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Inclusive electron scattering cross-section:
d?o q?
— OUMott
dQddw |ql*
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Inclusive electron scattering cross-section:

d*o q° q° 20 -
dQdew Mot _\q\‘*RL(T Ll ( an _) fr{w la)

Scattering response Scattering response
due to charge properties due to magnetic properties
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COULOMB SUM RULE

Inclusive electron scattering cross-section:

25 - 4 2 9 -
! RL(w,\qD—I—( 1 tanz—) Rr(w,|ql|)

— U Mott
dSddw |q? l 2|q? 2 _
4
Scattering response Scattering response
Coulomb Sum Rule definition: due to charge properties due to magnetic properties
q
SL(‘QD __ deo 1193 (wa ‘QD If one integrates the charge response divided by the
et Zé%p(QQ) + Né%?n (Q2) total charge form factor over all available virtual photon

energies, naively one might expect the integral to go to
unity.
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Inclusive electron scattering cross-section:

25 - 4 2 9 -
! RL(w,\qD—I—( 1 tan2—> Rr(w,|ql|)

— U Mott
dSddw |q? l 2|q? 2 _
4
Scattering response Scattering response
Coulomb Sum Rule definition: due to charge properties due to magnetic properties
q
SL(‘QD __ deo 1193 (wa ‘QD If one integrates the charge response divided by the
et Zé%p(QQ) + Né%?n (QZ) total charge form factor over all available virtual photon

energies, naively one might expect the integral to go to
At small |q|, S. will deviate from unity unity.

due to long range nuclear effects, Pauli blocking.
(directly calculable, well understood).
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Inclusive electron scattering cross-section:

25 - 4 2 9 -
! RL(w,\qD—I—( 1 tanz—) Rr(w,|ql|)

— U Mott
dSddw |q? l 2|q? 2 _
4
Scattering response Scattering response
Coulomb Sum Rule definition: due to charge properties due to magnetic properties
q
SL(IQD __ deo 1193 (wa ‘QD If one integrates the charge response divided by the
et Zé%p(QQ) + NéQEn (QZ) total charge form factor over all available virtual photon

energies, naively one might expect the integral to go to
At small |q|, S. will deviate from unity unity.

due to long range nuclear effects, Pauli blocking.
(directly calculable, well understood).

At large |g| >> 2k¢, SL. should go to 1. Any significant* deviation from this
would be an indication of relativistic or medium effects distorting the nucleon form factor!

*Short range correlations will also quench S, but only by < 10%
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» Long standing issue with many years of LOF 7 7 ‘ T ;l A
theoretical interest. ' I L. :t’_:!.i_?:,i ...... -
0.8_ .°. °/—. -.-:H’U3l-raa_ra—.

» Even most state-of the-art models cannot M e T e

predict existing data. 0.6

e free current — Hartree |

0.4 g free current — RPA -
; 12C current — RPA
NM current — RPA
208Ph — experiment
12C - experiment

12C — GFMC |
0.8 1.0

Sr(|ql)

» New precise data at larger |g| would
provide crucial insight and constraints to
modern calculations. 0.9

At large |g| >> 2k¢, SL. should go to 1. Any significant* deviation from this
would be an indication of relativistic or medium effects distorting the nucleon form factor!

*Short range correlations will also quench S, but only by < 10%
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gl 1 (w,
QUASI-ELASTIC SCATTERING sullal = [ oo i o
T

We want to integrate above the coherent elastic peak:

» Quasi-elastic scattering at | e | | o
Quasi-elastic is “elastic” scattering on constituent nucleons inside nucleus.

intermediate Q2 is the region of |
Nuclear Response function

interest for our experiment: R(Q%, w)
A
» Nuclei investigated: Giant
Resonance
} 4 H e ‘ A N* Total photo-absorption on a nucleus
} 1 2C ()= - | >
/ 50 MeV 300 MeV W
} 56 Fe Elastic A A Lepton scattering off nucleus
| N* .
/ Deep Inelastic
} 208 P b h ‘ 1 Quasi “EMC” ’
@/’ Nucleus Elastic w
4 Lepton scattering off nucleon

