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COULOMB SUM RULE

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

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

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
ot 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 |q| >> 2ks, S. 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 * 7 I‘ A
theoretical interest. ' I L. ::"__‘!.F:i ...... -
0.8_ .°. °/—. -.-:.-.’Utl-rea_ra—.

» Even most state-of the-art models cannot S Sl

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 |q| >> 2ks, S. 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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g 1 (w,
QUASI-ELASTIC SCATTERING sula) = [ o e
T

We want to integrate above the coherent elastic peak:

» Quasi-elastic scattering at | 2 , | 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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AT Solid line is calculation |
- #3He : . P
PUBLISHED EXPERIMENTAL RESULTS 11 13icett witheut medium modifications
1.1 e40Ca (Adjusted for experimental phase-space)
X 56Fe / |
1.0 B )
» First group of experiments from Saclay, P |
Bates, and SLAC show a quenching of 09 | +
S| consistent with medium modified =
form-factors. ~ 08 | :
= T
q| N "
S:(lq)) :/ v Ri(wql) 07 _
w+ ZGZEP(QQ) + NGQEn (Q?)
06/ :
. Dash-dot line is calculation
i with medium modifications
(Adjusted for experimental phase-space)
04 - - 1 ‘ x , - - L b

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

|gef| is |g| corrected for a nuclei dependent mean coulomb potential.
Methodology agreed on by Andreas Aste, Steve Wallace and John Tjon.
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1.2 [ ' I

Solid line is calculation

PUBLISHED EXPERIMENTAL RESULTS .. 2 without medium modifcations
o ;‘:LIC:Za (Adjusted for experimental phase-space)
1.0 ) /+/{ )
» First group of experiments from Saclay, P (. |
Bates, and SLAC show a quenching of 00 | %0 NA
S| consistent with medium modified =
form-factors. ~ 08 - ;
= +
» Very little data above |q| of 600 MeV/c, g7 1% F _
where the cleanest signal of medium | . 4 |
effects should exist! 06"/ :
05 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 , , |
|gefi| 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)
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» Need RL — Use Rosenbluth separation!

(o)
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Slope = ——Rj
g (‘ D _ |q|d RL(W,‘(ID q_Zl
L\4d1) = s 2 9 2
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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




THE COULOMB SUM RULE IN NUCLEI

e L
>
8 -
7L " Ebeam = 3.68 GeV
» If one wants to measure from 100 to 1
600 MeV o at constant |q| = 650 - T 285 Gev
vievie - Epcam = 2.45 GeV
0.8— T ﬂ’,,,«"’ beam = £. e
» Take data at different beam B
energies, and interpolate to e Ebeam = 2.15 GeV
determine cross-section at 0.6 B — E.. = 1.65GeV
constant |q]. i
0.4 Epeam = 1.26 GeV.
- | ] ] | | ] l I | l l | ] | | I | | | I
0 0.2 0.4 0.6 0.8 1

o (GeV)

g vs. w coverage for 15 degree Iron data
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S L
>
8 -
EXPERIMENTAL DESIGN oL
° 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
u - T Epeam = 2.45 GeV
0.8 P beam — <. e
» Take data at different beam .
energies, and interpolate to -
determine cross-section at 0.6
constant |q]. i
» |g| can be selected between 550 0.4 Ebeam = 1.26 GeV
and 1000 MeV/c i
- | | | | | | | I | | | I ] | | I | | | I
0 0.2 0.4 0.6 0.8 1
° 1 ° 1 (1) (GeV)
Repeat this “mapping” for 60, 90, g vs. w coverage for 15 degree Iron data

and 120 degree spectrometer central angles.
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EXPERIMENTAL DESIGN

04 -

600 800 1000

q. MeV/c)

Repeat this “mapping” for 60, 90,

q_, (GeV/e)

1200

1.2

" Epeam = 3.68 GeV

- | | | I | | | | | | | | | | | | | | | I

0.4 0.6 0.8 1
g vs. w coverage for 15 degree Iron data ® (GeV)

and 120 degree spectrometer central angles.
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EXPERIMENTAL SPECIFICS

» E05-110:

» Data taken from October 23rd

2007 to January 16th 2008 =

O

» 4 central angle settings: 15, 60, =
90, 120 degs. 7

» Many beam energy settings:
0.4 to0 4.0 GeV

» Many central momentum
settings: 0.1 to 4.0 GeV

» LHRS and RHRS independent

(redundant) measurements for
most settings

» 4 targets: 4He, 12C, 56Fe, 208Ph,

Each data line represents a constant beam-energy

120(}__ ............ ............................... .‘o. ......
- : L Led®
1000:_......;........i.....‘..‘..............0.!..........5.. . :. ...... . .............
N : E..'oo."'. ..oo‘ °
SO(E. ::. APPSR P v 00 :°. Jae® P S P
S aavre: LU S 15 5
60%.......;...;...;..5.........Eop.?..........'...-.E........E.......E ....... RRREES Foee
i nooo:"'...'
40 eecesneeees. S S A
PPN IS B S IFPIPE IPIPIP BN BT B

100 200 300 400 500 600 700 800 900

100 200 300 400 500 600 700 800 900 1000

w[MeV]

= 900
| S O
U 80 .?9960.66 ...............................................................
o U A S T T T TUU T
100 200 300 400 500 600 700 800 900
w[MeV]

q [MeV]

: 00044 : : : : : :
e e £ 29920000 500000 600600000000. 06. 00 90

T T D T
300 400 500 600 700
w[MeV]

800
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10000

8000

6000

4000

2000

8000
6000
4000

2000

|| L1 11 L1 11 L1 11 | I . | L1 1 I°F =
-0.035 -0.0345 -0.034 -0.0335 -0.033 —0.032d5
p

12C elastic XS at 1260 MeV, 15 degrees

hphs

Eniros 34102
Mean 0.01083

Sid Dev  0.007865

o b b bo b Lo Ly BT
-0.02-0.015-0.01-0.005 0 0.005 0.01 0.0150.02
phi (rad)

3500

3000

2500 i

2000

1500

1000

500

60000[-

50000

40000

30000

20000

10000

0'111 111

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

Dat
- sm |

!

83

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

y (m)

ONGOING STUDIES ELASTIC CROSS- SECTIONS AND LOW MOMENTUM NORMALIZATION

10000

» 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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ONGOING STUDIES: ELASTIC CROSS-SECTIONS AND LOW MOMENTUM NORMALIZATION

10000

8000

6000

4000

2000

10000

8000

6000

4000

2000

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

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

_ hdps hths
: o | eof i
: Sid Dov  0.0006675 _ Sbev  0.02221 -
— 3000 )
i 2500 0.0025—
- 2000 |
_ 15000 B
I 10005— 0.002—
i 500 B
ll 1 ! “F = o:lll lllllll lllllllllllllllllllllllllllllll L1l B
~0.035 -0.0345 —0.034 -0.0335 -0.033 -0.0325 ~0.04-0.03-0.02-0.01 0 0.01 0.02 0.03 0.04 -
dp theta (rad) O 0 0 1 5 -
o -
12C elastic XS at 1260 MeV, 15 degrees -
hphs hys B
B Enirios 34102 60000 Enirios 34102 -
B Mean  0.01083 B Data ﬂ Moan 0.002747
N Sid Dev  0.007866 : . Sid Dev  0.002347 -
c soo0-  SIM 0.001—
i 40000 n
:_ 30000 u
i - 0.0005—
i 20000~ -
:_ 10000:— oo b b
—I L1 : 1 l56 1 058 1 16
. 8.050.04003002-001 0 001002 0.03 0.04 0.05

y (m)

1.62 1

[
.64

[ |
1.66 1.
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ON

GOING STUDIES: ELASTIC CROSS-SECTIONS AND LOW MOMENTUM NORMALIZATION

%10 hdps hths
_ I — ; PT— Run: 4970 BeamkE: 400.99 MeV Angle: 26 deg dp-peak: -0.0045
250 Mean 0.004879 — Moan 26780 06
E SidDev  0.001112 35000:_ %.F’}"' 0.02308 t O 26 A I Reuters
200 30000~ = ¥ Data
L — - — "N e Raveshift Calc
ol - B diff: -0.427 +/- 0.365 (stat) +/- 0.358 (sys) +/- 1.027 (model)
N 20000 0.24 __ Data adjusted Raveshift
100 15000 B
E 100005— 0.22—
50— [ 12
) 5000 - e
_8— 1 L1 1 l 1 L1 I | | I l 1 1 I 1 o:lll lllllllllllllllllllllllllllllllllllllll L1l B 0w
01 -0.008 -0.006 -0.004 -0.002 0 -0.04-0.03-0.02-0.01 0 0.01 0.02 0.03 0.04 O 2 | o
dp theta (rad) .
12C elastic XS at 400 MeV, 26 degrees -
hphs 10’ hy B
50000 Enirios 87503 E D Enidos 491452 0.1 8 —
0 SWDev 001148 400;_ .ata SWDev 000432 B
L - Sim B
40000 350 L.
: : 0.16— < 1 % deviation
- : from calculation
30000_— 250 -
i 200F- =
20000 - 0.14—
N 150 u
10000:— 1005_ B A s
: 50; I|III|III|III|III|III|III|III|III|III|I\\I‘\I|
:lll b b bera berna b s bvn e v be E 0.82 0.84 0.86 0.88 0.9 0.92 0.94 0.96 0.98 1 1.q
0 0.020.015-0.010.005 0 0.005 0.01 0.015 0.02 8.05-0.04-0.03-0.02-0.01 0 0.01 0.02 0.03 0.04 0.05 q (fm'
phi (rad) y (m) eff




