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COULOMB SUM RULE

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




HALL-A JANUARY 2018 COLLAB MEETING

COULOMB SUM RULE

Inclusive electron scattering cross-section:

d*o K q° 20 -
AQdew Mot _\q\‘*RL(T Ll ( an _> frlw 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:

d20' - 4 2 0 )
1 RL(w,\qD+( ! | tan2—> Rr(w,|q|)

— OMott
dSddw |q|* | 2|q? 2 _
4
Scattering response Scattering response
Coulomb Sum Rule definition: due to charge properties due to magnetic properties
q|
SL(‘QD __ deo Ry, (wv ‘QD If one integrates the charge response divided by the
ot Zé%p(QQ) + NézEn (QZ) total charge form factor over all available virtual photon

energies, naively one might expect the integral to go to
unity.
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COULOMB SUM RULE

Inclusive electron scattering cross-section:

d20' - 4 2 0 )
1 RL(w,\qD+( ! | tan2—> Rr(w,|q|)

— OMott
dSddw |q|* | 2|q? 2 _
4
Scattering response Scattering response
Coulomb Sum Rule definition: due to charge properties due to magnetic properties
q|
SL(‘QD __ deo Ry, (wv ‘QD If one integrates the charge response divided by the
ot Zé%p(QQ) + NézEn (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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COULOMB SUM RULE

Inclusive electron scattering cross-section:

d?o B
I0dw 0 Mott

Coulomb Sum Rule definition:

_q4

|q|*

RL(wv ‘CID

|

Scattering response
due to charge properties

- q| Ry (w,|q|)
Sulal) = || do gz b M o

At small |[g|, SL will deviate from 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

RT(wv ‘QD

v

Scattering response
due to magnetic properties

If one integrates the charge response divided by the
total charge form factor over all available virtual photon

energies, naively one might expect the integral to go to

unity.

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 1.0 F | * ' ' o 7 —
theoretical interest. ' ; R, '.:"__'!.F:,i ...... -
0.8‘ ..° ./_. ~.-:.-°’U:H:a_ra—‘

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

predict existing data. 0.6

K free current — Hartree |

0.4 + g free current — RPA -
.z 12C current — RPA

NM current — RPA
208Ph — experiment
12C - experiment

120~ GFMC
0.8 1.0

Sr(|ql)

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

g Rr(w,|q|) 0
wt 4G (Q%) + NG%, (Q?)

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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gl 1 (w,
QUASI-ELASTIC SCATTERING sulla) = [ 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 to low Q2 is _
Nuclear Response function

the region of interest for our R(Q* w)
. A
experiment: Giant
. . . Resonance
» Nuclei investigated:
A N* Total photo-absorption on a nucleus
“H ‘
} y =7 50 MeV | "W
/ 300 MeV
} 12C Elastic 7 A Lepton scattering off nucleus
» S56Fe (A A N Dee‘? lnelgstic
Ml Quasi EMC N
» 208Ph o Nucleus \_Elastic w
o Lepton scattering off nucleon

Deep Inelastic
“QUARKS”
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12 ¢ ~ , - , , - - - , n
& 3He Solid line is calculation

PUBLISHED EXPERIMENTAL RESULTS 1.1 558> without medium modifications

» First group of experiments from Saclay,
Bates, and SLAC show a quenching of
S| consistent with medium modified
form-factors.

X 56Fe / |
1.0 PR -
| /‘ ............ |

09 -
3 0.8 | «
S -
N’ +
5 .
0.7 ‘
0.6 ]
0'5 . . .
Dash-dot line is calculation
04 - | with medium modifications ]