Deep Inelastic
“QUARKS”
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T Solid line is calculation |
- #3He : . L
PUBLISHED EXPERIMENTAL RESULTS .. 1% without medium modificaron:
11" @40Ca (Adjusted for experimental phase-space)
X 56Fe / |
1.0 P )
» First group of experiments from Saclay, s |
Bates, and SLAC show a quenching of 09 | +
S| consistent with medium modified =
form-factors. = 08 | :
— T
q| & "
S.(lql) :/ v Ri(wql) 07 _
o ZG% (Q2) + NG, (Q?)
06 /. _
. Dash-dot line is calculation
i with medium modifications
(Adjusted for experimental phase-space)
04 - - 1 & x , - : x i

200 400 600 800 1000 1200
qog||[MeV/c]

lgef| is |q| corrected for a nuclei dependent mean coulomb potential.
Methodology agreed on by Andreas Aste, Steve Wallace and John Tjon.
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12 ¢ - Y , , - . -
Solid line is calculation
- #3He : . P -
PUBLISHED EXPERIMENTAL RESULTS .. 13ioeb withut medium modifications
| @40Ca (Adjusted for experimental phase-space)
X 56F@ |
, . 1.0 /,L/ ]
» First group of experiments from Saclay, I |
Bates, and SLAC show a quenching of 09 | vé ¥
S| consistent with medium modified =
form-factors. o> 08 :
- T
i
» Very little data above |g| of 600 MeV/c, 707 T Y .
where the cleanest signal of medium /e ® ? |
effects should exist! 06/ i
. Dash-dot line is calculation

» Saclay, Bates limited in beam energy with medium modifications
reach up to 800 MeV. | (Adjusted for experimental phase-space)

"0 40 600 800 1000 1200
» SLAC limited in kinematic coverage q.g| | MeV/c]
of scattered electron at |g| below | | ,
lgef| is |q| corrected for a nuclei dependent mean coulomb potential.
1150 MeV/c.

Methodology agreed on by Andreas Aste, Steve Wallace and John Tjon.
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q=650 MeV/c| T T T 2

EXPERIMENTAL DESIGN wipme g

2 (1/GeV)
ok
ol

» Need R — Use Rosenbluth separation!

-------------------------------------------------------------------------------------------------------------------------------------------

|
=
5

Slope =

q R w, |q q—)4
Sulah = [ do— oIl
o 7, (Q) T NG, (@) 0
Intercept= — R
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» Experiment run at 4 angles per target: 15, 60, 90, 120 degs. Very large lever arm for precise
calculation of R|!

» Need data for each angle at a constant |g| over an w range starting above the elastic peak up to |q|.

» When running a single arm experiment with fixed beam energy and scattering angle, |g| is NOT
constant over your momentum acceptance.

» Need to take data at varying beam energies, and "map-out” |g| and w space.

—
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EXPERIMENTAL DESIGN

q_ (GeV/e)

» If one wants to measure from 100 to
600 MeV w at constant |g| = 650
MeV/c

CSR calculated at constant |q]| !!

/ q|
RL(W7 ‘QD
S — d ~ ~
r(lql) /w+ “ 263 (Q?) + NGB, (Q?)

1.2

1

0.8

0.6

0.4
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>
QO -
S
EXPERIMENTAL DESIGN i
7 L " Ebeam = 3.68 GeV
» If one wants to measure from 100 to 1 i
600 MeV o at constant |q| = 650 : T 285 GeV
MeV/c -
08— e Ebeam = 2.45 GeV
» Take data at different beam e g

######## Ebeam = 2.1 5 GeV

energies, and interpolate to - _—7_
determine cross-section at 0.6

* gt Ebeam = 1.65 GeV
constant [q]. -

0.4 - Ebeam = 1.26 GeV

0 0.2 0.4 0.6 0.8 1
o (GeV)

g vs. w coverage for 15 degree Iron data



THE COULOMB SUM RULE IN NUCLEI

o L
>
8 -
EXPERIMENTAL DESIGN K3l
° L " Ebeam = 3.68 GeV
» If one wants to measure from 100 to 1
600 MeV w at constant |g| = 650 i " Epeam = 2.85 GeV
Vevie - | Ebearn = 2.45 GeV
0.8 _-=" Ebeam = £. 5 Ge
» Take data at different beam T
energies, and interpolate to -~
determine cross-section at 0.6
constant |q]. i
» |g| can be selected between 550 0.4 Epeam = 1.26 GeV
and 1000 MeV/c i
- | | | | | | | I | | | | | | | I | | | I
0 0.2 0.4 0.6 0.8 1
Repeat this “mapping” for 60, 90, g vs. w coverage for 15 degree Iron data  (GeV)

and 120 degree spectrometer central angles.
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1.2

