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Prologue

= The success of liquid argon time projection chamber (LArTPC) based - long-baseline, DUNE, and
short-baseline, SBND, MicroBooNE, ICARUS - neutrino programs in achieving an unprecedented
percent-level precision will rely greatly on the level of precision with which we understand the
complexity of isospin-asymmetric Argon nucleus and it’s electroweak response.
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THIS IS A REMINDER

Reminder: Some challenges of accelerator-based neutrino program
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Event Rate at near detector:

Nlt\llD(preco) = E¢a(Etrue) X 0:! (ptrue) X Eoz(pf.rue) X Ri(ptrue;preco)

Prog. Part. Nucl. Phys. 100, 1 (2018)
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= Ideally, we would expect that we can extract the oscillation probability by taking the ratio of far to near detectors.
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= Ideally, we would expect that we can extract the oscillation probability by taking the ratio of far to near detectors.

« d i
NFI; preco Z¢ true (Etrue) X a[j(ptrue) X (ﬁ(ptrue) X Rz’(ptrue;preco)

]VI\D preco Z‘b true Ua(ptrue) X €q (ptrue) X Ri(ptrue;preco)

= Even for an ideal case of identical near and far detector and in the absence of any geometric or oscillation-induced
differences between near and far fluxes - the ratio neither cancels out cross section dependencies nor reduces the
problem into a simple rescaling.

* The neutrino flavor at near and far detector are different (appearance experiment).
* The neutrino flux and neutrino-nucleus cross sections are convoluted.

= |nfact, it is not clear, how to interpret the ratio - what can be constrained with the ratio?
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Ideally, we would expect that we can extract the oscillation probability by taking the ratio of far to near detectors.

o d i
NFS preco Z¢a true) X a[j(Etrue) X Uﬁ(ptrue) X fﬁ(ptrue) X Ri(ptrue;preco)

]VND preco Zé true U::(ptrue) X €q (ptrue) X Ri(ptrue;preco)

Even for an ideal case of identical near and far detector and in the absence of any geometric or oscillation-induced
differences between near and far fluxes - the ratio neither cancels out cross section dependencies nor reduces the
problem into a simple rescaling.

* The neutrino flavor at near and far detector are different (appearance experiment).
* The neutrino flux and neutrino-nucleus cross sections are convoluted.

In fact, it is not clear, how to interpret the ratio - what can be constrained with the ratio?

Though, the near detector facility will be a great assets to understand flux, etc. And will provide great facility to probe
new physics search at intensity frontier. But it does not solve the cross section dependencies.
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Ideally, we would expect that we can extract the oscillation probability by taking the ratio of far to near detectors.
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= Even for an ideal case of identical near and far detector and in the absence of any geometric or oscillation-induced
differences between near and far fluxes - the ratio neither cancels out cross section dependencies nor reduces the
problem into a simple rescaling.

* The neutrino flavor at near and far detector are different (appearance experiment).
* The neutrino flux and neutrino-nucleus cross sections are convoluted.

= |nfact, it is not clear, how to interpret the ratio - what can be constrained with the ratio?

= Though, the near detector facility will be a great assets to understand flux, etc. And will provide great facility to probe
new physics search at intensity frontier. But it does not solve the cross section dependencies.

-

At least, the convolution |, x &', for different neutrino flavors and different interaction type remains one of the hurdle!
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Ideally, we would expect that we can extract the oscillation probability by taking the ratio of far to near detectors.

N?I;"B(preco) = Z¢0(Etrue) X Pa[}(Etrue) X o'}j(ptrue) X f;(j(ptrue) X Ri(ptrue;preco)

NND preco Z¢ true :x(ptrue) X €q (ptrue) X Ri(ptrue;preco)

= Even for an ideal case of identical near and far detector and in the absence of any geometric or oscillation-induced
differences between near and far fluxes - the ratio neither cancels out cross section dependencies nor reduces the
problem into a simple rescaling.