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

lgef| is |q| corrected for a nuclei dependent mean coulomb potential.
Methodology agreed on by Andrea Aste, Steve Wallace and John Tjon.
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12 ¢ ~ , - , , - . . | -
& 3He Solid line is calculation -
PUBLISHED EXPERIMENTAL RESULTS .. 2% withou medium modifcations
| @40Ca
X 56Fe / -
. , 1.0 S §
» First group of experiments from Saclay, P i |
Bates, and SLAC show a quenching of 00 | ’ 4
S\ consistent with medium modified =
form-factors. > 08 | i
= T
|
» Very little data above |q| of 600 MeV/c, 707 JEL B K i
where the cleanest signal of medium /& ® ? |
effects should exist! 0o r /: «
o 05
» Sarclay, Bates limited in beam Dash-dot line is calculation
energy reach up to 800 MeV. 0a L | | ~ with medium modifications | ]
1200 400 600 800 1000 1200
» SLAC limited in kinematic coverage q.g|[MeV/c]
of scattered electron at |g| below , , ,
1150 MeV/ |gef| is |q| corrected for a nuclei dependent mean coulomb potential.
eV/c.

Methodology agreed on by Andrea Aste, Steve Wallace and John Tjon.
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q=650MeVi/e| . L

W= e S T S B A 2§
EXPERIMENTAL DESIGN o (T

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

» Need RL — Use Rosenbluth separation!

AN

3 (1/GeV)
o))
o

11

Slone = & AR R il < NS SN N S
P L 120]

- ; i § s s a | ;
Sr(lal) = / P LCACH ) . —1 ' |PRELIMINARY
w ™ Z GzEp(Qz) + NG%,,(Q?) 2 - 4{; --------- -

2
Intercept = QQ—_QRT

q S I i'"l"'l'"i"'l"'i"'l'"l'"i"'l'"'I"T"i"i"'l'"'l"'I'"i"‘i“'i"i"'l"'i'"i'"l""l'"l"."l"'i'"l'"l'"i'"l'"il"'I'"l"'i"'l"'i"'l'"l""I'"l"'ii"'l"'l'"'l'"l"'
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

‘
ST T

» 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

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

CSR calculated at constant |q| !!

/ q|

B RL(wa ‘QD
Sc(lal) = /w+ d‘*’Z@%p(Q% + NG%,(Q?)

1.2

1

0.8

0.6

0.4
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EXPERIMENTAL DESIGN

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

» Take data at different beam
energies, and interpolate to
determine cross-section at
constant |q|.

NG
O

/

q_, (GeV

1.2

i " Ebeam = 3.68 GeV
1 S

- T e Ebeam = 2.85 GeV
- T - Epeam = 2.45 GeV

08— e P y
el Ebeam = 2.15 GeV

0.6 - /Ebeam =1.65 Gev

0.4—
— | | | | | I | | | I | | | I | | | |
0 0.2 0.4 0.6 0.8 1

o (GeV)

g/ w coverage for 15 degree Iron data
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S~ o

1.2

EXPERIMENTAL DESIGN

q_, (GeV

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

» Take data at different beam
energies, and interpolate to
determine cross-section at

constant |q|.

» |g| can be selected between 550  0.4—

and 1000 MeV/c -

“ Epean = 3.68 GeV

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

0.4 0.6 0.8

g/ w coverage for 15 degree Iron data

3
o (GeV)
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EXPERIMENTAL SPECIFICS

» E05-110:

Each data line represents a constant beam-energy

. . . . . . . . . 130 .
} Data taken from October 23rd 1200-:— ........ ....... ....... ........ ..... . b..:‘o ..... 1200 °°o°°°°°° ------ ________ ________ ________ ________ _____
0O edeesit eeet L 00+ evevee e L2 080800000 600000050000 010
2007 to January 16th 2008 =T TS AR SRR AT Eee tELL B N = 1000E2 SO0 SURUOSS WUNUUNN SURIUOS VOVNNES SO SO0
0 800:_'..:_:_._-_._-_._'; ;:.’. ...,...::.‘_’ L R R . .. S o0 09000 pn 0080
» 4 central angle settings: 15, 60, = 6Od‘::..._,_;_._.__._.__;_,_.,-j_-;;,_‘,?..__---:g_’_______5__._-__;____1_§5 __________ o SO0 Phooggy om0 | L O
o B T U o S A R
90, 120 degs. N e =t SR NSO N O S ' T IO B
» Many beam energy settings: ~=900"200 300 400 500 600 700 800 900" 500700200 300 400 500 600 700 800 900