EXPERIMENTAL DESIGN

1.2

q_, (GeV/e)
|

1.1

" Epeor = 3.68 GeV

-
-
-
-
-
-
-
-

Ebeam = 1.65 GeV

0.4

0.4 L : l : 1 . 1 i 1 ' -

200 400 600 800 1000 1200 -

Ebeam = 1.26 GeV

| | I | | | | | | | | | | | | | | | I

q. MeV/c) 0

Repeat this “mapping” for 60, 90,
and 120 degree spectrometer central angles.

0.2 0.4 0.6 0.8 1
o (GeV)

g vs. w coverage for 15 degree Iron data
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THE COULOMB SUM RULE IN NUCLEI L 12C, 15 deg, LHRS : 12C, 60 deg, LHRS
o = 1 i
B E i }i
i . Beam E (MeV): 16— . f} , Beam E (MeV):
EXPERIMENTAL SPECIFICS = 260 |
H, = ! 3 i
of P 1646 | ¢ Ch ST e 240
E L T 21 45 E ; : :5: :i iii ﬂii i gﬁ 845
» EO05-110: 5- L 2a48 | E M R 957
: o 2845 | 8 L 1030
# % £ :
» Data taken from October 23rd of 3250 | o S
2007 to January 16th 2008 : o N 3680 | a4f 1260
5 Ll i :
. = E = o e e
» 4 central angle settings: 15, 60, S b e | | s
: O | lo eo®"s o | | | | | | | | O | el b1 Jolalolob P [ | | [ 11 1 [ 11 | L1 11 L1 11 I
9 O 1 2 O degg ~—~ 0 200 400 600 800 O 100 200 300 400 500 600 700 800 900
I ° O
= :
. N 12C, 90 deg, LHRS . b 2C, 120 deg, LHRS
» Many beam energy settings: o= 701 O
35 = B ;
0.4to0 4.0 GeV - . # {{ﬁ Beam E (MeV): 60— i {{{ d Y@eam E (MeV):
o ] / 400 | F S | i 400
» Many central momentum P i 646 | 0 #ﬁ P 648
. B : i f :_ }I } t ;
settings: 0.1 to 4.0 GeV : b 3 T ’Iw 740\ 40 N A
20:— i %ﬂf} ;ﬂﬁf%i;! fi ;; Hi;} 845 30: ; ; iiﬂﬂ sth EEE #{ 845
o B : i i ¢ . = . R it i
» LHRS and RHRS independent 15;- o e Co Z .
e . H;i’ii : 1030 20— i h é it 1030
(redundant) measurements for 100 o 100 : a )
: i 10 . . &
most settings 5 e
E . o~ b
O—r L | ol |.J°r.|..|-4.|.l.0|°|°.| L-I-I‘1.| I | I | L1 1 1 | I | | :I Ll | L | ] | Ll l P | Ll | L | L
» 4 ta rgets: 4He, 12C, 56Fe, 208PDh. 0 100 200 300 400 500 600 700 800 100 200 300 400 500 600 700