* The neutrino flavor at near and far detector are different (appearance experiment).
* The neutrino flux and neutrino-nucleus cross sections are convoluted.

= |nfact, it is not clear, how to interpret the ratio - what can be constrained with the ratio?

= Though, the near detector facility will be a great assets to understand flux, etc. And will provide great facility to probe
new physics search at intensity frontier. But it does not solve the cross section dependencies.

-

At least, the convolution |, x &', for different neutrino flavors and different interaction type remains one of the hurdle!

Remember that even a modest improvement in systematics will notably decrease the running time required for
significant sigma-level coverage of DUNE objectives.
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A. Scattering and cross sections

>

I' (g, ;) A*
Event Rate at far detector:

NSSB(Pmo) = Z¢Q(Etrue) X Poﬂ(Etrue) X ag(ptrue) X Cﬁ(ptrue) X Ri(ptrue;preco)'
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B: Energy Reconstruction

Event Rate at far detector:

JVI(?’I;,,3 preco ZOO true ( true) X 0 (ptrue) X 6fi(ptrue) X R, (ptrue7preco)'

= Reconstruct the observed event topology and energy.

= Take the reconstructed event topology and energy back
through the nucleus (using a nuclear model) to identify
the neutrino energy at interaction vertex.

= Note: Not all the final state particle are observed
(detector threshold, etc) and for any observed topology,
many interactions processes could contribute and both

the initial and final state nuclear effects play a role.

I(g, %)

A‘
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Generators

I(g, %) A*

Event Rate at far detector:

Ngl?ﬁ(preco) = Zoo(Etrue) X PaS(Etrue) X Ué(ptrue) X 6S(pu'ue) X Ri(ptrue;preco)'
i

= Experiments rely on generators to connect observations in
the detector to true interaction processes and kinematics.

= For experiments, generates paint the initial picture of the
target nuclear system, weight different scattering process,
calculates efficiencies, acceptance, backgrounds, etc..

= Needless to say, the best known (and well tested)
theoretical models should be at the core of generator

ingredients.
P (a-2)
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Generators

Event Rate at far detector:

Ngl?ﬁ(preco) = Zoo(Etrue) X PaS(Etrue) X Ué(ptrue) X 6S(pu'ue) X Ri(ptrue;preco)'
i

Experiments rely on generators to connect observations in
the detector to true interaction processes and kinematics.

For experiments, generates paint the initial picture of the
target nuclear system, weight different scattering process,
calculates efficiencies, acceptance, backgrounds, etc.

Needless to say, the best known (and well tested)
theoretical models should be at the core of generator
ingredients.

I(g, %)

=D
expectation
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Electron to neutrino scattering
QE e-A scattering QE v-A scattering
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Electron to neutrino scattering
QE e-A scattering QE v-A scattering
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Quasielastic Electron Nucleus Scattering Archive

Announcement - April 2015: Fomin:2010 (e02019) data now available
Welcome to Quasielastic Electron Nucleus Scattering Archive

In connection with a review article (Quasielastic Electron-Nucleus Scattering, by O. Benhar, D. Day and 1. Sick) published in the Reviews of Modern Physics [Rev. Mod.
Phys. 80, 189-224, 2008], we have collected here an extensive set of quasielastic electron scattering data in order to preserve and make available these data to the nuclear
physics community.

Acknowledgements I We have chosen to provide the cross section only and not the separated response functions. Unless explicitly indicated the data do not include Coulomb corrections.

Our criteria for inclusion into the data base is the following:

1. Data published in tabular form in journal, thesis or preprint.
2. Radiative corrections applied to data.
3. No known or acknowledged pathologies

At present there are about 600 different combinations of targets, energies and angles consisting of some 19,000 data points.

In the infrequent event that corrections were made to the data after the original publications, we included the latest data set, adding an additional reference, usually a
private communication.

As additional data become known to us, we will add to the data sets.