THE COULOMB SUM RULE IN NUCLEI: HALL-A WINTER MEETING 2020

ONGOING STUDIES ELASTIC CROSS- SECTIONS AND LOW MOMENTUM NORMALIZATION

T P Run: 4978 BeamkE: 401.11 MeV Angle: 35deg dp-peak: -0.0045
Mean 0.004615 45m0:_ ; 70210 08 _ ,
B s 001 : ﬁihll‘ﬁlbmlumlimw%uail’:qp I][Ll!-_lf'cuat Tpev 002208 - McCarthy
250 40000 E_ O ) 07 B - Reuters
5 35000 - == Data
200 30000F- 0 ) 0 65 --------------- Raveshift Calc
- = B diff: -0.663 +/- 0.413 (stat) +/- 0.411 (sys) +/- 1.510 (model)
150 25000 E_ — Data adjusted Raveshift
n 20000F- 0.06_
100 150002— -
o 1oooo;— 0.055:
n 5000 F- B
v g 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 hys . B
60000 oo 500 v oomme B
a —— ——T 0.04 < 1 % deviation
50000} 400} - .  from calculation
: 0.035—
40000 B _
i 300 —
30000 0.03
: 200f u
20000} i - R,
- X 0.025_—
m 100
10000:— - Sl b b b b b b b b b Wl
1121141161181212212412612813 21.?4
-

0—||| prra b berna v v bovea v e benaa b a I 1
-0.02-0.015-0.010.005 0 0.0050.01 0.0150.02 —8.05—0.04—0.03—0.02—0.01 0 0.01 0.02 0.03 0.04 0.05 q
phi (rac y (m) "
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ONGOING STUDIES ELASTIC CROSS-SECTIONS AND LOW MOMENTUM NORMALIZATION

_ hths
22000F i e C Eces  wisss Run: 4986 BeamkE: 401.16 MeV Angle: 45 deg dp-peak: -0.0045
20000 :_ Moan 0.004524 3500 — Mean  2.1160 06
: SiDev  0.001252 - ﬁw 0.02298 0 008 — B 3 McCarthy
18000 3000 B 3 Reuters
16000;— - - ¥ Data
14000[- RO — WA 000 eemeeeeeeeee Raveshift Calc
120005_ 2000 5 0.007 B diff: 2.944 +/- 0.610 (stat) +/- 0.627 (sys) +/- 1.405 (model)
_ o - Data adjusted Raveshift
10000 -
— :_ 1500 — —
60005— 10005— 0006_
4000 - = *
- 500 - Ok
2000 - B "
- | I | L1 1 l 1 L1 I L1 Ll l_l | -lll lllllllllllllllllllllllllllllllllllllll L1l 0w
801 —0008 —0006 0004 0002 0 0" 0.040.03-002-0.01 0 001 002 0.03 0.04 0.005— .
dp theta (rad) - "
o - 10"
12C elastic XS at 400 MeV, 45 degrees -
hph hys -
- Entrios ° 78745 40000 Entrios . 44565 0'004 B
5000 - Moan  0.003259 - Data Moan 0.008784 B
: Sud Dev o.01127 35w0 :; Sim Sid Dev  0.003383 B
i - u o —
4000:. 30000:— 0.003 | . < 3 /O de‘"atlon
. = — Xy Ffrom calculation
- 25000 | N
3000 - B
- 20000 -
- - 0.002—
2000 15000 |
E 100005— B
1000 — - . S
i 5000 0.001=L—1L 1 | IR R S RN
:lll prra b ber v v bevna v s v b E 1 45 1 5 1 55 1'6 1 65
0 0.020.015-0.010.005 0 0.005 0.01 0.015 0.02 8.05-0.04-0.030.02-0.01 0 0.01 0.02 0.03 0.04 0.05 q (fm )
eff

phi (rad) y (m)
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COMPARISON TO WORLD DAIA

» By using our available w / |g| space over 4 angles, we can interpolate to any w / |g|, and use
Rosenbluth fits to calculate at a given angle.