Energy Transfer (MeV)
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THE COULOMB SUM RULE IN NUCLEI L 12C, 15 deg, LHRS : 12C, 60 deg, LHRS
o — 181~ L i
E i E ; %
B { Beam E (MeV): 16— . fi} . Beam E (MeV):
EXPERIMENTAL SPECIFICS = .
20 :— { ;i 1646 12 :— : : ;i; iii ;iii i*iﬂﬁ 740
- L — 3 L L L i !
: 2145 - D s 845
. - L — : : ; i g :
» EO05-110: TR 2aa8 | b M S T sy
: roh 2845 | 8 e 1030
é % £ :
» Data taken from October 23rd e o . T e S
2007 to January 16th 2008 E _
- AII these spectra again for the RHRS
} 4centra| angle SettingS: 15, 60’ S 0:| |9_‘3]‘ | ’| | | | | | | | | | | | ‘ FI‘LII 1III|LPrI|I||||||II|IIII|II|||||II|IIII|
9 O 1 2 O degg Sﬁ 0 200 400 600 800 O 100 200 300 400 500 600 700 800 900
I ° S
= -
. N 12C, 90 deg, LHRS k i 2C, 120 deg, LHRS
» Many beam energy settings: 3 701 O
35— £ E i
0.4t04.0 GeV - s ’H Hﬁ Beam E (MeV): 60— i }}} d y{%eam E (MeV):
o }; H #} ﬁfd 400 505_ I i #{ ] 400
» Many central momentum B - 646 | F | ## i 646
. B I 1! } :_ E} t i ;
settings: 0.1 to 4.0 GeV = 3 T f 740 1 e I
20:— ;}}ﬂf} ;ﬂﬁf%i;i fi ;; H;} 845 30: . : iiﬂﬂ iyttt EEE #{ 845
o B : i i ¢ . = . kK it R
» LHRS and RHRS independent 151 e e R e Z 7
. H;i‘ii ; 1030 20— i ; L E:::“§ 1030
(redundant) measurements for 10/ " 00| P
. - 0 - d
most settings 5 e
B . ] K : ' O__ . .i!}".
O—r L | ol |.J°|'.L.I-4.I.l.-|°|°.| L.I-I‘1.| I | I | L1 1 1 | I | | :[ Ll | o | ] | Ll | P | Ll | L | L
» 4 ta rgets: 4He, 12C, 56F¢, 208PDb. D 0O ) 0D 0 00 s 00 0 100 200 300 400 500 600 700

Energy Transfer (MeV)
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THE COULOMB SUM RULE IN NUCLEI e 12C, 15 deg, LHRS . 12C, 60 deg, LHRS
S0F - = - e
: Beam E (MeV): 16— : 1 fﬁi , Beam E (MeV):
EXPERIMENTAL SPECIFICS = .
: . 1646 5 . 740
R 2145 | L' ’s}gf L i 845
) . B - g § Ll Iﬂ EEE o i
} EOS 1 1 O. 15—_ ; - 2448 10; : ! iﬁ{ : ,;!iiﬁhﬁ & 957
: o 2845 | 8 e 1030
# % E
» Data taken from October 23rd o o a0 | ob e 3
2007 to January 16th 2008 : _
- AII these spectra again for the RHRS
» 4 central angle settings: 15, 60, :§ o N
N~ o 00
70,120 degs. E __And again (LHRS & RHRS) for 4He,
. ~ 40 S
. Q B
» Many beam energy settings: B S6Fe. and 208Pp
0.4t04.0 GeV ] ' j beam & (viev): 60— = I [n:seam E (IVIeV):
o i} H #{ ﬁd 400 505_ I i P 400
» Many central momentum B - 646 | F | #ﬁ i 646
E i i E f t ! ¢
settings: 0.1 to 4.0 GeV : Y 3 .7 ﬁ ey aE R R
20 :_ i ;ﬂgf} ;*ﬁf%i% Iii 55 Hii} 845 . B : : i};iiiﬁﬁiﬂf EEEE }# 845
. B 3 i L ¢ ;ii _ { ;5 Egiiii }i
» LHRS and RHRS independent CEE e . - ﬁgf 997
: 5 gt i 1030 20— i ; 4 :“EH; '] 1030
(redundant) measurements for 10F e * o, | F S
. - o ,’ :
most settings 5 t
B . i . : _ 0__ . .“{..'
—T | 1 elet |.J'|'.L.I~4.I.I.OI°I°.I L.I-I‘1.| I | I | L 1 1 1 | I | | B
» 4 targets: 4He, 12C, 56Fe, 208PDb. %0 "100 200 300 400 500 600 700 800 - '1(|,6 = Izcljol ' 'écl)d N '4(|)o' . '5<|)6 = é(l)e = '7(|)6'