If you wish to be alerted to changes in the archive or to the inclusion of new data, send an email to me (Donal Day) [dbd at virginia.edu]. Send any comments or corrections
you might have as well.

Finally, we would appreciate an reference (e-Print Archive: nucl-ex/0603032) if you make use of the data in this archive in your work.

Visit the Nuclear Charge Density Archive

nti-v
2‘;;’1.‘,”1?"5015 http://faculty.virginia.edu/qes-archive/
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Electron to neutrino scattering
QE e-A scattering QE v-A scattering

e'(E_, k) X [ (e.. R.) X
1 QES Archive Data Page

Welcome to Quasielastic Electron Nucleus Scattering Archive Data page.

Click on the item to the left and you will be directed to a page where you can download the data

Data file structure

The data files consists of many lines, each with 8 (space delimited) columns as follows:

E Theta energy sigma error Lt
(Spires

2 (GeV) (degrees) ]((();;V) (nb/sr/GeV) (random) notation)

This structure allows one to keep all the data (even all nuclei and all energies and angles) in a single file and extract particular data files with fortan, C, or even a simple awk
command in a terminal (see the Utilities section).

http://faculty.virginia.edu/ges-archive/

v's — Leptonic coefficients — Purely kinematical — Easy to calculate

R’'s — Response functions — Nuclear dynamics — Need nuclear models to calculate! 29
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* The current systematics related to neutrino-nucleus interactions are of the order of 5 to 10% even with relatively
well-known isospin symmetric nuclei — carbon and oxygen - of which a range of electron scattering data is available.



* The current systematics related to neutrino-nucleus interactions are of the order of 5 to 10% even with relatively
well-known isospin symmetric nuclei — carbon and oxygen - of which a range of electron scattering data is available.

E =700 MeV, 6 =32 deg

= The only available e-Ar data is (e,e’) cross section measured ol B T T T 1
at Frascati National Laboratory using the electron-positron - : + + ]
collider ADONE and a jet target. S 0 oxygen

§ t é * X argon
£ 2L
s * 3
F 1
3 : :
5 1 1 ? Y i 3 ’ i &1
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M. Anghinolfi et al., J. Phys. G21, L9 (1995)
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The current systematics related to neutrino-nucleus interactions are of the order of 5 to 10% even with relatively

well-known isospin symmetric nuclei — carbon and oxygen - of which a range of electron scattering data is available.

The only available e-Ar data is (e,e’) cross section measured
at Frascati National Laboratory using the electron-positron
collider ADONE and a jet target.

40Ar, isospin asymmetric nuclei, neutron excess (N>Z).

If neutrinos and antineutrinos behold different nuclear
effects (different number of protons and neutrons in 4°Ar),
this will directly impact our ability to test for the presence of

CP-violating effects in the data.

2p-2h isospin dependence?

d%/dEd® (nb/MeV sr)

E=700 MeV, 6 =32 deg

4[.—'-‘-1"*—71'—'"1 l"':‘
LT :

3 O oxygen

E $*+é|; x‘argc?n 1
' : 8 1

1% ?;;Mlié *izié&i
PP EPEPEPET BT B 1 _Lq

00 100 200 300 400 500

o (MeV)

M. Anghinolfi et al., J. Phys. G21, L9 (1995)
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electron-Argon experiment at Jefferson Lab [E12-14-012]

Goals:

=  Measuring spectral functions of Ar nucleus.

= Measuring (e,e’) and (e,e’p) cross sections on Ar, Ti (and C, Al) nuclei.

