNi
T 7r
: | "-’; 0.08 - Hopy
0 q\: . 124
0 1 2 3 4 R N e
0.2 0.06 [ " Sz=2iA ) 154Sm
i 4 / 181
— He 0.04 196;?
3l i B 2085,
é 0.1+ ——  p(n)-density (Wiringa)
: -~ - p-density (Pieper) 0.02
0 | ' 0 9 10
0 1 2 3 4
0.1 .
o Average density: b3
Be < P, pd r
(‘OA p — R
. n,p > 3
é 0.05 —— p-density (Wiringa) f p ~ d r
Z —— n-density (Wiringa) P
! finite
0 proton 2
0 2 tm) 4 6 size 7'>
r (im correction
— > | ——
<Pp>+<,0n> <pA> <pA>
I, f

with 75 =/(r)’ +0.9?
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COULOMB DISTOKTION AND TWO-TYHOTON
EXCHANGE
OPE TPE

! Exchange of 2 (hard) photons with a single nucleon

Coulomb distortion

Exchange of one or more (soft) photons with the nucleus, in addition to the one
hard photon exchanged with a nucleon

Incident (scattered) electrons are accelerated
(decelerated) in the Coulomb well of the nucleus.

e
Opposite effect with positrons

Jefferson Lab



COULOMB DISTOKTION

Iixchange of one or more (soft) photons
with the nucleus, in addition to the one
hard photon exchanged with a nucleon

Incident (scattered) electrons are
accelerated (decelerated) in the
Coulomb well of the nucleus.

Fig. from A. Aste at Mini-Workshop on Coulomb
Distortion, JLab May 2005

a tpo:,rBA = O atott Sti;'rBA (9], w, 0) ~30

-20

-10

E o0

Coulomb Distortion could have the same 10
kind of impact as TPE, but gives also a 20
correction that i1s A-dependent. 30

-30 -20 -10 0 10 20 30

fm
Jefferson Lab



HOW T0O CORRECT ~OR COLLOMB
DISTOKTION ¢

Opot = Ostare Spor (|0, w,0) S

- Focusing of the electron wave function
- Change of the electron momentum

Effective Momentum Approximation (EMA)
Aste and Trautmann, Eur, Phys. J. A26, 167-178(2005)

il o s < e g
- }SQ;” =4 FE+V )(E,, + | )Slllz(\;)

—_

p J._Jp 1

Ist method 2" method
-l R d S | PWBA(| 4 . GPWBA(|= | ., @
SPWBA(| @1 w, 8) —s SEWBA(|q. | w, §) St (|ql,w, 0) — St P Gessl, w, 6)
(_Tiﬁ” = 4a* cos*(0/2)(E, + \_’)Q/Q"Cl_”
i E+V
o0 E

Ot = Ottt * Siag = ([ Gessls w, )] &> 0tar = (Fioc)® - Oatts - Siot - (Fesslsw, 0)
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HOW TO CORRECT FORK COULOMB
DISTOKTION ¢

PWBA PV 84
Otot = OAfott btot |(_1 W. 9 Gﬁ

- Focusing of the electron wave function
- Change of the electron momentum

Eftective Momentum Approximation (EMA)
Aste and Trautmann, Eur, Phys. J. A26, 167-178(2005)

= 5 | o = i)
> }SQFHZ“I(E"")(EP"" )smz(s)

p‘ J._Jp 1

One—-l:)arameter moclel CICPCHChﬂg Oﬂlg on tl’!é
GPWB

o etfective Potential seen bg the electron on average.

A otl = e b, o Sl Aoyt LTI TR R B <X o |

F+V
E

;A
Ff()(' =

B B P 84
Otot = 0..'\10“ z btot

) 2 eff PHB~\
qcffl W, 9 @ (Ffoc) J\lott Stot (17 ffl w,0)

Jefferson Lab




COULOMR DISTOKTION IN Q& SCATTERING

0.04
12 208
c o‘&cnbo 04| b st
P .o“(,cm’%a
0.03 © 99 ¢ F )
O o O % ©
= S ¢ _ 03 o 00 O. o
L o 0 <
l% 0.02 ;0 O % '.oo % o
: *0 °
é é ® Oo % 0.2 ) Oo .. CbOOO
g P .. OOQ:) g ..OO ~.
“2 001 ¢ ® e’ 420 MeV 60° ..W “ 0.1 .OO ® ¢’ 420 Mev 60°
033. O e 420 MeV 60° 30 0 e 420 Mev 60°
o . . . . .0 e
000 ¢ 50 100 150 200 0 50 100 150 200
o (MeV) o (MeV)
Gueye et al., PRC60, 044308 (1999)
b=k — V(z2) T \% V. (Aste)
25 O fit oo MY e
- - V=4V,/5
" 3a(Z-1) a(Z-1)/r\2 2  _v o ioomm=
| (r) = — p T : (—)) L1 S
2R 2R R e
-
I SR e A—1/3 [
R=11A""+0.86A 5
ol 1 v v
Aste and Trautmann, Eur, Phys. J. A26, 167-178(2005) 0 20 40 60 80 100 120 140 160 180 200 220