Energy Transfer (MeV)
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S0F - - e
. Beam E (MeV): 16/ : 2 }ﬁ}i }} Beam E (MeV):
EXPERIMENTAL SPECIFICS = . 00| A
ok & 1646 | L R 740
B 2145 | £ 0 WSS 845
» E05-110: o . a 2aa8 | E M S W g5y
: f“z s e :L*:m~’!w?“ 1030
» Data taken from October 23rd of o 350 | e oo e e
2007 to January 16th 2008 :
- AII these spectra again for the RHRS
» 4 central angle settings: 15, 60, § A N
~—~ 0 . 00
20, 120 degs. s . Andagain (LHRS & RHRS) for 4He,
. ~X 40 S
» Many beam energy settings: S B S6Fe and 208Pp
0.4 t0 4.0 GeV : ):
30—
» Many central momentum - Almmg for 1% tO 2% preC|S|on on XS 6
settings: 0.1 to 4.0 GeV : SN s e i f 1740
g 20 E_ ; & #}’Hh? ;iiﬁf gi% ﬁf; ;;iii 845 - :_ ; ; r s T~ #{ 845
» LHRS and RHRS independent LE S L AR
= i e 1030 o . D K 630
(redundant) measurements for 00 L T s = 0 B s
most settings s= . - o F } |
E - K O:—" T o cee
» 4 targets: 4He, 12C, 56Fe, 208Pb. I I

Energy Transfer (MeV)
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ELASTIC XS CALCULATIONS AND ELASTIC TAIL CORRECTIONS

10000

oo
sonof-
6000:
o]

2000

hdps

Eniros 34102
Mean 0.03348

Sid Dov  0.0004675

8000
6000
4000

2000

[ TN T W T T T T N U T U T O T O s e e
-0.035 -0.0345 -0.034 -0.0335 -0.033 -0.0325

dp

hphs

Eniros 34102
Mean 0.01083

Sid Dev  0.007865

ol b o o oo oo L Ly G99
-0.02-0.015-0.010.005 0 0.0050.01 0.0150.02

phi (rad)

3000

2500

2000

1500

1000

500

60000[-

50000[-

40000

30000

20000

10000

0'111 111

Eniros 34102
Moan 564008
Sid Dov 0.02221

12C elastic XS at 1260 MeV, 15 degrees

1
-0.04-0.03-0.02-0.01 0 0.01 0.02 0.03 0.04
theta (rad)

83

05-0.04-0.03-0.02-0.01 0 0.01 0.02 0.03 0.04 0.05

Data
Sim

|

!

hys

Enirios 34102
Mean 0.0027&7

Sid Dev  0.002347

y (m)

» Blue histograms are reconstructed data.
» Red histograms are monte-carlo:

» Event sample generated from expected
XS calculations (Fourier-Bessel fit to world
data)

» Radiative effects (internal, external, vertex)
are handled, including exact
bremsstrahlung distributions.

» Resolution effects are applied by
calculating the expected material effects
of tracks passing through the VDC
chamber materials.
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ELASTIC XS CA!;CULATIONS AND

ELASTIC TAIL CORRECTIONS
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B Meoan 0.03346 3500 —_ Mean 5640 08
: SidDev  0.0004675 _ SdDev  0.02221
- 3000
i 2500 -
- 2000
B 1500
i 1000
I 500
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o
12C elastic XS at 1260 MeV, 15 degrees
hphs hys
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- Mean  0.01083 B Data Moan 0.002747
B SidDev  0.007866 - ) SidDev  0.002347
- 50000 Sim
i 400001
- 300001
- 200001
- 10000
—I L1 I
. 8.050.040.03 002001 0 007 0.020.03 0.04 0.05

y (m)

Run: 3503 BeamE: 1259.66 MeV Angle: 15deg dp-peak: -0.0337

0.0025

0.002

0.001

0.0005

1.56 1.58 1.6 1.62 1

McCarthy
Reuters
Data

Raveshift Calc
diff: 0.936 +/- 0.654 (stat) +/- 2.116 (sys) +/- 2.685 (model)