PR12-14-012

Scientific Rating: A-
Recommendation: Approve

Title: Mtd&o&«uﬂf-eﬁ.-d“.\tw&o(e.c'p)mﬂh-
Spokespersons: O. Benhar, C. Manam, C.-M. Jen D B. Day, D. Higmmbotham

Motivation: This expenment 15 motivated by the need to model the response of hqud Argon detectors to
neutrino beams. This information 1= important for the I BNF program (and other oscillation expenments) that
use hquid Ar. The cnitical 155ue 15 that reconstruction of the neutnno energy depends on the spectral functions
of neutrons and protons in “’Ar. The neutrino beam has an energy spread and hence the neutrino flux as a
function of energy has to be extracted by sumulatons that mmclude the correct nuclear physics. A challenge 1s
that the next generation of neutnno oscillaton experiments am at a precision of 1% and hence ensunng that the
nuclear corrections are properly addressed 1s entical This data wall provide experimental input to construct the
argon spectral function, thus allowimng the most rehable estimate of the neutrno cross sechons. In addihion, the
analysis of the (e,e'p) data will help 2 number of theoretical developments, such as the descnption of final-state
mterachions needed to 1solate the imtal-state contnbutions to the observed single-particle peaks, that 1s also
needed for the interpretation of the signal detected m neutrino expenments.
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electron-Argon experiment at Jefferson Lab [E12-14-012] & o) toer-

Goals:

=  Measuring spectral functions of Ar nucleus. | L

= Measuring (e,e’) and (e,e’p) cross sections on Ar, Ti (and C, Al) nuclei. * (G /’ ”if”l
Why Spectral Functions? i

protons and neutrons bound in argon nucleus that will allows more accurate reconstruction of the incoming neutrino and
antineutrino energies.

Kinematic Energy Reconstruction for CCQE process: w(E,, k)

p(E,, p,)
B m2 —m?2 — E,? + 2E,E, — 2k, - pn + |Pn°|
v 2(E, — E, + |ku|cosf, — |pn|cosb,) W*(w, q)
where |k, | and 6, are measured, while p, and E, are the unknown momentum and energy of
the interacting neutron.
\’H(E\., k\.) n (EH ’ pl])

Existing simulation codes routinely use |p,| =0, E, =m, — €, with € ~ 20 MeV for carbon and
oxygen, or the Fermi gas (FG) model.
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electron-Argon experiment at Jefferson Lab [E12-14-012]

Goals:

= Me

= Me

asuring spectral functions of Ar nucleus.

asuring (e,e’) and (e,e’p) cross sections on Ar, Ti (and C, Al) nuclei.

Why Spectral Functions?

‘:P(k,E) [Gev™]

28a61 000

I. Energy Reconstruction: Measuring spectral functions of argon nucleus will provide the energy and momentum distribution of

protons and neutrons bound in argon nucleus that will allows more accurate reconstruction of the incoming neutrino and
antineutrino energies.

Ki

nematic Energy Reconstruction for CCQE process:

E - m2 —m?2 — E,? +2E,E,, — 2k, - pn + |Pn°|
' 2(E, — E, + |ku|cos8, — |pn|cosb,)

Neutrino energy reconstructed using 2 x10% pairs of (|p|, E) values sampled from realistic (SF) and
FG oxygen spectral functions.

The average value (E, ) obtained from the realistic spectral function turns out to be shifted towards
larger energy by ~ 70 MeV.

F(E,) [arbitrary units]

0.20
0.15}
0.10

0.05

0.05

0.00
1.0

W

[T ]
E,= 600 MeV 1
6,= 60

....................

1.2 1.4 1.6



electron-Argon experiment at Jefferson Lab [E12-14-012]

Goals:

=  Measuring spectral functions of Ar nucleus.

= Measuring (e,e’) and (e,e’p) cross sections on Ar, Ti (and C, Al) nuclei.

Why Spectral Functions?

Il. Nuclear Model: The measured argon spectral functions will provide vital input to the theoretical model based on the
factorization ansatz dictated by the impulse approximation and spectral function formalism [Benhar et al.].

0.3 MeV. 60 d

................

