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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:

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
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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12 ¢ - Y , , | . -
Solid line is calculation
- #3He : . P -
PUBLISHED EXPERIMENTAL RESULTS .. 20kt without medium modifications |
| @40Ca (Adjusted for experimental phase-space)
X 56F@ |
. . 1.0 /+(/.;/ .
» 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 |q| of 600 MeV/c, R o7 JEL & J .
where the cleanest signal of medium /& ™ ? |
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 , , |
|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)
ok
ol

» Need RL — Use Rosenbluth separation!

(o)

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

Slope = ——Rj
g (‘ D _ |q|d RL(W,‘(ID q_Zl
L\4d1) = s 2 9 2
o 2G, (@) + NG, (@) 0
Int t= —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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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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THE COULOMB SUM RULE IN NUCLEI E 12C, 15 deg, LHRS . 12C, 60 deg, LHRS
30— ¢ — 18- | ol
B - };
: Beam E (MeV): 16/ ; i; f : Beam E (MeV):
EXPERIMENTAL SPECIFICS = -, 20| Wy
Hi, — i k 3
. 1646 | L . 240
= L I — : $ P iy L it !
i 2145 B . Ee E i+ 845
» EO5-110: e rr e s
: i o | B s . 1030
» Data taken from October 23rd T e s L
2007 to January 16th 2008 = 20§ - 1260
5l ) . ’“ ~"'~.,;”" . °--,:‘“ E i )
. ~~ E X e 21 .
} 4centra| angle SettanSo 15’ 60’ '§ O_—Lo—»J—J-—"—ﬂ".'"l. || —— L 1 e 0%I-1..|:‘|'..|-1'|-|.|.|-L'r.rTI||||||||||||||||||||||||||||||
9 O 1 2 O degs \% 0 200 400 600 800 O 100 200 300 400 500 600 700 800 900
, :
= 7 -
. S o A 12C, 90 deg, LHRS x i, 2C, 120 deg, LHRS
» Many beam energy settings: s 701 "
35 b i ;
0.4t04.0 GeV : e # }}ﬁ Beam E (MeV): 60— i {I} fd ﬁieam E (MeV):
o / 200 | = e 400
B E 4 B ; h { :
» Many central momentum - / }; 4 646 | T F PO ## i { 646
. B * i f E . t ;
settings: 0.1 to 4.0 GeV . A gﬂ} . ﬁ fe s -
— : sl ; iii 845 - i t ifﬂiﬁﬁiﬂi SE { 845
. E ; : 5,%#5 iii ;;:i 30 [ Ii ;ii 5338 }i#
» LHRS and RHRS independent 15 s . . B - a7
B . L El e ; : ; ;ﬂ* 14030
(redundant) measurements for 10 g g : , ;
: : 0 g
most settings 51 E
L L e
11 1 aed Lot iaebinaerd pgerttbora o Lo b a bon il B
» 4 ta rg ets: 4He, 12C, o0Fe, 208Pb. %0 100 200 300 400 500 600 700 80O 100200 300 400 500 600 700

Energy Transfer (MeV)
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THE COULOMB SUM RULE IN NUCLEI: HAL [t 12C, 15 deg, LHRS ; 12C, 60 deg, LHRS
hiE T — 18~ i i
E ; E i %
B { Beam E (MeV): 16— i f y Beam E (MeV):
EXPERIMENTAL SPECIFICS = - 20| W L
Hi, — i k 3
. 1646 | © 1 740
L P &g — i § P iy 3 i "
i 2145 B . Ee f 845
} E05'1 1 O. 15:_ ; : ;s 2448 105— ; : : i&?: . : !ﬂ!;’&l%mﬂ 957
: *-% s s a 1030
é s B :
» Data taken from October 23rd e e g -
2007 to January 16th 2008 E _
- AII these spectra again for the RHRS
} 4centra|ang|esettln93:15’60’ '§ 0:_L._._|_._I-_u=l'l1 I l | | l I | l l | | l I| OTI‘LIIL1III|LPTI||IlIlIIIIIIIII|IIII|IIII|IIII|
9 O 1 2 O degs ~ 0 200 400 600 800 0 100 200 300 400 500 600 700 800 900
I . Q
= -
. S o A 12C, 90 deg, LHRS x i, 2C, 120 deg, LHRS
» Many beam energy settings: s 701 '
35 Py B ;
0.4t04.0 GeV : e # ﬂﬁ Beam E (MeV): 60 i {I} Ed Y&eam E (MeV):
T : / B =
» Many central momentum E }5 i 646 : : **I H{i{iii{ ## : ;ﬁ 1 646
o B : 5! t E i i :
settings: 0.1 to 4.0 GeV : . 93 . *’Iw - - -
20:— i }*i ;iﬁf?f;% ;*} ; H};& 845 30: . : fiim byt ; #} 845
. B ; ; fhf 5 & B . ii 5380 R
» LHRS and RHRS independent 151 . @ sy gﬁ .
T ¢ . 100 20 s 1030
(redundant) measurements for 10— oo | i !
. . 10F = - :
most settings 5 B
B . . . ) . 0— : -i!{'..
O—T | 1| ol l.J'f.L.l-*'l.L-IOI'T L.I-I".l i I I | | B ] | | ) | | N o | |l :I By | P | L | e | i | Ll | P | L
» 4 ta rgets: 4He, 12C, 56F¢, 208P), . 0 e0) 00 DD 00 o0 00 o) 100 200 300 400 500 600 700