number of nucleons

Jefferson Lab




COULOMR DISTOKTION IN Q& SCATTERING

0.04
12 208
c 0‘&% 04| *Pb 9,
P .o“(,cm’%a
0.03 | © & P o0
_ K 000 03 g ® Coo
n 1 C
l% 0.02 ;0 O % '.oo % o
. ¢ 0 S 02 ® o %¢)
= & .o, > ® 0 % -
g e '.20% E :oo ooee’
v 0.01 1 e ¢’ 420 MeV 60° N%'S:O “ o1l e ® ¢’ 420 Mev 60’
= e 420 MeV 60° b O e 420 Mev 60
o . . . . .0 o0
000 5¢ 50 100 150 200 "0 50 100 150 200
® (MeV) w (MeV)
Gueye et al., PRC60, 044308 (1999)
k=k—V(2) O v V, (Aste)
» 25 o fit T orT e
- . - V=4V, /5 ===
vy o _3(Z=1) aZ-1) r\* 2T
ST "o ¢ oR (17) 15|
10 -
B s e A—1/3 B
R=11A"/"+0.86A4 5
I S N NN R U RU B A B SR N

0
Aste and Trautmann, Eur, Phys. J. A26, 167-178(2005) 0 20 40 60 80 100 120 140 160 180 200 220

Coulomb potential established in Quasi-elastic scattering
regime |
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X-DEPENDENCE OF oww/0p AT £'=1

~- 1.2
’;c . O no coulomb corr.
® coulomb corr.
[
3 1 ~$ ...................................................................................
0.8 é i
L A—l/s
0.6
I | | | | | |
0 0.2 0.4 0.6 0.8 1
X
~ 1.2 ~ 1.2
? . O no coulomb corr. ,D% : O no coulomb corr.
m coulomb corr. ® coulomb corr.
S S
8 1 ..% ................................................................................... 3 1 ~§ ...................................................................................
08 | : i i 08 | b
T Wiringa Pieper I Unitorm sphere
0.6 — 3 Et P 0.6 f P
I T T R I T T T R
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
X X
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A OR p~-DEPENDENCE ¢

x=0.7 x=0.7
n v n ’
_— —_—
ol o)
< T e < T e
@) @)
N d N d

0.9

JLab EO3-103 prel.

- SLAC EI39&F140
| CERN BCDMS
CERN NMC

0.8 - crrRNEMC

0 0.2 0.4 0.6 0.8 0 0.05 0.1 0.15
A p*(A-1)/A

[0 Improved density calculation (calculated with density distributions
from R. Wiringa and S. Pieper ).
0J Apply coulomb distortion correction.
0 In progress: review of n/p corrections in world data Note: n/p correction is

0] Target mass correction to be looked at. also A-dependent !
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ISOSCALAR CORRECTION

Zp + Nn — A/2(p+n)

New extraction from
J. Arringlton, F. Coester, R.J. Holt, T.-S.H. Lee, J.Phys.G36, 025005 (2009)

| | | T ]
Smeared n/p at the _ —- e

. . —— JLab (preliminary)

kinematics 0.8~ -
of the experiment R
= bound n and p
0.6 — —
VS. :&N
€
0.4+ =
high Q? free n

g Q ce /p 0.2 1 free nand p |

A R N RN NN T R
?).3 0.4 0.5 0.6 0.7 0.8 0.9 1

X
Jefferson Lab



ISOSCALAR CORRECTION

— NMC
—-— SLAC

3 I_l e —— JLab (preliminary)

0.98

0.96

-

=
B 0y /A (p+n)/2
B 0.2 (Zp+Nn)/A

Isoscalar correction / 0.82

0.84
o4,

0.94

0.92

0.9

0.88

, 3
Isoscalar correction for He

7 L L I L L L B L L B

0.4 0.5 0.6 0.7 0.8 0.9 1
1.18 T | T | T | T | T | T |

i — NMC |

1.16 [— —-— SLAC ]

- —— JLab (preliminary) —

= 1.14 — |

- i -

S

< 1.12 — —

& - —

= 1.1— |

=2 _ -

S 1.08 — —
]

s — —

< 1.06 — —
R

= - i

g osp -
S

—_ 1.02 — —]

1+ —

I I I ! I I I
0'9%.3 0.4 0.5 0.6 0.7 0.8 0.9 1
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A OR p~-DEPENDENCE ¢

| | |
. . 1.1
Fit of the EMC ratio for _
0.35<x<0.7 and look at A- and =1
density dependence of the slope )
0.9
08— —
J. Seely et al, PRL 103, 202301 (2009) 02 03 04 05 06 07 05 09 I
035 F———T———T T T x
0.30 F S : Density determined from ab initio
__ oo5 k Be { }12(3 ] few-body calculation
% S.C. Pieper and R.B. Wiringa,
~. 0.0 F % e ] Ann. Rev. Nucl. Part. Sci 51, 53 (2001)
O C ]
30.15 | :
= 010 E : 'To remove struck nucleon’s
R E - E contribution, scale density by
- € -
0.05 | : (A-1)/A
000 ot et
0.00 0.02 0.04 0.06 0.08 0.10

Data show smooth behavior as
density increases. ..

except for ‘Be
Jefferson Lab

Ave. Nuclear Density [fm™]