The approach which has been successful ) e ) L
in describing inclusive electron-scattering N S N L /"\'“‘: —
data in a variety of kinematical regimes. N \\’ | | 1\ =
// " {'\‘\';. ,I “\.\° ......... 7
. ! A ¥ L~ e
And has been extended to the analysis of ‘ £
neutrino scattering. 3
/ } \\ : "] ‘ i'
ol 1\ g\
.7 ‘w !“ " 10X ‘ ./‘, Lt
‘:c‘ < — .-L/ : '.\\“:. 02 04 06 08

W :(;{"\ I

w (MeV

A. M. Ankowski, O. Benhar, M. Sakuda, Phys. Rev. D 91, 054616 (2015). QACSOCRC:\’/ A)_'eLt(t)V;;OGI 61)9282327;’ 016) 30



electron-Argon experiment at Jefferson Lab [E12-14-012]

Goals:

=  Measuring spectral functions of Ar nucleus.

= Measuring (e,e’) and (e,e’p) cross sections on Ar, Ti (and C, Al) nuclei.

» Nevertheless, a new high precision e-Ar data will provide vital information about argon nucleus and it’s electroweak
response to the community that can be used as a testbed for the development of theoretical models. It will be a

significant step ahead in improving the accuracy with which DUNE and SBN program can perform measurements.
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Extracting Spectral Functions from Data

= We plan to study the coincidence (e,e’p) processes in the kinematical region in which single nucleon

knock out of a nucleon occupying a shell model orbit is the dominant reaction mechanism.

Coincidence (e,e’p) process:

* Both the outgoing electron and the proton are detected in
coincidence, and the recoiling nucleus can be left in any
bound state.

 Within the Plane Wave Impulse Approximation (PWIA)
scheme:
do 4

dE.dQ)dE,d ),

& U(’,P([),,,.E,,,)

* The initial energy and momentum of the knocked out
nucleon can be identified with the measured missing
momentum and energy, respectively as

Pn=P-0

Where T, = E,— m, is the kinetic energy of the outgoing proton.

e'(E k)

e (E, k,)

Y (0,9)

P (Ep ’13)) (A-1)
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Extracting Spectral Functions from Data

= We plan to study the coincidence (e,e’p) processes in the kinematical region in which single nucleon
knock out of a nucleon occupying a shell model orbit is the dominant reaction mechanism.

Kinematic region:

* Separation energies of the proton and

neutron shell model states for Ca and
Ar ground states

* The energy distribution

{(F) = 4 / dk k2P(k, E)

e The momentum distribution

» Kinematic region for argon
6 MeV S E,, < 60 MeV
P, < 350 MeV

A. M. Ankowski and J. T. Sobczyk, Phys. Rev. C77, 044311 (2008)

protons neutrons
3 Ca 10Ar 3Ca 1Ar

Isy o 57.38 52 66.12 62
Ipym  36.52 32 43.80 40
1pyo  31.62 28 39.12 35
ld5;,  14.95 11 22.48 18
2s1/0  10.67 8 17.53 13.15
1d3 /9 8.88 6 15.79 11.45
1f7/9 5.56

..\ Ca

1N

0 20 10 60 80 100
E [MeV]
1p 3 ldg e 1
1
1p, 1d

n') k [fm II 33




Extracting Spectral Functions from Data

= We plan to study the coincidence (e,e’p) processes in the kinematical region in which single nucleon
knock out of a nucleon occupying a shell model orbit is the dominant reaction mechanism.

* Cross section within the Plane Wave Impulse Approximation « |n Kahlen-Lehman representation: the full LDA
(PWIA) scheme: spectral function is given by the sum

(](T,\
- X e ,P ms E,,, P(l)"l' Elu) - P‘”“(Pnu Em) . R'nrr(l)m- Em)
AE A0y dEda, < Ot Pm En)
o) = [ dE Plpn, En)

* The spectral function extracted from the data will be

P\II )y m E 7(; [)m | E\ “m T Eu)

In the absence of correlations, Z,—>1, and F_(E,,-E,)>6(E,,—E,).

n(k) /A (fm?)