Energy Transfer (MeV)
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THE COULOMB SUM RULE IN NUCLEI: HAL | 12C, 15 deg, LHRS - 12C, 60 deg, LHRS
30 i = . e
- L Beam E (MeV): 16— ; 1 ;ﬁi {i Beam E (MeV):
EXPERIMENTAL SPECIFICS = - 20| W
Hi, — i k 3
B i 1646 - : : ; ; ;: gﬂﬁ 740
e B e e ¢ 845
| = i 3 Yt i .
- ° B ; @ — . ; i3 4 :
» E05-110: . 21 i“‘*fi ; L 57
E ?fz 2845 | & . . . 1030
é . B T
» Data taken from October 23rd E T ey .
2007 to January 16th 2008 E _
- AII these spectra again for the RHRS
» 4 central angle settings: 15, 60, § Fo .
~ o 00
70,120 degs. S __And again (LHRS & RHRS) for 4He,
. ~ 40— S
. Q B
» Many beam energy settings: = S6Fe and 208Pp
0.4t04.0 GeV : } i j beam & (iviev): 60— 2 I Yrbeam £ (viev):
» Many central momentum e #f ! 646 : . ## . 646
. ; : ' E § } :
settings: 0.1 to 4.0 GeV : . gﬁy , b/ - S a0
20 :_ : ii} ;i*&f%%; iii E; ﬁ}ﬁ 8 4 5 . B 3 ; iiiiiiﬁﬂiﬂf #ii #{ 8 4 5
. B s = f : it {
» LHRS and RHRS independent 151 . = = i A
B i . B0 0 P 1030
(redundant) measurements for 10 e : .
. _ 10__ ) !1 i
most settings 5 B
B . : . ) i 0__ ; .u{".
O—T | | ol |.J°f.L-l-4.l.l.-l°r.| L.I-I".l | | 1S ] | | ) | | ) [ | | | :I i | P | L | e | g | Ll | P | L
» 4 ta rgets: 4He, 12C, 56F¢, 208P), . 0 e0) 00 DD 00 o0 00 o) 100 200 300 400 500 600 700

Energy Transfer (MeV)
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EXPERIMENTAL SPECIFICS

» E05-110:

4

Data taken from October 23rd
2007 to January 16th 2008

4 central angle settings: 15, 60,

90, 120 degs.

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, >¢Fe, 208Ppb,

30

25

20

15

10

25

20

15

10

30+

I | ole9 | f L o Y . of 1 l [ | | | I | | | I | 1 111 |

: 12C, 15 deg, LHRS

Beam E (MeV):
f 1260
1646
- 2145
‘ 2448
}-ﬁa 2845

3250

AII these spectra again for the RHRS

56Fe, and 208Pb

Al mmg for 1% to 2% premsmn on XS .

/40

845

ﬂ - @57
mw@f ﬂ’ 1030
' : 0

%%%m

iiiii

100 200 300 400 500 600 700 800

— 18-

30

20

10

20—

16—
14?—
12?—
8-

6__

[T [ T T | 1T T | T T | T T |

Of '

P

[ | I I

12C, 60 deg, LHRS

°And again (LHRS & RHRS) for 4He,

if}iiiiiiii

a 740

L]
IR 3
iwf",

Beam E (MeV):
646

éﬁ 845
957
1030
1102

o /740
#{ 845
i Q57
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1030

100

200

Energy Transfer (MeV)
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MEAN COULOMB POTENTIAL AND EMA

» An effective momentum approximation (EMA) takes

: . . /
into account the mean field potential of the target k'f
nucleus during quasi-elastic scattering.

kgzki—I{AE k';c:k'f_ﬁ'fAE
C x C
~0.75t0 0.8 v 3o/
I N (L _ —
W = (kz kf) — (k’b kf) — W Nucleus Vo (MeV) ’ 21

12C 3.46 +/- 0.11

Q" = A(k;) (k) sin® 0/2
S6Fe 9.80 +/- 0.32

Geff = Vw2 + Q"2 208Pb | 20.57 +/- 0.66

A. Aste, D. Trautmann, EPJ A33 (2007), and A. Aste. Nucl.Phys.A806 (2008)
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MEAN COULOMB POTENTIAL AND EMA

» An effective momentum approximation (EMA) takes )
into account the mean field potential of the target kf
nucleus during quasi-elastic scattering.