0.4t04.0 GeV O.O[Me.V]

» Many central momentum
settings: 0.1 to 4.0 GeV

» LHRS and RHRS independent
(redundant) measurements for

|
Most Setting S 100 200 300 400 500 600 700 800 900 1000 100 200 300 400 500 600 700 800

w[MeV] w[MeV]

q [MeV]

PP AR D T D DU D U

» 4 targets: 4He, 12C, 56Fe, 208Ph,
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calibrations

RECENT EFFORTS

Re-analysis of positron
correction.

Acceptance

I AQ.AE,

Re-analysis elastic tail target
thickness
subtraction. Efficiencies

Cross section

Cherenkov Tracking Trigger Calorimeters

Much work on
acceptance procedure.

Cherenkov  Tracking Positron correction
Efficiency Efficiency

Multi-track

Efficiency Radiative

Elastic tail correction

Pion rejection

COULOMB

Cross-checks on radiative -
eﬁ:eCtS in MC and CSR AnalySIS Chart Radiative Corrections

Recently
Completed Reanalyzed m Constant Iq|
Interpolation
Transverse : Rosenbluth Seperation LongltudlnaI_Response
Response Function Function

SUM RULE

radiative corrections of
data.




= & ®Fe.6=00
: Ei=646:MeV

Ei=845 MeV

Ei=957: MeV

= (nb/GeV/sr)

do
dQd

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

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

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

0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
Scattered Electron Energy (MeV)

Calculating the positron cross-section [

Efficiency
allows us to subtract electron contributions
from pi0 decays.

Multi-track

Pion rejection Efficiency

4 . )
New fits to the positron data were recently CSR Analysis Chart

erformed.
P Completed ]
Reanalyzed
\_ W,

Analysis by Dr. Hamza Atac,
Recent Temple Ph.D. Graduate Transverse

Response Function

_>I

target
thickness

Acceptance

Cross section

Positron correction

Radiative
Elastic tail correction

Radiative Corrections

Constant Iql
Interpolation

Rosenbluth Seperation

COULOMB
SUM RULE

Longitudinal Response

Function
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RECENT EFFORTS

» Cross-check on methodology.

» Multi-step analysis procedure can be checked
through simulating data.

» Checks:
» Cross-section calculation from Analyzer input.
» Acceptance procedure.

» Comparison of radiative calculations from Mo
& Tsai to event-by-event MC generation with
bremsstrahlung probability distribution.

» Final radiative correction procedure (requires
many data points over different beam energies
and central momentum settings)

F1F209

(quasi-elastic cross-
section calculation)

Mo & Tsai radiative
calculation (internal only)

Generate events

(Same kinematics
Compare as real data)

SAMC

(Hall-A single arm Monte
Apply radiative corrections Carlo with external radiative

procedure to fake data. effects)

l

Calculate XS: Create "fake"
Apply acceptance and additional

Ty Analyzer root files

Calculated Input
Monte-Carlo procedure.
EXACT scripts used to run data
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RECENT EFFORTS

beam = 1100 MeV, ang = 15 deg

llllllllllllllllllllllllllllllllllllllllllll
0 50 100 150 200 250 300 350 400 450
o (MeV)

beam = 2448 MeV, ang = 15 deg

: ™
C 000,
“ ...:s..‘.~‘.
- ‘ﬁlﬂo".
[ %
- i1 i1 l 11 A1 l i1 i1l l i1 i1l l 1 A1 1 I 1 i1 1 I
0 100 200 300 400 500 600
o (MeV)

Green is original un-radiated F1F209

(nb/GeV/Sr)

dg /dEdQ
g

10000}

g

8

beam = 1260 MeV, ang = 15 deg

- llllllllIlllllllllllllllllllllllllllllllllll

50 100 150 200 250 300 350 400 450

® (MeV)

beam = 2845 MeV, ang = 15 deg

0

M’T’Tllllllllllllllllllllllllllllll

100 200 300 400 500 600 700
o (MeV)

beam = 1646 MeV, ang = 15 deg
x10°

do /dEQ (nb/GeV/Sr)
T ? T

8
lrll

1m-llllllllllllllllllllllll

0 100 200 300 400 500 600 700

® (MeV)