* The correlation contribution to the spectral function of a finite
nucleus of mass number A can be calculated within the Local
Density Approximation (LDA):

1)(‘0”'(])"1' E,,,) - /(13" PA ( )1)((\)111( )y Em:/) - ﬂ.‘\(r)) 0 0o | é o

O. Benhar, S. C. Pieper, V. R. Pandharipande, Rev. Mod. Phys. 65, 817 (1993). 34




HRS: High Resolution Spectrometer

HALL A Schematics High Resolution Spectrometer

£
) ' 8 2 .
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r— | g . . .
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| 8 guads and dipole !
3 V) | o » Detector Package:
o 1.7%, S8 i
[+ 4 O ' o ‘ -
RS =) ' ' \ - . .
g ©53 = S Vertical Drift Chambers:
~/!superconducting g f - « - collecting tracking information (position and direction)
quads and dipole ! E | 3
— -8
. : Scintillators:
- ‘g- D= - trigger to activate the data-acquisition electronics
g s % - precise timing information for time-of-flight
- & measurements and coincidence determination
§. 018
R g Cherenkov:
c g -3 - The particle identification, obtained from a variety of
O
‘? E ! Cherenkov type detectors (aerogel and gas) and lead-glass
®
G m 0 shower counters
QA [
m g
T Beam



HRS: High Resolution Spectrometer

HALL A Schematics HALL A Characteristics

g | —
0w a 2 Beam energy resolution 5 x10*
ES = B 8¢
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T8 2 @ 25 Momentum range 0.3-4.0 GeV/c
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(8]
w

Momentum resolution 2 x104
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Why Titanium?

* The reconstruction of neutrino and antineutrino energy in
liquid argon detectors will require the understanding of
the spectral functions describing both neutrons and
protons.

= Exploiting the correspondence of the level structures, the
neutron spectral function of argon can be obtained from
the proton spectral function of titanium.
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Target setups

Ar Target

Gas Cell
Length = 25 cm
Pressure = 500 PSI

Temperature = 300 K.
Target thickness = 1.381 g cm™
Luminosity = 4.33x103” atoms cm2sec™.

Dummy target: same as the entry and exit window as the gas target

Optical target: a series of foils of carbon (9) to check the alignment of target and
spectrometers (optics)
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Target setups

Multiple foil:

Dummy target:

h
14643
0.001979
001878

4 TErarios

200} i Moan
v : A L AMS
- ~
c <")€:
[T f
Q>J 200} 1
I o

Reconstructed y(m)

-E*.__.-“L.“‘ - 2.
05 004 003 002 -001 0

.
Reconstructed phi(mrad)

same as the entry and exit window as the gas target

006
~N
T Optical target: a series of foils of carbon (9) to check the alignment of target and
nx -0.003205 o
H| e e spectrometers (optics)
RMS x 00153
RMS'y 0.02149
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Kinematic setups

E. E., 6. P 9, Il

Pm

MeV MeV deg MeV/e deg MeV/e MeV/e

kinl | 2222 1799 21.5 915 —50.0 857.5
kind | 2222 1799 175 915 —47.0 7409
kind | 2222 1799 155 915 —445 6585
kin5 | 2222 1716 155 1030 —-39.0 730.3
kin2 | 2222 1716 20.0 1030 —44.0 846.1

Inc-kin5 | 2222 - 15.5 - - 730.3

| - Pion

”  Rejectors
" (Pbglass)
Scintillators
Compton Raster

1M Moller  Target
Palarimeter ‘ Polarimotor dedle
I et es=se- -

ARC BCM eP BPM

S7.7
174.1
229.7
299.7
183.9

299.7

Run Period: Feb-March 2017

kin1

kin3

Collected Data Hours Events(k)

Collected Data Hours Events(k)

Ar 29.6 4395
Ti 125 1275
Dummy 0.75 955

kin2

5 Ar 13.5 73176
5 Ti 8.6 28423
Dummy 0.6 2948

kin4

Collected Data Hours Events(k)