Iron Comparisons

% 30000 —Preliminary % _Preliminary - Preliminar ;
O - it ﬁii Bt 50000 - ly
S i % RITINER i iié 8000 -
£ 25000 ii§ ﬂﬂﬁmﬁ;* A I i éﬂ ' i + % } + {
o | - 'f 40000 — i s i 7000 : ; } +
= |< 20000 - 4 i S; Pt i i i
§ { i et '
15000| i S6Fe | 30000 g 56Fe | 6000~ ; + % } } % 56Fe
- ! Beam-E: 3300 MeV i ; Beam-E: 2020 MeV - : Beam-E: 440 MeV
10000 t Angle: 15 deg | 20000 + Angle: 20 deg 5000:_ .:- Angle: 90 deg
L L ] — é B
] .} i - ¢
5000 — {’ World Data: Chen 1990 | 10000 ; i World Data: Day 1998 | 4000 , World Data: Meziani 1984
J iiii Hall-A CSR interpolated i : Hall-A CSR interpolated -t Hall-A CSR interpolated
B ai [ 1 | | [ 11 1 | [ 1 1 | | [ 1 1 | | [ 1 1 | | [ 1 1 | | [ 11 1 | [ 1 1 | | | | 1 I| I+I | | [ 1 1 | | I | | I | I | | [ 1 | | | [ 1 1 | | [ 1 1 | | L1 | :l- | | | | | | | | | | | | | | | | | | | | | | | |
0 100 200 300 400 500 600 700 800 900 50 100 150 200 250 300 350 400 450 2000700 150 200 250 300

o (MeV) o (MeV) o (MeV)
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COMPARISON TO WORLD DAIA

» By using our available w / |g| space over 4 angles, we can interpolate to any w / |g|, and use

Rosenbluth fits to calculate at a given angle.

(nb/GeV/sr)

do
dQdE

5000~
" Preliminary %
: : :
4000~ ; L Yy !
: .
3000 — 2
.
* 56Fe
Angle: 180 deg
.
1000 —
i ‘ World Data: Hotta 1994
‘" Hall-A CSR interpolated
_‘ s o @ I I | I I I I I | I I N | I
0 50 100 150 200 250

More Iron Comparisons

o (MeV)

9000;13re|iminar %
- ok
8000 - e
7000/ i‘f } ﬁf?{» ﬂ t L
6000§— g
5000 i S6Fe
2000F- - Beam-E: 1299 MeV
i'} Angle: 38 deg
3000
Ll
2000 — 23 World Data: Sealock 1989
1000;_ :2 | | Halll-A ?SR i||1terp|olatefl
100 200 300 400 500 600 700 800
o (MeV)
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COMPARISON TO WORLD DAIA

» By using our available w / |g| space over 4 angles, we can interpolate to any w / |g|, and use
Rosenbluth fits to calculate at a given angle.

(nb/GeV/sr)

7000

6000

5000

4000

3000

2000

1000

_Prellmlp"ary

70000}re|iminar§/l

60000
50000
40000

30000

%# 12C
5 *} ﬂ Beam-E: 961 MeV
- H% ;i Angle: 38 deg
o :
- % +
- L
- t Iié ﬁﬁ?* qﬁé
S oy iy
— Hops b
- -}* ¢ ;}{'
-
L
- s World Data: Sealock 1989
- Hall-A CSR interpolated
_IIII|IIII|II1I|IIlIIIlIIIIlIIlIIIII
100 200 300 400 500 600 700
o (MeV)

- Carbon Comparisons

i+
A

—

HH

’

’

iWorld Data: Day 199§ ' i ; 1y

1all-A CSR

— T T 1 | 1T T 1 | T T 1 | T 1T 1 | 1T T 1

interpolated
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CSR CARBON 12 at [q| = 650 MeV
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CSR CARBON 12C at |q| = 650 MeV
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SUMMARY / LOOKING AHEAD

» Recent efforts:

» Our understanding of the behavior of the response of the HRS at very low central momentum settings
has improved.

» Good understanding of Elastic XS's

» Good agreement with world data provides confidence in XS extraction, radiative corrections,
efficiencies, and interpolation methodology.

» Looking ahead:

» LHRS/ RHRS (redundant measurements) comparisons need to be revisited with latest updates to low
momentum HRS response.

» The Iron and Carbon CSR is very close to completion (expected this year).

» Following those, we need to focus on extended target extraction (including Helium, se Kai Jin's talk
next).
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