Data adjusted Raveshift

. . . e - .
& & & & & & 3
- - - - - -

<1 % deviation
¢. from calculation

[
.64
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ELASTIC AS CALCULATIONS, AND ELASTIC TAIL CORRECTIONS

hths

I|_L

- e Run: 4978 BeamkE: 401.11 MeV Angle: 35deg dp-peak: -0.0045
: Meoan 0.004615 45m0:_ z 7.0210 08 _ .
B SidDev 0001188 : dhﬂiﬂbﬁuﬁmwuﬁ’:qp q[LI,UF"[L[ pev 002208 4+ McCarthy
250~ 400005— O '07 B \ - Reuters
- 35000 - : = Data
200 30000 = 0 ) 0 65 --------------- Raveshift Calc
- = : B diff: -0.663 +/- 0.413 (stat) +/- 0.411 (sys) +/- 1.510 (model)
150 250005_ — Data adjusted Raveshift
20000f- 0.06 —
100 150002— u
s0f- 10000 0.0551
) 5000 B
o gy 0 4503 0,03 6.0 05 07 6.05 .05 0.04" 0.05 :—
dp theta (rad) B
12C elastic XS at 400 MeV, 35 degrees 0.045
hphs x10° hys ' B
60000~ o3 500: v a0 B
a —T : ——T 0.04 < 1 % deviation
500001 400} — from calculation
: 0.035—
40000 - _
B 300(- —
30000 0.03
» 200f n
20000 - —
: : 0.025_—
m 100
10000:— - oo o b b b b b ben b Iy dor1 |
Do b b ben b b bev by e benaa b I 1 121 141 161 18 1 2 1 221 241 261 28 1 3 1 321.§4
0™ 0.020.015-0.0+-0.005 0 0.005 0.01 0.0150.02 8.050.040.03002-001 0 0071 0.02 0.03 0.04 0.05 g (fm' )
phi (rad) y (m) eff
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EXCITED ELASTIC STATES

2+ World Data

10-1 107! ;— 1 107! 2

Fit

F(q)’

F(a)*
I
F(a)
¢
_|_

1072k
10°E

1074k

10°E

10_80 0.5 1 1.5 2 2.5 3 3.5 4 I3.|5l | 4
q (fm) q (fm)
Extractions of excited elastic states based on fit of
o 1F o, 1E oy
s Egt 2 s transition form-factors to world data.
Toud 10" g 1
10k 102 Functional form follows an analytic, global, and model-

independent analysis introduced recently* (mostly in the
study of the 05 "Hoyle" state)

1 i znmax
F(g) = —e 29 c,(bg)™"
(q) > ;:1, (Dbq)

* M. Chernykh, et al. Phys. Rev. Lett. 105
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EXCITED ELASTIC STATES

600510 x10
_ Beam Energy: 400 MeV Elastic ~ Beam Energy: 1260 MeV N+
. i
_ Angle: 26 degs Peak 120~ Angle: 15 degs
& . 12 B L
500 Target: 12C : Target: 12C
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* M. Chernykh, et al. Phys. Rev. Lett. 105
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MAGNET RESCATTERING

» At low central momentum, magnet-rescattered events may be present.

hdyc
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500 — Data + 3 Gaussian Fit

= 112 MeV cent-p Data central gaussian
400 — Data outer 2 gaussian

- Proposed cut line
300—

E Events cut / Total = 0.22
200(—
100[— L AT/

& }— " T 1 | .‘.l\"l'---l-.-.l.---.l | 111| |

3008 -006 -004 -0.02 0 0.02  0.04 0.06  0.08 0.1

LHRS y-detected (at VDC in hut)
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MAGNET RESCATTERING

» At low central momentum, magnet-rescattered events may be present.

hdyc
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B / Data outer 2 gaussian
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B ' 1
- /
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200\ — f \
...... Ill.L._._._.Ll L ll|l i i | I_I L1
5T 008 0068 004 007 0 002 004 0.06 0.08 0.1

LHRS y-detected (at VDC in hut)
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MAGNET RESCATTERING

hd
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SUMMARY / LOOKING AHEAD

» Recent efforts:
» Updated bin-centering correction
» A magnet-rescattering background study is under way:
» Needs to be evaluated for all angles, beam-energies, and targets.
» Up next:
» A careful evaluation of the relativistic corrections.

» Full systematic studies
» Publish
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