» For 208Pb the EMA is less reliable and full
calculations of the coulomb potential will be
needed.

k!

» For 5¢Fe, a study of the validity of the VO —
approximation (especially at lowest beam Nucleus Vo(MeV) 2"ac

energies and central momenta) would be 12C 3.46 +/- 0.11
extremely useful. . .

>6F¢ 9.80 +/- 0.32

208Pp 20.57 +/- 0.66

A. Aste, D. Trautmann, EPJ A33 (2007), and A. Aste. Nucl.Phys.A806 (2008)
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MEAN COULOMB POTENTIAL AND EMA

» An effective momentum approximation (EMA) takes )
into account the mean field potential of the target k'f
nucleus during quasi-elastic scattering.

» For 208Pb the EMA is less reliable and full
calculations of the coulomb potential will be

/
ki
needed.

» For 56Fe, a study of the validity of the When scattering with

approximation (especially at lowest beam positrons, we effectively ___—r

energies and central momenta) would be Change the sign of the

extremely useful. mean potential

A. Aste, D. Trautmann, EPJ A33 (2007), and A. Aste. Nucl.Phys.A806 (2008)

3o/

Vo =

2T

An et beam at JLab
would allow a very
detailed study of
coulomb corrections!
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ELASTIC XS CALCULATIUNS 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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10000

8000

6000

4000

2000

10000

8000

6000

4000

2000

ELASTIC XS CA!;CULATIONS AND

ELASTIC TAIL CORRECTIONS

_ hths
34102 — 34102
B Mean 0.03346 3500 —_ Mean 5640 06
: SidDev  0.0004675 _ SDev 002221
- 3000
i 2500 -
- 2000
B 1500
i 1000
I 500
ll llllllllllllllllllllll = o:lll lllllllllllllllllllllllllllllllllllllll L1l
~0.0 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)
[ J
12C elastic XS at 1260 MeV, 15 degrees
hphs hys
B E£ninos 34102 60000 £ninos 34102
- 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 .03 005 501 0 007005 605 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
: e - e 0.04— < 1 % deviation
500001 400} — from calculation
: 0.035—
40000 - -
B 300 —
30000 0.03
» 200f n
20000 - —
: : 0.025_—
i 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

0 0.5 1 1.5 2 2.5 3 3.5 4
q (fm) q (fm)
Extractions of excited elastic states based on fit of
~ 1E o 1E s .
s Egt s = 1 transition form-factors to world data.
Toud 10" g 1
102 102k Functional form follows an analytic, global, and model-

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

1 i znmax
Fq) = —e~ 7" )" ¢, (bg)™
(Q) 7 n:1 n( 6])

* 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 0as
~ Angle: 26 degs Peak 120— Angle: 15 degs
= W B "
500 Target: 12C i Target: 12C
B 100 , ,
- _ Excited states calculation allows for:
400—_ 80_— A) More accurate elastic + excited
E . tail subtraction
300_ I B) Subtraction and access to lower .
E 60— energy transfer 3
B E Higher States |
200 - (not calculated) Elastic
I 40_— Pepk
A Data F e
LB Sim 20— SN
. E Quasi-elastic SN ()
E ‘% E estimation 02;’\‘) w)
()—"—I e A g, OIIII|IIII|IIII|IIII|IIII|IIII|III|IL
-0.04 -0.03 -0.03 -002 -001 0 001 0.02 0.03

dp
* M. Chernykh, et al. Phys. Rev. Lett. 105
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INTERPOLATION TECHNIQUE: GAUSSIAN PROCESS REGRESSION

» Utilizes the supervised machine learning technique "Gaussian Generic 1D example
S 1.9 '« Data points
Process Regression _
’ Generator function 7\
» Well documented and utilized process: sslelliie izt \
0.5 Kriging 1-c .
» Gaussian Processes for Machine Learning, Carl Edward oF-
Rasmussen and Chris Williams, the MIT Press, 2006* : = | +
—0.5—
» Used in packages like scikit-learn (python) and Weka .
(Java) g 's
1.5
» I've written a similar package in C++ with root integration. = , |
of ‘ \
» Recent updates: _25F- ._ : ; Y )
= o
» Full N-Dimensional interpolation (not available in scikit- -3 }
'I_'I | | SR e R | | R BN | | SR S | | R N | R S R | R R N | |

learn, Weka, or anywhere else I've seen)

|
w

—2 —1 0 1 2 3

» Hyper-parameter tuning methods (using both Log-

marginal likelihood and psuedo-log-likelihood. | |
*Documentation: www.gaussianprocess.org/gpml/chapters/
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INTERPOLATION TECHNIQUE: GAUSSIAN PROCESS REGRESSION