Black is radiated through Mo & Tsai calculation
Red is final corrected "data"

ocngdQ EIGQW%)
)

do /dEdQ (nb/GeV/Sr)

lllglll

beam = 2145 MeV, ang = 15 deg

n
3
T X

-
LI A ) ]

llllllllllllllllllllllllllllllllllllll L

50 100 150 200 250 300 350
o (MeV)

beam = 3680 MeV, ang = 15 deg

0 100 200 300 400 500 600 700 800 900
o (MeV)

e
o

Mo & Tsai

F1F209 :
calculation

Generate
events

Apply radiative
corrections

Create "fake"

Calculate XS .
root files
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RECENT EFFORTS

» After acceptance is applied, there
remains some systematic
discrepancy between overlapping
data sets:

» A gaussian reduction method
("kriging") is used to determine
and remove the systematic
effect.

Analysis by Kai Jin,
University of Virginia
Graduate Student

Percent difference Cross-Section (cm?2/sr)

Cross-Section (cm?2/sr)

®

3
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RECENT EFFORTS

» Comparison of left arm and right arm
cross-sections.

» Low central momentum data agrees to
within uncertainties.

» High central momentum data still has
disagreement of up to 5%.

» Acceptance procedure is likely
over-correcting for some bin-
migration in theta and phi.

do

. (Nb/GeV/sr)

—h
)
o

O
III|_III|III_|III_|IIITIII|_II)(

ﬁﬁﬁﬁﬁ

. 56Fe 0 =15 E 2448 MeV

2

X

—_l

o
w

200

|
400 600
o (MeV)

O —t ot ek b
0 . NN B O

E
o
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##uu@c@ﬂ-@@&

56Fe 0 120 E= 645 MeV

L1
200

300
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PRELIMINARY RESULTS: AGREEMENT WITH PREVIOUS MEASUREMENTS

3

» Not much world-data for ):(10 *

Iron-targets at kinematics 10— - 'I;'I‘_';z . ¢ ¥4 e .

overlapping with E05-110. 'Sﬁ 8»: . Meziani & { i ;. J | \
» We do have one set of data  § - ; (&@‘\ 1 # * A

at 90 degrees and 400 MeV . 8  6— ; \\\Q\Q}\ ‘4

from Saclay that we can L ; \°

directly compare to. S ;

_ 56 _ _
» Good agreement between © 2 ¢ Fe 6 =90 E=400 MeV
both arms and prior data. .

I ! ! ! ! I ! ! ! ! I
1 2
00 o (MeV) 00 300
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CONCLUSIONS

» Recent work:

» Verification of analysis procedure.
» Acceptance studies.
» Post-acceptance corrections.
» Positron and elastic tail subtraction.
» Work left:
» Completing acceptance procedure and assigning systematics.
» Revisiting elastic cross-section calculation with updated methods.

» Recover data from right arm that has partial interference from target frame (good test of radiative
procedures).

This work is supported in part by the U.S. Department of Energy Grant Award DE-FG02-94ER4084.
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Run Coordinators







e Data points
KRIGING 1 Generator function L
Kriging interpolation N
, , , Kriging 1-0 '_ +
» Supervised machine learning -
technique that uses a gaussian O |
: |
reduction to calculate probable -
solutions. I
» Good for "smoothing data". - A
. . i |
» Best at interpolating, not as —2[ |
. a 0% \
good at extrapolating. - | § \
- ® ' \
» Can easily be extended to 2D -3 !

and higher. Ll b b b b b by

-3 —2 -1 0 1 2 3



TARGET FRAME ISSUES AT 60 DEGS

w Fe 6=60,E=645MeV

(nb/GeV/sr)
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