Collected Data Hours Events(k)

kin5

Ar 321 62981 Ar 30.9 158682

Ti 18.7 21486 Ti 23.8 113130
Dummy 43 5075 Dummy 7.1 38591
Optics 1.15 1245 Optics 0.9 4883

C 2.0 2318 C 3.6 21922

kin5 - Inclusive

Collected Data Hours Events(k)

Collected Data Minutes Events(k

Ar 12.6 45338 Ar 57 2928
Ti 1.5 61 Ti 50 2993
Dummy 59 16286 Dummy 56 3235
Optics 2.9 160 115 3957
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Run Period: Feb-March 2017

Kinematic setups

E. Ee 0 P, Op lql Pm kin1 kin3

MeV MeV deg MeV/c deg MeV/e MeV/c Collected Data Hours Events(k) | Collected Data Hours Events(k)
kinl | 2222 1799 215 915 —50.0 8&57.5 57.7
kin3 | 2222 1799 175 915 —47.0 7409  174.1 Ar 20.6 43955 Ar 135 73176
kind | 2222 1799 155 915 —445 6585  229.7 Ti 125 12755 Ti 8.6 28423
kins | 2222 1716 155 1030 —39.0 730.3  299.7 Dummy 0.75 955 Dummy 0.6 2948
kin2 | 2222 1716 20.0 1030 —44.0 846.1  183.9

kin2

Inc-kinb | 2222 - 165 - - 7303 2997 Kin4

Collected Data Hours Events(k) | Collected Data Hours Events(k)

Ar 321 62981 Ar 30.9 158682
Y e Ti 18.7 21486 Ti 23.8 113130

w;m"(.':: Gase) Dummy 43 5075 Dummy 7.1 38591

Complon  Raster oy, - 0 Optics 1.15 1245 Optics 0.9 4883
oy e — ;ﬂ{}c‘,‘féﬁ;‘-’ T C 2.0 2318 C 3.6 21922

ARC BCM eP BPM

| kin5 - Inclusive |

Collected Data Minutes Events(k

kin5

Collected Data Hours Events(k)

Ar 126 45338 Ar 57 2028

Ti 15 61 Ti 50 2003

Dummy 5.9 16286 Dummy 56 3235

1Esg, Optics 29 115 3957
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Inclusive Data Analysis

Analysis is mainly performed by hardworking graduate students - Hongxia Dai (VTech), Matt Murphy (VTech), and Daniel

Abrams (UVA).

Particle Identification and Electron Selection

cut on cer

10?2

10

-

400 600 800 1000 1200 1400
L.cer.asum_c

pri2:prl1 with cer cut

III|||III|T|II|ITII|IIII

107

500 1000 1500 2000 2500
Preshower

CO

Cerenkov cut: cer > 400

Calorimeter cut: E/p > 0.3

pri2:prl1 with pid cuts

||I||I|II|T||I||TII||III

P B Bl T B
500 1000 1500 2000 5500

10

107

cC)

Preshower
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Inclusive Data Analysis

VDC efficiency

Non-zero track ratio: R1

* Cutl: Trigger, PID cut

e R1 = Nitrack>0
N samplel

One track ratio: R2

* Cut2: Trigger, PID cut, acceptance cut
e R2 = Ntrack==1&&y within 50

N sample2

Efficiency=R1*R2 ~ 95 %

= Trigger Efficiency
* Production trigger: T3: (S0&&S2) && (GC| |PR) [LEFT]

 Efficiency trigger: T5: (SO| |S2) && (GC| | PR) [LEFT]

* Selected Sample
« T5
* Single track cut
* Acceptance Cuts
* PID Cuts

« Eff =

#events with signal on both S0 and S2
#sample events

~99.9 %

Calorimeter cut efficiency
Set cut as E/p0 > 0.3

Select Sample events
* T3 (SO&&S2)&&(GC||PR)
* Single track
* Acceptance cuts
* Cerenkov cut
__ #events with E/p0>0.3