» Utilizes the supervised machine learning technique "Gaussian
Process Regression”

CSR 2D example

» Well documented and utilized process:

» Gaussian Processes for Machine Learning, Carl Edward
Rasmussen and Chris Williams, the MIT Press, 2006*

oolation output ~

» Used in packages like scikit-learn (python) and Weka
(Java)

» |'ve written a similar package in C++ with root integration.

» Recent updates:

» Full N-Dimensional interpolation (not available in scikit-
learn, Weka, or anywhere else I've seen)

» Hyper-parameter tuning methods (using both Log-
marginal likelihood and psuedo-log-likelihood.
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PROGRESS ON “HE (KAl JIN)
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PROGRESS ON “HE (KAl JIN)

r

0.009
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0.007
0.006
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0.004

0.0038&

y interpolation
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PROGRESS ON “HE (KAl JIN)

I y interpolation Ir W interpolation
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PRUGRESS ON lIHE (KAI JIN) R. vs Energy Transfer (MeV)

R _L: q=600

200 “ 400 ) o

q = 850 MeV

200 250 300 350 400 45
200 400 ™



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

CSR CARBON

“Using 4 angles:
-15, 60, 90, 120

12C at |g| = 650 MeV

R (GeV")

l#||| Ll

100 200 300 400 500
o (MeV)
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12C at |g| = 650 MeV » Goodness-of-fit for.Rosenbluth can indicated where a
more careful study is needed.

R (GeV")

~Using 4 angles: . . -

' 15.60.90. 120 » Quasi-elastic peak region is well under control
. # _________ , }}

[ + % 230 MeV  X%NDF =0.8/2 240 MeV  X%NDF =0.3/2
S + * = 105F K

; + ﬂ
s ; ++ o

B %+ ++ 8.55—

£ * .0'.." =

: ; | _

: l+* "._‘. 7_||||||I|||I|||I|||| + o N TR AN TR TN SN NN SN SN NN NN TN NN MO NN N B
ol e L 9.2 °'4 i B e . b e

100 200 300 400 500
o (MeV)
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CSR CARBON » Goodness-of-fit for Rosenbluth can indicated where a

R (GeV")

12C at |g| = 650 MeV

“Using 4 angles:

more careful study is needed.

15 60. 90 120 » Edges of phase-space are more difficult to pin down.

=]
~

» Lower energy transfer region is sensitive to
interpolation process, acceptance and bin
centering corrections.

110 MeV X°/NDF =3.6/2 120 MeV X*/NDF =3.9/2

l++ 09
I I|IIII|IIII|IIII|II I|II 01 02 03 04 05 06 07 08 09 1 01 02 03 04 05 06 07 08 09 1

100 200 300 400 500 il St
o (MeV)
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CSR CARBON

“Using 4 angles:
-15, 60, 90, 120

R (GeV")

12C at |g| = 650 MeV

_____
e” s

~ L
-~ -
S m ==

p

100

200

300

400

500
o (MeV)

575 A 5.95F

57F

5.65

5.6

5.556

» Goodness-of-fit for Rosenbluth can indicated where a

more careful study is needed.

» Edges of phase-space are more difficult to pin down.

» Higher energy transfer region is sensitive to

interpolation process, el
systematics of spectrom

390 MeV X°/NDF =4.7/2

e R (GeV'")
(o))
o

g 5.9

;— A + 5.85F
: 5.8F
'_I /l RN Rl R DRRGCK, (SO Tl (Ao Y LINRE KbeN RN (SR NGO WG | 5,75- AL AR

0.2 0.4 0.6 0.8 1
epsilon

astic tail corrections,
eter low central

momentum, and radiative corrections.

400 MeV X?’/NDF =4.3/2

6.05

epsilon
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CSR CARBON

“Using 4 angles:
-15, 60, 90, 120

R (GeV")

12C at |g| = 650 MeV

* T...-"

Another way to study the
systematic effects in the
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Rosenbluth fit.
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SUMMARY / LOOKING AHEAD

» Recent efforts:

» Full treatment of elastic excited states in Carbon

» Updated the interpolation technique.

» Much progress with the extended Helium target

» A more detailed study of low and energy transfer and the Rosenbluth sensitivity in this region.
» Looking ahead:

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

» Lead target analysis -> Need coulomb correction calculations beyond the EMA.
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