#sample events

Efficiency ~ 99.9 %

=  Cerenkov cut efficiency

* Negligible pion contamination, cer cut at 400

* Select Sample events
T3 (S0&&S2)&&(GC| | PR)
Single track

el
2

Acceptance cuts

Calorimeter cut

#events with cer>400
* €= ~99.9%

#sample events
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Extracting Inclusive Cross Section

= Yield Ratio Method: '
For ith bin: O-id t O-. del data(E 8)
ata _— moae YL C(E/ 9)

N& « prescale N¢ : Number of scattered electrons

Where, Y it = , , N, : Total number of electrons in the beam
Ne x (live time) * €crf €err - Total efficiency

= Acceptance Correction Method:

data (E’ 8)

For each bin in AEAQ: 0 yata = [AEAQ = A(E',0) = L]
- *

Where, L is Integrated Luminosity (Number of beam electrons*targets/area)
A(E’', 0) is the Acceptance for a bin.
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Summary

The success of liquid argon time projection chamber (LArTPC) based - long-baseline, DUNE, and short-
baseline, SBND, MicroBooNE, ICARUS - neutrino programs in achieving an unprecedented percent-level

precision will rely greatly on the level of precision with which we understand the complexity of argon nucleus
and it’s electroweak response.

In E12-14-012 experiment (e-Ar/Ti) at Jefferson Lab Hall A, we study the properties of argon and titanium
nucleus by the scattering of precise (continuous) electron beams on nuclei.

The first results, consisting of the Ti(e,e’) and C(e,e’) cross sections at beam energy E =2.222 GeV and
scattering angle 8 =15.541 deg with uncertainties < 2.75%, have recently been reported [Phys. Rev. C98,
014617 (2018). The measured cross section covers a broad range of energy transfer where quasielastic
scattering and delta production are the dominant reaction mechanisms.

We also presented our first Ar(e,e’) cross section results at E = 2.222 GeV and scattering angle 8 =15.541 deg
and it’s comparison with Ti(e,e’) and C(e,e’) data.

More results including (e,e’p) cross sections will follow soon - stay tuned!
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Uncertainity table

1. Total statistical uncertainty
2. Total systematic uncertainty
a. Beam charge & Beam Energy
b. Beam offset z&y
c. Target thickness
d. HRS offset x&y+ Optics
e. Acceptance cut(@,¢0,dp/p)
f. Calorimeter & Cerenkov cuts
g. Cross Section Model
h. Radiative +Coulomb Corr.

1.2%
2.0-2.9%
0.3%
0.1%-0.4%
0.1%-0.4%
1.3%-2.0%
1.0%-1.4%
0.01%-0.02%
0.1%-0.2%
1.0-1.3%
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t(y)

Superscaling function
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Inclusion of Final State Interations

The Distorted Wave Impulse Approximation (DWIA),
obtained from a complex potential fitted to proton-
nucleus scattering data.

The real part of the optical potential shifts the
momentum distribution of the shell model states by
an amount Ap, while inclusion of the the imaginary
part leads to a significant reduction of the PWIA
result, typically by a factor Z ~ 0.7.

n(p) [(GeV/c)?®]

80

60

40

20

| T T T T

T T T T
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OXYGEN SPECTRAL FUNCTION
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I .

100 © Monte Carlo calculation -3
§ (S. Pieper et al) g
0.06 [ —
> ﬂE 1 --FG ( pp = 221 MeV )
; E 10 .
— R
0.04 1 CR
= 10 5

1074 L

0.00
00 0.1 02 03 0.4 »
k [GeV] p [fm™]

» FG model: P(p, E) x 0(pr — |p|) 8(E — \/|p|? + m? + ¢)
» shell model states account for ~ 80% of the strenght

» the remaining ~ 20%, arising from NN correlations, is located at
high momentum and large removal energy
(lp| > pr ~ 220 MeV, E > ¢)
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Kinematic setups
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